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Tectonostratigraphic Terranes
and Tectonic Evolution of Mexico

ABSTRACT

Part 1 of thiswork (Sedlock, Ortega-Gutiérrez, and Speed) is a synthesis of geo-
scientific data pertaining to Mexico and northern Central America using the framework
of a new division of these regionsinto tectonostratigraphic terranes. First, wereview
the mor photectonic provinces and the moder n plate tectonic framework of theregion.
Next, we present data for 17 terranesthat, except for North America, are named
after indigenous cultures. Terrane descriptions are based on published and unpublished
geophysical and geologic data of all types, utilizing a much more extensive data base
than that used in previousterrane divisions. Each terrane description includes, if
possible, an interpretive geologic and tectonic history focusing on distinctive features; a
description of constituent rock units, with extended descriptions of especially significant
or controversial units, a schematic tectonostratigraphic column, which in many cases
shows geogr aphic variation in the form of a structure section; and a compilation of
radiometric data, including dates, system used, errors, and sour ces. Finally, we discuss
therationalefor distinguishing individual terranes and summarize data concerning the
orientation, nature, and kinematic history of terrane boundaries. An extended reference
list isincluded.

Part 2 of thiswork (Sedlock, Speed, and Ortega-Gutierrez) is a speculative model
of the Late Precambrian to Cenozoic tectonic evolution of theterranesthat comprise
Mexico and northern Central America. First, we discuss numerous formal premiseson
which the modél is predicated, including Late Jurassic sinistral slip on the M ojave-
Sonora Megashear and L ate Cretaceous-Paleogene northward displacement of Baja
California. Next, wereview constraintsimposed by plate motion models on the tectonic
evolution of theregion. Finally, we present areconstruction of the tectonic evolution of
theregion that, while certainly not a unique solution, isan internally consistent solution
that istestable in many respects.

Thefollowing are a few of the salient features of the reconstruction. (1) Grenville
basement in eastern and southern Mexico isregarded to befar-traveled with respect to
the southern termination of the Grenville belt in North America. (2) Thelate Paleozoic
Ouachitan suturethat marksthe collision of North America and Gondwana does not
and did not extend into central Mexico. (3) The Permo-Triassic continental arc on the
western margin of Pangea affected only the far eastern edge and far northwestern
corner of Mexico; most of what isnow Mexico was a complex assemblage of ar cs,
continental blocks, and basinsin the oceanic region west and south of the Pangean
continental arc. (4) Continental Mexico grew most markedly toward its present form
duringthelLate Triassic and Jurassic asterranes wer e episodically accreted to its
southern and western flanks. (5) M esozoic southwar d and westwar d continental growth
was accompanied by a southward and westward shift of the locus of arc magmatism.
(6) Thetectonically active southern and western margins of Mexico were sites of large
mar gin-parallel trandations of terranesthat accommodated the tangential component of
oblique conver gence of Mexico with oceanic lithospher e to the west. Conver gence and
terranetrandation were sinistral from the Triassic(?) until the Early Cretaceous, and

Sedlock, R. L., Ortega-Gutiérrez, F., and Speed, R. C., 1993, Tectonostratigraphic Terranes and Tectonic Evolution of Mexico: Boulder, Colorado, Geological
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dextral in the mid-Cretaceous and Paleogene. (7) Jurassic stretching and rifting in the
Gulf of Mexico was not kinematically related to sinistral faulting on the M ojave-Sonora
M egashear; instead, slip on the megashear and on other, more outboard, fault systems
was controlled by |eft-oblique conver gence of Mexico with platesin the Pacific basin.
(8) Paleomagnetic data that indicate about 15° of northward latitudinal displacement of
Bajain the Late Cretaceous and Paleogene can be reconciled with geologic correlations
only by postulating an earlier episode of southward displacement during left-oblique
convergence. (9) The Cretaceousreconstruction isconsistent with postulated origins at
Mexican latitudes of terranesin the western United States and Canada. (10) The Carib-
bean plate, including the Chortis block, has been translated 1,000 to 2,000 km eastward
on strike-slip faults along the southern margin of Mexico since about 45 Ma. (11) Basin
and Range extension has affected most of M exico north of about 20°N, an area much
larger than the Basin and Range provincein the United States.

We have endeavored to ensurethat Part 1 of thisvolume and the extended refer -
encelist serve as up-to-date storehouses of accurateinformation for anyoneinterested in
the geology of Mexico and northern Central America. We hopethat Part 2—which
clearly isbut afirst attempt to explain the diver se aspects of this complex region in
tectonic ter ms—is sufficiently provocative to spur further study and subsequent modifi-

cation of our ideas.

GOALSAND OVERVIEW

The subject of this two-part work is the geology and tecton-
ics of Mexico. Where appropriate, we also discuss aspects of the
geology and tectonics of the southwestern United States, northern
Central America, the Caribbean region, and northwestern South
America

In Part 1, we present a new division of Mexico into tectono-
stratigraphic terranes using a geol ogic and geophysical data
base that is much more extensive than that used in previous
divisions. We hope that this compilation and synthesis of pub-
lished and unpublished information serves as a useful reference
for current and future workers in Mexico and adjacent areas, and
that it hel ps pinpoint problematic topics and areas that would
benefit from further study. Part 1 begins with avery brief outline
of the morphotectonic provinces of Mexico, followed by areview
of the modern plate tectonic framework of the region. The bulk
of Part 1 isdevoted to the 17 tectonostratigraphic terranes that we
recognize in the region, including a review and synthesis of pub-
lished and unpublished data, schematic tectonostratigraphic col-
umns, and tabulated radiometric data. We also offer brief
interpretations of the geologic history of each terrane and of the
displacement on terrane-bounding faults.

In Part 2, we offer a speculative kinematic model of the Late
Precambrian to Cenozoic tectonic evolution of these terranes.
Although some aspects of this model undoubtedly will be modi-
fied or atered by future work, the model is useful asthe first
attempt to reconstruct in detail the evolution of all of Mexicoina
regiona context. Part 2 also includes discussions of the numerous
premises on which the model is predicated, and key controversia
or poorly understood aspects of the model. Finally, we hope that
the compilation of hundreds of entries in the bibliography serves
as a useful resource for future workers.

As has long been noted, investigations of the geology and

tectonics of Mexico and Central America are handicapped by
several serious drawbacks. Thick tropical vegetation obscures
bedrock in much of southeastern Mexico and Central America,
and access to the sparse outcrops is difficult. Much of northern
and central Mexico is covered by widespread late Mesozoic ma-
rine strata (Gulf of Mexico sequence) and Cenozoic volcanic
rocks (Sierra Madre Occidental and Trans-Mexican Volcanic
Belt), making it very difficult to establish the significance of iso-
lated basement outcrops. Published geochronologic data from
pre-Cretaceous rocks include K-Ar, Rb-St, and obsolete Pb-a
determinations, but very few U-Pb and “Ar/""Ar data have
been published in refereed journals. Much of the country has
been mapped at scales of 1:250,000, and 1:50,000 (see de Cserna,
1989), and an eight-sheet 1:1,000,000 geologic map was pub-
lished in 1980 by Secretaria de Programacién y Presupuesta
(SPP), now called Instituto Nacional de Estadistica Geografia e
Informacién, or INEGI (INEGI, 1980), but most work of the last
15 yr has not yet been incorporated into these maps. Much of the
available literature is published in Spanish language journal s that
have fairly limited circulation, and many studies in both English
and Spanish are available only in abstract form. In light of these
problems, we caution that this volume represents our best attempt
to integrate data available at this time, and we anticipate future
modifications based on new geologic and geophysical data.

PART 1: TECTONOSTRATIGRAPHIC
TERRANES oF MEXICO

Richard L. Sedlock, Fernando Ortega-Gutiérrez, and
Raobert C. Speed

MORPHOTECTONIC PROVINCES

Here we very briefly delineate and describe the major morpho-
tectonic provinces of Mexico (Fig. 1), based on the excellent sum-
maries presented by de Csema (1989) and Lugo-Hubp (1990).
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Figure 1. Major morphotectonic features and plate tectonic setting of Mexico and vicinity. Major
tectonic features identified by bold type; plate names given in all capital letters. Line segmentsin Gulf of
Mexico are hinge traces of folds. Plate boundaries denoted by heavy lines; lighter lines bound labeled
morphotectonic provinces. Lined region in southwestern Mexico: Zacoalco (west), Colima (south), and
Chapala (east) grabens. Abbreviations: CM, Chiapas Massif; CT, Cayman Trough; J-C, Jocotin-
Chamelecdn fault; M, Motagua fault; P, Polochic fault; SC, Salina Cruz fault; TMVB, Trans-Mexican

Volcanic Belt.

Thearid, rugged Bgja California peninsulais separated from
mainland Mexico by the Gulf of California, in which most or all
displacement on the Pacific-North America plate boundary cur-
rently is accommodated. The gulf is surrounded by an extensional
province that includes the eastern margin of Bgja California, the
Laguna Salada—Salton Trough, coastal, northwestern, and central
Sonora, and coastal Sinoloa and Nayarit. This extended province
is bounded to the east by the Sierra Madre Occidental, alinear,
north-northwest—el ongate plateau of thick Tertiary volcanic
rocks that, with few exceptions, completely obscure older rocks.
East of the Sierra Madre Occidental isthe Mexican Basin and
Range province (Sierrasy Vales or Sierrasy Cuencas), another
extended province characterized by north-northwest—trending
basins and ranges that reaches from central Mexico north into the
southwestern United States. The margins of the Sierra Madre
Occidental are affected by extension, but the plateau clearly has

undergone less net extension than provinces to the east and west.
The extended provinces are the southern continuation of the
Basin and Range province of the southwestern United States; we
suggest that they be called the western and eastern Mexican Basin
and Range provinces.

The eastern Mexican Basin and Range province partly over-
laps, and is transitional with, the Sierra Madre Oriental to the
east. The Sierra Madre Oriental consists of Mesozoic carbonates
and clastic rocks that obscure underlying rocks and that were
thrusted eastward and folded during Laramide orogenesis. The
SierraMadre Oriental extends as far south as the Trans-Mexican
Volcanic Belt near 20°N; on the east it abuts the Gulf coastal
plain, alow-lying region known mainly from exploratory drilling
for hydrocarbons. The structural grain of the Sierra Madre Orien-
tal generally is dlightly west of north, but near 25°N the province
includes awest-trending prong called the Monterrey-Torredn
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transverse system or Sierras Transversales. Thistransverse system
separates the eastern Mexican Basin and Range province to the
north from an elevated plateau to the south known as the Mesa
Central, Meseta Central, or Altiplano. Irregular relief within the
Mesa Central has been interpreted by some workers as due to
block faulting related to the emplacement of Tertiary volcanic
rocks in the Sierra Madre Occidental (Pasguare and others,
1987) or, more probably, to late Cenozoic Basin and Range
extension (Stewart, 1978).

The provinces of northern Mexico outlined above are
bounded on the south by the Trans-Mexican Volcanic Belt, a
roughly east-west—trending belt of Miocene to Holocene volcanic
rocks, stratovolcanoes, and active faults. South of this belt isthe
SierraMadre del Sur, arugged, geologically complex region that
contains exposed basement rocks as old as Precambrian. The
Chiapas Massif, or Sierra de Chiapas, intersects the Sierra Madre
del Sur province in the vicinity of the narrow Isthmus of Tehuan-
tepec and has geologic similarities with rocks in central Guate-
mala. The Y ucatan platform is a broad, low-lying plateau
underlain by subhorizontal Mesozoic strata and crystalline base-
ment known only from wells.

MODERN PLATE TECTONIC FRAMEWORK

Mexico isin the southwestern North American plate, with
the exception of most of the Bgja California peninsula, whichis
attached to the Pacific plate, and a small tract near Guatemala
that probably moves partly or wholly with the Caribbean plate
(Fig. 1). Oniits southern margin Mexico abuts the Caribbean
plate at a probable major sinistral strike-slip fault system. On its
northwestern margin its contact with the Pecific plate is a system
of transform faults and short segments of the East Pacific Rise.
On its southwestern margin it is being underthrust by oceanic
lithosphere of the Cocos and Rivera plates. Offshore to the
southwest are the complex plate boundaries of the Cocos, Pacific,
and Rivera oceanic plates.

Caribbean—North America plate boundary

In the Caribbean basin east of Central America, the Carib-
bean—North America plate boundary is the Cayman Trough
(Fig. 2). In Central America, the plate boundary iswidely inter-
preted as asinistral fault zone consisting of the Motagua fault (site
of aM, = 7.5 left-dlip earthquake in 1976), the Polochic (some-
times called Cuilco-Chixoy-Polochic) fault, and the Jocotéin-
Chamelecén fault (Malfait and Dinkelman, 1972; Muehlberger
and Ritchie, 1975; Bowin, 1976; Plafker, 1976; Burkart, 1978,
1983; Schwartz and others, 1979; Sykes and others, 1982). All
three faults have strong topographic expression and the Motagua
and Polochic faults are interpreted to be active, but rates of
displacement are unknown and demonstrable Quaternary sinis-
tral offsets are minimal (Plafker, 1976; Schwartz and others,
1979; Burkart and others, 1987). The lack of surface expression
of the Motagua fault in western Guatemala, the westward bifur-

cation and apparent termination of the Polochic fault (Case and
Holcombe, 1980; Burkart and others, 1987), neotectonic field
studies in southeastern Mexico and northern Guatemala, and
stability analysis of the boundary zone of the Caribbean, North
American, and Cocos plates indicate that deformation in the
diffuse Caribbean—North America—Cocos triple junction proba
bly is accommodated by most or &l of the following: sinistral dlip
on the Polochic and Motagua faults; sinistral dlip on faults be-
tween Puerto Angel, Oaxaca and Macuspana, Tabasco; east-west
extension in the vicinity of the Isthmus of Tehuantepec; and
clockwise rotation of crust between the Puerto Angel—Macus-
panaand Polochic fault systems (Guzmén-Speziale and others,
1989; Delgado-Argote and Carballido-Sanchez, 1990).

Relative motion of the Caribbean plate with respect to the
North American plate in the vicinity of Guatemala and the west-
ern Cayman Trough, as determined from the Euler vector of the
NUVEL-1 global plate motion model (DeMets and others,
1990), is 12 +3 mm/yr, S75-80E. The magnitude previously had
been estimated at 37 (Sykes and others, 1982), 20 (Macdonald
and Holcombe, 1978), and 15 mm/yr (Stein and others, 1988).
The Cayman Trough spreading rate, based on magnetic anoma:
lies and subsidence, has been estimated to be about 15 mm/yr
(Rosencrantz and others, 1988), but cumulative Caribbean—
North America motion may be 20 mm/yr or more, based on
tectonic interpretation of new SeaM ARC mapping (Rosencrantz
and Mann, 1991).

Pacific-North America plate boundary

In the Gulf of California, the Pacific—North America plate
boundary consists of short segments of the northernmost East
Pacific Rise spreading ridge separated by northwest-striking
transform faults (Fig. 1). Normal oceanic crust, as defined by
linear magnetic anomalies parallel to ridge segments, is present
only between the Pescadero and Tamayo fracture zones at the
mouth of the gulf. A thick blanket of sediment smooths basement
topography in much of the gulf (van Andel, 1964; Curray,
Moore, and others, 1982; Aguayo-C., 1984), but transform faults
and as many as 16 ridge segments can be determined on the basis
of bathymetry, sediment distribution, negative gravity anomalies,
heat flow, and active seismicity (Dauphin and Ness, 1991; Couch
and others, 1991; Ness and Lyle, 1991). Background heat flow
values are about 200 mW/m" (von Herzen, 1963; Henyey and
Bischoff, 1973), and maximum values are as high as 6,250
mW/m" in the vicinity of vigorous hydrothermal ventsin the
Guaymas basin near 27°N (Lonsdale and Becker, 1985; Becker
and Fisher, 1991). Crustal thickness decreases from about 20 km
in the Laguna Salada—Salton Trough north of the gulf to 13 km
in the northern gulf to 8 km in the southernmost gulf, whereas
low-density (3.1 to 3.15 g/cc) upper mantle is 90 km wide and 4
km thick beneath the northern gulf but about 230 km wide and
10 km thick beneath the southernmost gulf (Couch and oth-
ers, 1991). The velocity structure of the mantle beneath the Guilf
of Cdiforniaincludes unusually low velocities to a depth of about
350 km (Walck, 1984).
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Modern seismicity on the Pacific-North America plate
boundary in Mexico coincides fairly well with ridge segments and
transform faults in the gulf but is more dispersed in the diffuse
plate boundary zone in northern Bgja California. Earthquakesin
the gulf region are shallower and smaller than in the subduction
regime of southern Mexico; only two M 7.5 earthquakes have
occurred since 1900. On land, most earthquakes occur in swarms
corresponding to mapped dextral strike-dlip faults such as the
Cerro Prieto, Imperial, Agua Blanca, and San Miguel-Vallecitos;
normal faults that comprise the main gulf escarpment in northern
Bagja show little or no seismicity but may still be active (Brune
and others, 1979; Frez and Gonzalez-Garcia, 1991a, b; Ness and
Lyle, 1991; Suirez-Vidal and others, 1991).

The direction and magnitude of relative motion of the Pa-
cific and North American plates can be measured only between
the Pescadero and Tamayo transforms at the mouth of the Gulf of
California. Marine magnetic anomalies on profiles normal to the
Pescadero rift segment between these transforms are consistent
with spreading rates of 49 (DeMets and others, 1987) or 66
mm/yr (Lyle and Ness, 1981). Thereis no statistical basis for
preferring one rate over the other (Ness and others, 1991), but we
favor the slow rate because it is predicted by the NUVEL-1 global
plate motion model (DeMets and others, 1990) and because the
fast rate requires about 11 mm/yr dextral slip in a zone in south-
ern Mexico that generaly isinterpreted to accommodate a small
amount of sinistral slip (see below). Using the NUVEL-1 Euler
pole, relative motion of the Pacific plate with respect to the North
American plate ranges from 50 + 1 mm/yr, N55W at latitude
23°N to 46.5 + 1 mm/yr, N43W at latitude 31°N. Geologic and
geodetic studies indicate only 35 mm/yr of dextral slip on the
San Andreas fault system at the north end of the Gulf (Thatcher,
1979; Savage, 1983; Sieh and Jahns, 1984). Thus, Pacific-North
Americamoation is not confined to the northern and central Gulf
of California, and 11-15 mm/yr dextral slip must be taken
up by faults within or west of Baja California and perhapsin
mainland Mexico (Sedlock and Hamilton, 1991). A laser trilater-
ation geodetic study across the central Gulf of California (latitude
29°) found northwest-southeast relative motion of about 80 + 30
mm/yr (Ortlieb and others, 1989). Preliminary determinations of
relative motion determined by a Global Positioning System geo-
detic experiment across the southern Gulf of Californiaare 44 +
8, N53 + 10°W and 47 £ 7, N57 + 6°W, similar to the NUVEL-
1 value within 1o error (Dixon and others, 1991). However, this
experiment, and any experiment of similar design, cannot meas-
ure displacement that may be occurring west of the southern Baja
peninsula because no sites exist sufficiently close to the plate
boundary on indisputible Pacific plate.

Pacific-North America relative maotion includes a compo-
nent of extension normal to the boundary, based on the orienta-
tion of the boundary and the NUVEL-1 Euler pole (DeMets and
others, 1990). Extension currently is accommodated by rifting
within the Gulf of Californiaand by detachment faulting, high-
angle norma faulting, and block tilting of continental crust along
the east coast of the Bgja California peninsula and, to alesser

degree, western and central Sonora and western Sinaloa and
Nayarit (e.g., Moore, 1973; Rold4an-Quintana and Gonzalez-
Leon, 1979; Gastil and Fenby, 1991). Miocene extension and
continental rifting that formed a proto-gulf probably were mani-
festations of Basin and Range extension (p. 117).

Cocos-North America and Cocos-Caribbean
plate boundaries

The Cocos plate is being subducted beneath the North
American and Caribbean plates at the Acapulco and Middle
Americatrenches (Fig. 1). The NUVEL-1 plate motion model
(DeMets and others, 1990) predicts that motion of the Cocos
plate relative to North Americais to the north-northeast, dightly
counterclockwise from the normal to the trench, at rates of about
55 mm/yr near Colima, 60 near Acapulco, and 75 near the
Chiapas-Guatemala border (see Fig. 2 for locations). Remote
sensing, field, and plate motion studies support the inference that
continental Mexico east of the Colima graben and south of the
Trans-Mexican Volcanic Belt is moving southeastward, parallel
to the trench, along left-lateral faults at about 5 = 5 mm/yr
(Pasquare and others, 1987, 1988; Johnson and Harrison, 1989;
DeMets and Stein, 1990). Neotectonic studies recognize uplift of
the Michoacin-Guerrerc coast at rates as fast as 14 mm/yr
(Corona-Esquivel and others, 1988).

Most large (M, >7.5) historical earthquakes recorded in
southern Mexico, including the 1985 Michoacén event (8.1) and
aftershocks (J. Anderson and others, 1986), the 1907 (7.8) and
1957 (7.5) events near Acapulco (Gonzilez-Ruiz and McNally,
1988), and the 1978 (7.7) Oaxaca event (Stewart and others,
1981), were associated with subduction of the Cocos plate be-
neath North America. Focal mechanisms indicate predominant
shallow thrust events ascribed to underthrusting during subduc-
tion, and less common, deeper normal events that may represent
tensional deformation of the subducted plate (Nixon, 1982;
Burbach and others, 1984). In northern Central America and
adjacent southeastern Mexico west of 94°W, awell-defined
Wadati-Benioff zone dips 15° to 20° to about 60 km and about
60° to maximum depths of 200 to 240 km (Burbach and others,
1984; LeFevre and McNally, 1985). In southern Mexico east of
96°W, aless well-defined Wadati-Benioff zone dips 10° to 20° to
amaximum depth of about 100 km (Havskov and others, 1982;
Bevis and Isacks, 1984; Burbach and others, 1984; L eFevre and
McNally, 1985; Valdes and others, 1986; Castrejon and others,
1988; Nava and others, 1988).

The continental arcs above the subduction zones also exhibit
pronounced changes in the vicinity of 96-94°W (p. 7).
One possible explanation for the different seismic and volcanic
characteristicsis the different buoyancy of lithosphere in the sub-
ducting plate on either side of the Tehuantepec Ridge, which
intersects the trench at about 95°W (Fig. 1) (Bevis and Isacks,
1984). Another likely causeis differential plate motions: the tran-
sition at 96-94°W coincides with the diffuse Cocos-North Amer-
ica-Caribbean triple junction. The Cocos plate is more strongly
coupled to the North American plate than to the Caribbean plate,
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Figure 2. Geographic map of Mexico and northern Central America, showing states (estados) and local-
itiesreferred to in text. Numbered states: 1, Baja Californig; 2, Sonora; 3, Chihuahua; 4, Coahuila; 5,
Nuevo Leon; 6, Tamaulipas, 7, Baja California Sur; 8, Sinaloa; 9, Durango; 10, Zacatecas; 11, San Luis
Potosi; 12, Veracruz; 13, Nayarit; 14, Jaisco; 15, Colima; 16, Guanajato; 17, Querétaro; 18, Hidalgo;
19, Michoacan; 20, Mexico; 21, Guerrero; 22, Morelos; 23, Puebla; 24, Oaxaca; 25, Tabasco; 26,
Chiapas; 27, Campeche. Abbreviations: A, Acapulco; AC, Arroyo Calamajué; C, Caborca; CH, Chil-
pancingo; CV, Ciudad Victoria; EA, El Arco; EF, El Fuerte; G, Guadalgjara; H, Hermosillo; |, Ixtapan
delaSdl; IB, Islas de la Bahia (Bay Islands); IC, IslaCedros; 1T, Isla Tiburén; L, Loreto; LN, city of
Leén; LP, LaPaz; M, Mazatlan; MC, Mexico City (Distrito Federal); MM, Magdalena-Margarita
region; MO, Molango; MS, Macuspana; M-Z, Morelia-Ziticuaro region; P, Petatlan; PA, Puerto Angel;
RSJ, Rancho San José; SAT, San Andres Tuxtla; SC, Sierradel Cuervo; SO, SantaMariadel Oro; T,
Tehuacan; T1, Totoaba-1 (PEMEX well); TS, Todos Santos; VP, Vizcaino peninsula; Z, Zacatecas city.
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asindicated by backarc extension in Central America and back-
arc contraction in southern Mexico (Buffler and others, 1979;
Weyl, 1980; McNally and Minster, 1981; de Cserna, 1989). The
Caribbean plate appears to be motionless with respect to the
subducted slab, resulting in a well-devel oped Wadati-Beniof f
zone and narrow arc, whereas motion of North Americatoward
the dlab has produced a broader, less continuous arc and in-
creased the arc-trench distance (Burbach and others, 1984).

The alignment of terrestrial volcanic centers has been used
to infer a segmented subducted slab beneath Mexico and Centra
America (Stoiber and Carr, 1973; Carr and others, 1974; Nixon,
1982). Seismologic data have been interpreted to indicate that the
subducted Cocos plate lithosphere is either smoothly curving and
laterally continuous (Burbach and others, 1984) or segmented
near 99°W where the O'Gorman Fracture Zone intersects the
Middle America Trench (Singh and Mortera, 1991).

Rivera—North America plate boundary

The Rivera—North America plate boundary is the Acapulco
Trench south of 20°N and probably the Tamayo Fracture Zone
and Tres Marias escarpment north of 20°30'N (Fig. 1). Larson
(1972) and Menard (1978) inferred that the Acapulco Trench
was inactive and that the Rivera plate currently is part of the
North American plate, but the lithosphere above the trench is
seismically active, although to alesser extent than the Middle
America Trench along the Cocos—North America boundary
(Nessand Lyle, 1991). The 1932 (8.1) Jalisco event clearly indi-
cates shallow thrusting to the northeast, as would be expected if
the Rivera plate underthrusts Mexico (Nixon, 1982; Eissler and
McNally, 1984). When compared with the NUVEL-1 plate
motion model, spreading rates and slip vectors deduced from the
boundaries of the Rivera plate indicate that the Riveraplate is
kinematically distinct from both the North American and Cocos
plates, and that the Rivera plate moves roughly orthogonally to
the Rivera—North America plate boundary at rates that increase
from about 6 mm/yr at the Tamayo transform fault to about 20
or even 30 at the Acapulco Trench (DeMets and others, 1990;
DeMets and Stein, 1990). These results contrast sharply with
earlier interpretations of alarge dextral component of Rivera—
North Americarelative motion (Minster and Jordan, 1979;
Eisser and McNally, 1984). The nature of the Rivera—North
America plate boundary north of 20°N is poorly understood, but
the precipitous gravity gradient there may reflect a steeply dipping
(transform?) fault boundary between continental and oceanic
crust (Couch and others, 1991).

The Colima, Zacoalco (also called Tepic-Chapald), and
Chapala grabens in southwestern Mexico (Fig. 1) are charac-
terized by active akalic volcanism and about 1 mm/yr exten-
sion. Net extension across the rifts has been estimated at 4 to
8% (Barrier and others, 1990). It has been suggested that the
Riveratriple junction (Pacific—North America—Rivera) isin the
initial stages of jumping from the mouth of the Gulf of California
to the junction of these grabens, and that the "Jalisco block," a
fragment of North American continental crust in western Jalisco,

is being transferred to the Pacific plate (Luhr and others, 1985;
Allan, 1986; Barrier and others, 1990; Allan and others, 1991).
Offshore seismicity and bathymetric data are consistent with an
incipient spreading ridge offshore southern Colimain a structur-
ally complex zone of diffuse seismicity that probably encloses the
indistinct Rivera—Cocos—North America and Pacific-Rivera-
Cocos triple junctions (Bourgois and others, 1988; Dauphin and
Ness, 1991; Nessand Lyle, 1991). However, plate motion kine-
matics imply that the Colima graben is a passive pull-apart basin
and that the Chapala graben is the locus of transtensional dis-
placement at the northwestern and northeastern boundaries, re-
spectively, of a coastal dliver undergoing southeastward transport
during oblique convergence (DeMets and Stein, 1990). Also, heat
flow values offshore Colima are not elevated compared to other
parts of the southern continental slope of Mexico, suggesting that
active rifting is not occurring (M. Khutorskoy and others, unpub-
lished manuscript).

Trans-Mexican Volcanic Belt (TMVB)

The Trans-Mexican Volcanic Belt (TMVB) consists of late
Miocene (11 Ma), chiefly andesitic to dacitic volcanic rocks and
active volcanoes that extend across Mexico from Nayarit to
southern Veracruz (Figs. 1, 2). The volcanic rocks generally are
linked to subduction of oceanic lithosphere of the Cocos and
Riveraplates (Nixon, 1982; Nixon and others, 1987), but in
several respectsthe TMVB is atypica of continental arcs. Com-
pared to the Central American arc, for instance, the TMVB is
broader, less continuous, and farther from the trench (Robin,
1982). Few intermediate-depth earthquakes that may be attrib-
uted to a subducted slab have been recorded beneath the TMVB,
but an inclined band of earthquake foci that dips shalowly be-
neath southern Mexico to a maximum depth of about 100 km
probably marks the Wadati-Benioff zone (Bevis and Isacks, 1984;
Burbach and others, 1984; LeFevre and McNally, 1985). The
TMVB may also mark a nascent plate or crustal block boundary
along which southern Mexico is moving eastward (Shurbet and
Cebull, 1984) or, more probably, westward (Johnson, 1987;
Urrutia-Fucugauchi and Band, 1988; DeMets and Stein, 1990)
with respect to northern Mexico. The TMVB is marked by very
high heat flow (Ziagos and others, 1985) and very low shear
velocitiesin the lower lithosphere (Gomberg and Masters, 1988).
Recent studies of the neotectonics of the belt include those by
Campos-Enriques and others (1990), Martinez-Reyes and Nieto-
Samaniego (1990), Suter (1991), and Suter and others (1992),
and papersin aspecial volume of Geofisica Internacional
(e.g., Verma, 1987). Recent work on the age, geology, petrology,
and geochemistry of specific volcanoes within the belt includes
that of Dobson and Mahood (1985), Nixon (1989), Luhr and
Carmichael (1990), Nelson (1990), Ferrari and others (1991),
and Pasquaré and others (1991).

North American intraplate deformation

Although the Gulf of Mexico and eastern Mexico generally
are considered to be part of North America, active tectonism and
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volcanism imply relative motion between the two regions. North-
trending fold hinges and east-vergent thrusts in Cretaceous and
Cenozoic strata off the coast of Tamaulipas and northern Vera-
cruz ("Mexican Ridges Foldbelt" of Buffler and others, 1979;
"Cordillera Ordéfiez” of de Cserna, 1981) probably record latest
Cenozoic east-west shortening between eastern Mexico and the
Gulf of Mexico basin (Fig. 1). A younger, probably modern,
phase of northeast-southwest shortening isindicated by the
northeastward overthrusting of this offshore fold belt by the
continental shelf (de Cserna, 1981, 1989). L ate Cenozoic
northeast-southwest shortening in southern Mexico aso isindi-
cated by a southwest-verging fold and thrust belt on the northeast
side of the Chiapas Massif and by active northwest-southeast-
trending folds offshore northern Tabasco and Campeche (Fig. 1)
(de Cserna, 1989).

Miocene to Quaternary, calc-alkalic to akalic, siliceousto
basaltic volcanic rocks that crop out along the Gulf of Mexico
coast from Tamaulipasto San Andres Tuxtla (Fig. 2) have been
attributed to intraplate rifting, but new geochemical studiesimply
eruption in a backarc setting during subduction of the Cocos plate
(Lépez-Infanzén and Nelson, 1990; Nelson and others, 1991).

Significance of regional geophysical studies

Few regional studies of geophysical characteristics of Méx-
ico have been published. On the basis of a short, unreversed
refraction profile between northern Guanajuato and eastern Du-
rango, Meyer and others (1961) inferred a crustal thickness of 37
to 47 km beneath the southeastern Sierra Madre Occidental. Fix
(1975) inferred an average crustal thickness of about 30 km for
central Mexico based on arrival times of waves from earthquakes
in Chiapas at receiversin the southwestern United States. Based
on measurements of surface wave phase velocity and travel times
at three newly installed long-period seismic stations in northern
Mexico, Gomberg and others (1988) inferred an average crustal
thickness of about 40 km, corroborating the results of Meyer and
others (1963), and an average thickness of a high-velocity mantle
lid of about 30 to 40 km. The indicated lithospheric thickness of
70to 80 km is significantly thicker than in the Basin and Range
province of the western United States, implying less thinning and
thus less extension in northern Mexico, but is significantly thinner
than in cratonal areas of the United States, implying that northern
Mexico may not be underlain by thick Precambrian continental
lithosphere. The crustal and lithospheric thickness estimates are
consistent with gravity models of Bouguer gravity anomaliesin
northern Mexico (Aiken and others, 1988; Schellhorn and others,
1991). Gomberg and others (1988) also noted the presence of a
low-velocity zone for shear waves (SN as low as 4.0 km/sec)
above 250 km in central Mexico.

Gravity datafrom the vicinity of the Baja California penin-
sula are interpreted to indicate a southward decrease in crustal
thickness from about 28 km at the border to about 20 km near
the tip, alithospheric thickness of 50 to 55 km, and thinning of
the lithosphere on both sides of the Gulf of California (Aiken and

others, 1988; Couch and others, 1991). Positive low-pass filtered
gravity anomalies trend north-northwest on the Pacific continen-
tal shelf of Baja California between 30° and 23°N and in main-
land Baja from north of the international border at least as far
south as 26°N and perhapsto the tip of the peninsulaat 23°N
(Couch and others, 1991). In detail, the continental shelf anom-
aly appearsto consist of at least three en echelon domains that
may indicate dextral offset on northwest-striking strike-slip faults.
Few of the linear magnetic anomalies on the Pacific continental
shelf correspond to bathymetric and gravity lineaments (Ness and
others, 1991). A well-defined paleotrench at the foot of the con-
tinental slope isindicated by a gravity low between 29° and
22°30'N, and aremnant of oceanic crust subducted at this trench
probably extends eastward 100 to 150 km beneath the continen-
tal dope (Couch and others, 1991).

The compressional velocity structure of parts of Sonora and
Chihuahuaisinterpreted to indicate crustal thickness of 36 km
and total lithosphere thickness of 70 to 76 km (Gomberg and
others, 1989), estimates consistent with gravity models of anom-
aliesin Sonora (Aiken and others, 1988; Schellhorn and others,
1991). The crust beneath the SierraMadre del Sur in southern
Mexico has been interpreted to be about 45 + 4 km thick (Valdes
and others, 1986).

Heat flow measurements have been reported from Mexico
by Smith (1974), Smith and others (1979), Ziagos and others
(1985), and Prol-Ledesma and Juarez (1986). Although coverage
isnot complete, it seems clear that most of northern and central
Mexico, including Sonora, eastern Chihuahua, Sinaloa, Durango,
Zacatecas, Guangjuato, and San Luis Potosi, is characterized by
high heat flow values (38 to 190 mW/m ", with most values 75 to
125 mW/m?), Lower values were obtained east of the Sierra
Madre Oriental (most values 25 to 75 mW/m?), in the Sierra
Madre del Sur (13 to 45 mW/m?), and in the Baja California
peninsula (most values 35 to 50 mW/m?). The region of higher
heat flow values roughly corresponds to the region affected by
late Cenozoic extension in the Basin and Range province and
along the eastern margin of the Gulf of California. The apparent
southward increase in crustal and lithospheric thickness and
southward decrease in heat flow from the Basin and Range prov-
ince to southern Mexico may indicate a southward decreasein
the net thinning and extension of the lithosphere (Gomberg and
others, 1989). Alternatively, these differences may reflect differ-
ent starting thicknesses, crustal rheology, or both.

Other gravity, magnetic, and seismic data, particularly those
interpreted in terms of problems of amore local, rather than a
regional, scale, and all paleomagnetic data are presented in dis-
cussions of specific terranes.

TERRANE DESCRIPTIONS

We have identified and characterized 17 tectonostratigraph-
ic terranes (hereafter called terranes) in Mexico and northern
Central America (Fig. 3). Our usage of the term terraneis from
Howell and others (1985, p. 4): "a fault-bounded package of



Figure 3. Terrane map of Mexico and northern Central America. State boundaries asin Figure 2.
Terrane boundaries (heavy lines) dashed where inferred. Terrane abbreviations: CUI, Cuicateco;
M, Mixteco; T, Tarahumara; Z, Zapoteco. Other abbreviations: AB, Agua Blancafault (Baja California);
SM, San Marcos fault (Coahuila); TMVB, Trans-Mexican Volcanic Belt.
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rocks of regional extent characterized by a geologic history which
differs from that of neighboring terranes." Figure 3 is modified
from asimilar division that was devel oped at the I nstitute of
Geology (Instituto de Geologia) at the University of Mexico
(Universidad Nacional Auténoma de Mexico) in Mexico City
and that was used in Continent-Ocean Transects H-1 and H-3
(Ortega-Gutierrez and others, 1990; Mitre-Salazar and others,
1991). With the exception of North America, terrane names were
selected on the basis of indigenous pre-Columbian cultures.

The distinctive characteristics of most Mexican terranes are
to be found in their pre-Cretaceous geologic record. In Part 2, we
develop the hypothesis that most of Mexico, excepting its western
and southern margins, behaved as a structurally intact, little-
deformed mass throughout the Cretaceous and Cenozoic. Expo-
sures of Jurassic and older rocks are sparse in some terranes due
to widespread, overlapping Cretaceous sedimentary rocks and
Cenozoic volcanic and sedimentary rocks. In these cases, we
delimited terranesbased on the scattered exposures of older rocks
and on geophysical and isotopic data that help constrain the
nature of the subsurface. However, we expect that future work
will lead to the recognition that some of these terranes are com-
posite, as we have formally proposed for other Mexican terranes.

Some earth scientists have expressed reservations about the
term terrane, which they deem less precise than terms such as
block, sliver, fragment, and nappe, and about the concept of ter-
raneanalysis, which they view as amerely descriptive routine that
avoids interpretation of the genetic significance of lithotectonic
assemblages (Sengor and Dewey, 1990). These complaints are
unfounded, however, provided that the ultimate goal of terrane
analysisis not the splitting of orogenic beltsinto myriad terranes
but rather the evaluation of the genetic significance of assemblages
withinindividual terranes and the genetic relations between and
among terranes. When properly performed, terrane analysis can
stimulate breakthroughs in understanding the evolution of com-
plex regions, e.g., the North American Cordillera, and we believe
that the Mexican region would be well served by such a strategy.
To thisend, this volume includes not only chiefly factual terrane
descriptions (bulk of Part 1), but also a detailed interpretive
model of the genetic relations among the terranes (Part 2).

Our terrane division isin some respects similar to an earlier
division developed by Campa-Uranga and Coney (1983) and
Coney and Campa-Uranga (1987). However, many aspects of
their terrane division, such as terrane boundaries, descriptions of
constituent rocks, and interpretations of constituent rocks and
terrane-bounding faults, have been changed, clarified, or invali-
dated by the hundreds of scientific contributions that have been
published in the last decade. Presentation of the datain Part 1 of
this work would be rendered disruptingly opague if we were to
express al of these advances in terms of revised terrane bound-
aries and definitions (e.g., "that part of the Guerrero terrane north
of the Trans-Mexican Volcanic Belt and east of the Gulf of Cali-
fornia' instead of our Tahué terrane). On this basis we have
implemented the new terrane names used in the DNAG Tran-
sects. We do not expect that our division of Mexican terraneswill

go unchallenged and unchanged in the future, and we realize that
anew set of terrane names may cause consternation in some
quarters, but we have concluded that the potential for confusion
isminimized by avoiding a scheme that splices two sets of terrane
names. In the few cases that the descriptions and boundaries of
the terranes in our division are very similar to those of the
Campa-Uranga and Coney division (e.g., Yuma-Santa Ana,
Cochimi-Vizcaino), we anticipate future reference to the older
names, which have precedence. In the course of our terrane de-
scriptions, we note the geographic and geologic relation of each
terrane to earlier terrane nomenclature.

Below, we describe the terranesshown in Figure 3in alpha-
betical order. Where possible, each terrane description includes
the following elements: (1) abrief interpretive geologic or
tectonic history of the major rock units, focusing on those features
that distinguish a given terrane from other terranes; (2) areview
and synthesis of published and unpublished data for al major
rock units, including basement rocks, stratigraphic units from
oldest to youngest, and plutonic rocks; (3) areview of available
geophysica data; (4) aschematic tectonostratigraphic column
that, in some cases, also shows geographic variation in the form of
astructure section; and (5) atable of radiometric dataincluding
dates, system used, errors, and sources. In some instances we cite
synthesis articles rather than unpublished theses and reports or
particularly hard-to-find original sources. The interested reader is
directed to the syntheses for reference to such works.

The natural resources of petroleum and economic mineral
deposits are keystones of the Mexican economy. Mexico ranks
seventh in worldwide crude oil reserves and third in production
(Beck and Thrush, 1991). Mexico is the world's leading producer
of silver and bismuth; is among the top five producers of barite,
fluorospar, graphite, lead, lime, and molybdenum; and ranks
among thetop 10 producers of antimony, cadmium, copper,
manganese, gypsum, mercury, mica, ammonia, salt, sulfur, zinc,
and asbestos (Minerals Y earbook, 1990). Summarizing the
wealth of available information on these topicsis beyond the
scope of thiswork, but recent summary volumes of possible
interest include arecent DNAG volume entitled Economic Geol-
ogy of Mexico (Salas, 1991) and a specia volume of the journal
Economic Geology (1988, v. 83).

The DNAG time scale (Palmer, 1983) is used throughout
thiswork. Where necessary, K-Ar ages have been recalculated
using the revised constants of Steiger and Jager (1977). In order
to simplify the reference section, we have taken the following
liberties with the potentially confusing variety of waysin which
the Latin American double surname is referenced: where known,
both surnames are spelled out and hyphenated, even where the
origind citation abbreviated or omitted the maternal surname or
omitted the hyphen. Symbols used in Figures 5 through 21 are
those used in the DNAG Continent/Ocean Transects (Fig. 4).

Chatino terrane

The Chatino terrane consists mainly of orthogneissand meta-
sedimentary rocks derived from protoliths of unknown age that
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SEDIMENTARY ROCKS

mainly conglomerate & breccia * ' mcarbonate

E] mainly sandstone chert
E mainly mudstone evaporite
VOLCANIC ROCKS
silicic mafic
intermediate unspecified composition

PLUTONIC ROCKS

vy slicicto intermediate ultramafic
(includes serpentinite)

intermediate to mafic

METAMORPHIC ROCKS

¥ Mgreenschist blueschist
amphibolite eclogite
[ ¢ Poranulite

DEFORMED ROCKS

[:E] schist & gneiss mylonitic rocks

CONTACTS

unconformity
depositional & intrusive
fault

—— terrane boundary

Figure 4. Legend of symbols for Figures 5 through 21. Geologic time
abbreviations: pC, Precambrian; €, Cambrian; 0, Ordovician; S, Silu-
rian; D, Devonian; M, Mississippian; P, Pennsylvanian; P, Permian; Tr,
Triassic; J, Jurassic; K, Cretaceous; T, Tertiary; Q, Quaternary; u, upper;
m, middle; 1, lower.

were repeatedly intruded and locally migmatized during the
Mesozoic and Cenozoic (de Cserna, 1965; Klesse, 1968;
Ortega-Gutiérrez, 19814a). At its northern margin, the terraneis
faulted against the Mixteco and Zapoteco terranes; at its western
margin, the contact with the Nahuatl terrane is obscured by Ceno-
zoic plutons; and to the south, it abuts the late Cenozoic
accretionary prism above the subducting Cocos plate. The Cha-
tino terrane corresponds to the Xolapaterrane of Campa-Uranga
and Coney (1983).

The oldest unit in the Chatino terrane is the Xolapa Corn-

plex (Fig. 5), which includes amphibolite-facies migmatite, or-
thogneiss, amphibolite, pelitic schist, biotite schist, and marble
(Ortega-Gutierrez, 1981a; Alaniz-Alvarez and Ortega-Gutiérrez,
1988). Sedimentary protoliths are interpreted to have been inter-
bedded graywackes, pelitic rocks, and carbonates. Some migma-
tite records the incompl ete anatexis of pelitic sedimentary rocks
and carbonates. Orthogneiss probably was derived from pre- or
synkinematic tonalitic intrusives that yield Jurassic to mid-
Cretaceous metamorphic ages (Table 1).

A Precambrian or Paleozoic age of the sedimentary proto-
liths generally is assumed or inferred (de Cserna, 1971; Carfan-
tan, 1983), but few geochronologic data constrain that age. The
protoliths clearly are older than the cross-cutting Jurassic-
Cretaceous orthogneiss bodies. The protoliths probably were de-
rived, at least in part, from a 1.6- to 1.3-Ga source, based on U-Pb
dates from euhedral, probably igneous, zircons and Sm-Nd model
ages (Table 1) (Robinson and others, 1989; Morin-Zentenc and
others, 19903, b, 1991; Robinson, 1991).

The strike of foliation and trend of lineationsin onland
exposures of the Xolapa Complex is roughly west-northwest
(Ortega-Gutiérrez, 1981a; Robinson, 1991). According to prelim-
inary refraction and gravimetric studies, the Xolapa Complex is
15 to 20 km thick along the coast (Nava and others, 1988).
Drilling for DSDP Leg 66 at site 489, 30 km offshore at longi-
tude 99°W, bottomed in biotite—hornblende—quartz schist, gar-
net—muscovite schist, and muscovite—chlorite quartzite that
probably are part of the Xolapa Complex (Watkins and others,
1981). In southeasternmost Guerrero, the Xolapa Complex is
overlain nonconformably by L ate Cretaceous—Paleogene and
late Miocene—Pleistocene marine clastic rocks (Durham and
others, 1981).

The Xolapa Complex isintruded by widespread unde-
formed Tertiary granitoids (Fig. 5; Table 1), granitic pegmatites,
and mafic dike swarms. The ages of individual granitic plutons
decrease from about 45 Main the intrusive suite near Acapulco
(Acapulco batholith) to about 12 Ma near Puerto Angel, 400 km
to the southeast (Damon and Coney, 1983; Guerrero-Garcia,
1989; D. Moran-Zenteno, 1992). Theintrusive suite near Aca-
pulco appears to be significantly younger than the 60- to 55-Ma
intrusive rocks in the adjacent part of the Mixteco terrane that
commonly are included in the Acapulco intrusive suite (Table 8).
Diorite recovered from site 493 of DSDP Leg 66, about 20 km
offshore at longitude 99°W (Bellon and others, 1981), probably
is correlative with the undeformed granitoids exposed on land.

Chortisterrane

Although the Chortis terrane (Chortis block of Dengo, 1975)
does not include rocks of Mexico, we discuss it because of its
probable interaction with terranes of Mexico during Mesozoic and
Cenozoic time. Following Dengo (1985) and Donnelly and others
(19904), we consider the Chortis terrane to include Guatemala
south of the Motagua fault, Honduras, Nicaragua north of about
12°N, El Salvador, and the submarine Nicaragua Rise (Fig. 2).
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Figure 5. Schematic north-south structure section of Chatino terrane. Ages of Tertiary plutons decrease

from west to east.
TABLE 1. CHATINO TERRANE RADIOMETRIC DATA
Sample System Mineral* Date Referencet Comments
(Ma)
Xolapa Complex
Paragneiss U-Pb zr 1,525 ¢ 170 1 Discordia intercepts
78 ¢ 35
Metasedimentary rocks Rb-Sr 308 ¢ 5 2 Isochron age
Paragneiss Rb-Sr 240 C 50 3
Gneissic granitoid Rb-Sr wr 185 C 84 4 *78r/""8r; 0.7056
Gneissic granitoid U-Pb zr 160 ¢ 3 4 Concordant age
Gneissic tonalite near Acapulco Rb-Sr wr 144 ¢ 7 2 Isochron age; ~~Sr/ Sr. 0.7030
Rb-Sr 30-28 5
Gneissic tonalite near Acapulco Rb-Sr wr 138 ¢ 12 2 Isochron age; ~~ S/~ Sr: 0.7048
Rb-Sr 25 ¢ 1
Gneissic tonalite near Acapulco Rb-Sr wr 128 ¢ 7 2 Isochron age; ~~Srf"8r. 0.7049
Rb-Sr 32-31 5
Undeformed diorite near Acapulco Rb-Sr wr 136 ¢ 11 2 Isochron age; ~~Sr/9Sr: 0.7038
Biotite gneiss K-Ar 4 C 7 6
Biotite schist K-Ar 38 ¢ 2 6
Paragneiss Rb-Sr 32 3
Undeformed intrusive rocks
Acapulco granitoids Rb-Sr kf 80 7 Maximum age
Acapulco granitoids Rb-Sr 48 + 1 8
Acapulco granitoids Rb-Sr wr 43 C 8 Apparent isochron
Felsic-mafic plutons, Acapulco Batholith Rb-Sr 43-26 5
Acapulco granitoids K-Ar 43 ¢ 1 9
Acapulco paragneiss K-Ar 43 8
Puerto Angel tonalite U-Pb Zr 40 10 Concordant age
Diorite, DSDP Leg 66 K-Ar wr 36 + 2 11
Diorite, DSDP Leg 66 K-Ar wr 35 ¢ 2 11
Diorite, DSDP Leg 66 K-Ar wr 34 ¢ 2 11
Acapulco paragneiss Rb-Sr 32 ¢ 1 8
Granitoid K-Ar 30 ¢ 1 9
Granodiorite Rb-Sr 24 + 1 8
Puerto Angel gneiss Rb-Sr 24 ¢ 1 8
Diorite Rb-Sr 18.5C 5 8
Puerto Angel gneiss Rb-Sr 5 + 1 8
Puerto Angel gneiss Rb-Sr 11 ¢ 1 8

*Mineral abbreviations: b = biotite; kf = potassium feldspar; wr = whole rock; zr = zircon.

1 = Robinson and others, 1990; 2 = Morén-Zenteno and others, 1990b; 3 = Halpern and others, 1974; 4 = Guerrero-Garcia and others,
1978; Moran-Zenteno, 1992; 6= de Csema and others, 1962; 7 = Fries and Rincén-Orta, 1965; 8 = Guerrero-Garcfa, 1975; 9 = Bshnel and
others, 1989; 10 = Robinson and others, 1989; 11 = Bellon and others, 1981.




Tectonostratigraphic Terranes and Tectonic Evolution of Mexico 13

The Chortis terrane consists of deformed Pal eozoic-
Precambrian(?) metamorphic basement unconformably overlain
by avariety of Mesozoic and Cenozoic sedimentary and volcanic
rocks. Basement once may have been part of Pangean continental
crust (South America), or it may represent an exotic crustal frag-
ment or fragments that accreted to western Pangea in the late
Paleozoic or early Mesozoic. Mesozoic and Cenozoic cover strata
indicate Triassic(?) to Jurassic clastic sedimentation in nonma-
rine, coastal, and shelf environments, deposition of Cretaceous
carbonates in shallow epeirogenic seas, mid-Cretaceous uplift,
L ate Cretaceous-Paleogene orogenesis, and Cenozoic volcanism.
Volcanic rocks and volcaniclastic detritus are present throughout
the Mesozoic and Cenozoic section, implying proximity to a
volcanic arc. The Chortis terrane probably was part of continen-
tal Mexico during the Mesozoic, based on the similarity of its
Mesozoic history to that of the Maya and Mixteco terranes, but
itslocation at any particular time and the nature of its interaction
with any particular part of Mexico are not well understood. The
current location of the Chortis terrane probably is due to
hundreds of kilometers of Cenozoic eastward displacement with
respect to southern Mexico.

Basement rocks. The northern margin of the Chortis block
consists of metamorphic and plutonic basement rocks that crop
out between the Motagua fault zone and Cayman Trough to the
north and the Jocotan-Chamelecén and Aguan faults in Guate-
mala and northern Honduras to the south. Basement rocks of the
Chortis terrane include older, higher grade metamorphic rocks
generally termed the Las Ovejas Complex, and younger, lower
grade metamorphic rocks generally called the San Diego Phyllite
(Fig. 6) (Home and others, 1976a; Horne and cthers, in Donnelly
and others, 1990a). The Las Ovejas Complex includes amphib-
olite-facies quartzofeldspathic gneiss, two-mica schist, subordi-
nate amphibolite and marble, and foliated cross-cutting plutonic
rocks that are pervasively mylonitized and isoclinally folded. Pro-
toliths of the Las Ovejas Complex may be as old as Precambrian

or early Paleozoic, and metamorphism may have accompanied
late Paleozoic plutonism (Table 2).

The San Diego Phyllite consists of greenschist-facies phyl-
lite, schist, and slate with thin interbeds of quartzite that are
overlain unconformably by Early Cretaceous limestone and cut
by plutons of uncertain but probable Cretaceous and Tertiary
age. The single generation of penetrative structuresin the San
Diego Phylliteis similar in style and geometry to the youngest
fabric in the Las Oveas Complex; thus, the phyllite may have
been deposited unconformably on Las Ovejas basement prior to
deformation.

South of the Jocotan-Chamelecén and Agudn faults, base-
ment rocks in the Chortis terrane include scattered outcrops of
greenschist- and lower amphibolite-facies phyllite, mica schist,
graphitic schist, quartzite, metaconglomerate, marble, and meta-
basite. This unit includes isolated outcrops that locally are known
as the Petén Formation, the Cacaguapa Schist, the Palacaguina
Formation, and unnamed units (Fig. 6); these rocks are similar to,
but neither clearly correlative with nor differentiable from, the
San Diego Phyllite north of the Jocotin-Chamelecén and Aguén
faults (Carpenter, 1954; Fakundiny, 1970; Mills and Hugh, 1974;
Simonson, 1977; Horne and others, in Donnelly and others,
19908a). In east-central Honduras, deformed adamellite plutons
that crop out near the schists yielded early Mesozoic Rb-Sr ages,
suggesting that deformation of the schists and plutons may have
been Early Triassic or older (Table 2). In most areas, exposures of
phyllite or schist are overlain unconformably by unmetamor-
phosed Jurassic strata and intruded by undeformed plutons at
least asold as 140 + 15 Ma (Table 2). These isolated outcrops
have been correlated among themselves, with the San Diego
Phyllite north of the Jocotan-Chamelecér fault, and with the
Santa Rosa Group of the Maya terrane (Burkart and others,
1973), but such correlations are conjectural at best (Dengo, 1985;
Home and others, in Donnelly and others, 1990a).

Basement rocks reported in wells drilled along the coast of
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Figure 6. Schematic north-south structure section of Chortis terrane. Unknown nature and orientation of
contact with pre-Quaternary rocks of southern Central America (the latter not covered in this volume).
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TABLE 2. CHORTIS TERRANE RADIOMETRIC DATA

Sample System Mineral* Date Referencest Comments
(Ma)
Basement rocks
Metaigneous rocks in Las Ovejas Complex Rb-Sr 720 C 260 1 3-pt isochron; samples may not be
cogenetic
Metaigneous rocks, intrude Las Ovejas Rb-Sr 305C 12 1 4-pt isochron
Adamellite gneiss Rb-Sr wr 230-203 2 Minimum ages assuming "Srf‘Srl
150-125 2 = 0.704; uncertain relation to
basement rocks
Intrusive rocks
Granodiorite Rb-Sr 150C 13 1 4-pt isochron; intruces Las Ovejas
Dipilto batholith Rb-Sr wr 140C 15 2 4-pt isochron; intrusion age;
“*8r "8r; 0.7031
San Ignacio adamellite, central Honduras K-Ar 123¢ 2 3 Source: F. McDowell
K-Ar 117¢ 2 3 Source: F. McDowell
K-Ar 114¢C 2 3 Minimum age
Tonalite pluton, northern Honduras K-Ar 95¢C 2 4
76C 2 4
Tonalite plutons, northern Honduras K-Ar 83¢C 2 4
76C 2 4
Tonalite pluton, northern Honduras wm 50¢C 1 4
K-Ar 74C 2 4
58C 1 4
Minas de Oro granodiorite, central Honduras  K-Ar 62C 1 3
K-Ar 59¢C 2 3 Source: F. McDowell
K-Ar 55C 2 3 Source: F. McDowell
Adamellite Rb-Sr wr 60 1 Intrudes 720 Ma complex;
assumed 87Sr® S, = 0.703
Dacite stock K-Ar 60C 1 3 Cogenetic wNolc rocks?
Granodiorite K-Ar 37¢C 1 4 Radiogenic Arloss?
Igneous rocks in Motagua fault zone
Diorite K-Ar 104C 6 5 Xenolith in granite
Granite K-Ar 95¢C 3 5
Chiquimula batholith, granite Rb-Sr b, wr 9%5C 1 6 Isochron age
K-Ar 84C 2 6
Chiquimula batholith, mafic-intermediate Rb-Sr 50C 5 6 Isochron age; ~ St/ "8r: 0.706
Granitoids “OArf "Ar 35 7 Source: J. Sutter, 3 samples
Ignimbrite K-Ar 17¢ 1 5

*Mineral abbreviations: b = biotite; h = homblende; p = plagioclase; wr = whole rock.
1 = Horne and others, 1976a; 2= G. Horne and Clark, unpublished; 3= Gose, 1985; 4 = Home and others, 1976c; 5 = Ritchie and McDow-

ell, 1979; 6 = Clemons and Long, 1971; 7 = Donnelly and others, 1990a.

Nicaragua and on the Nicaragua Rise include "metamorphic
rocks' that may be correlative with the San Diego Phyllite, an-
desite of possible Cretaceous to Paleogene age, and Eocene grano-
diorite (Table 2) (Arden, 1975). The eastward extent of
pre-Mesozoic basement rocks beneath the Nicaragua Rise is
unknown.

Mesozoic and Cenozoic rocks. Metamorphic basement is
overlain nonconformably by Mesozoic sedimentary and less
common volcanic rocks south of the Jocotdn-Chamelec6n fault
(Fig. 6) (Horne and others, in Donnelly and others, 1990a).
Shallow marine clastic rocks of uncertain but possible early
Mesozoic age crop out locally but have uncertain regional extent
and correlation. The oldest widespread Mesozoic unit is the Hon-
duras Group, which consists of siliciclastic marine strata and

sparse interbedded volcanic rocks ranging in age from at least as
old as Bajocian (early Middle Jurassic) to Early Cretaceous
(Delevoryas and Srivastava, 1981; Ritchie and Finch, 1985;
Gordon, 1989; Donnelly and others, 1990a). Previous correla-
tions of part of the Honduras Group with the Todos Santos
Formation of the southern Maya terrane should be abandoned
(Horne and others, in Donnelly and others, 1990a). Successively
younger units include Barremian to Late Albian limestone and
shaly limestone, sparsely distributed andesitic volcanic and vol-
caniclastic rocks in central Honduras of inferred mid-Cretaceous
age, coarse-grained mid-Cretaceous(?) red beds, Cenomanian
limestone, and fine-grained Late Cretaceous to Paleogene(?)
red beds. These Mesozoic strata were faulted, folded, and eroded
prior to the deposition of unconformably overlying mid-Tertiary
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volcanic rocks (Carpenter, 1954; Simonson, 1977; Finch, 1981,
Home and others, in Donnelly and others, 1990a).

Basement rocks and cover strata as young as early Late
Cretaceous are intruded by widespread, undeformed, silicic to
mafic, calc-alkalic plutons. Plutonism appears to have begun at
least as early asthe Late Jurassic and to have continued until
earliest Tertiary time (Table 2).

Paleogene red beds, tuff, and minor andesite (Subinal For-
mation) that crop out in southeastern Guatemala and northern El
Salvador are similar to coeval rocks in the Maya terrane, but
possible correlations are complicated by rapid lateral facies and
thickness changes (Deaton and Burkart, 1984a; Donnelly, 1989;
Donnelly and others, 1990a). The Cenozoic stratigraphy of the
Chortis block is dominated by volcanic rocks (Reynolds, 1980;
Weyl, 1980; Donnelly and others, 1990a, b). Andesitic lavas,
tuff, and breccia of the Matagalpa and Morazan Formations are
probably Oligocene and Eocene(?) in age. Early Mioceneto
middle Miocene siliceous ignimbrites as thick as 2 km are locally
overlain by late Miocene to Pliocene basalts and andesites.
Other Cenozoic rocks include local late Miocene to Pleistocene
red beds and Quaternary stratovol canoes near the Pacific margin.

Structural and geophysical data. The modern volcanic
arc lies within the Nicaraguan Depression and Median Trough, a
pronounced margin-parallel graben cut by transverse strike-slip
faults (Carr, 1976; Weyl, 1980). In the northwestern part of the
terrane, volcanic vents and normal faults that are aligned approx-
imately north-south, i.e., at an angle of about 50° to the trench
and arc (Carr, 1976), indicate either east-west extension due to
internal deformation of the Caribbean plate or the existence of a
separate microplate wedged among the Caribbean, North Amer-
ica, and Cocos plates (Burkart and Self, 1985; Guzman-Speziae
and others, 1989).

Seismic refraction and gravity studiesindicate that continen-
tal crust of the Chortisterraneis 35 to 40 km thick beneath
northwestern Central America, thinning to about 20 km beneath
the Honduras Rise (Couch and Woodcock, 1981; Kim and oth-
ers, 1982; Case and others, 1990). Seismic reflection data from
offshore southwestern Guatemala (Ladd and others, 1982) and a
+100-mgal gravity anomaly in the same region (Couch and others,
1985) indicate the presence of oceanic crustal rocks that may be
roughly correlative with the Nicoya Complex of Costa Rica (Au-
bouin and others, 1982) or with the EI Tambor Group in the
Maya-Chortis boundary zone (Donnelly and others, 1990b).

Paleomagnetic studies of Jurassic and Cretaceous red beds
and limestone and Early Cretaceous and Paleogene magmatic
rocks indicate that the Chortis terrane apparently rotated more
than 100° clockwise during the Jurassic and Early Cretaceous,
and then rotated more than 100° counterclockwise during the
Late Cretaceous and Paleogene (Gose, 1985).

Coahuiltecano terrane

The Coahuiltecano terrane contains Paleozoic low-grade
metamorphic rocks and Paleozoic arc-derived flysch and related
arc volcanic rocks. These units may correspond to the forearc and

arc, respectively, of the Gondwana supercontinent that collided
with southern North Americain the late Paleozoic during the
Ouachita orogeny. Alternatively, the arc-related assemblage may
be an arc fragment that is exotic with respect to Gondwana. The
Paleozoic rocks were intruded by Triassic calc-alkalic plutons
and overlapped by Late Jurassic and Cretaceous platformal

rocks that cover most of the terrane. The Coahuiltecano terraneis
equivalent to the Coahuila terrane of Coney and Campa-Uranga
(1987). It isaso correlative, at least to the extent that itisa
remnant of Gondwanan continental crust, with the submarine
Sabine terrane in the northern Gulf of Mexico (U.S. Geodynam-
ics Committee, 1989) and the composite Maya terrane as defined
in this work.

Pre-Jurassic rocks. Paleozoic or Paleozoic(?) metamor-
phic rocks are known from wells in the northern and central parts
of the terrane. Granitic gneissin the PEMEX #1 LaPerlawdl in
easternmost Coahuila yielded a mid-Paleozoic Rb-Sr whole-rock
date (Table 3), and fine-grained, strongly deformed, low-grade
metamorphic rocks of unknown but inferred Paleozoic age have
been reported from five PEMEX wells in eastern Coahuilaand
northern Nuevo Leén (Flawn and others, 1961). Cretaceous con-
glomerate in southern Coahuila contains clasts of mid-Paleozoic
schist (Table 3). Similar rocks may underlie most of the northern
and central Coahuiltecano terrane and, with the Sabine terrane to
the east, are inferred to be part of the Gondwanan forearc that
was stranded during Mesozoic rifting and drifting. Basement of
this forearc may be Gondwanan continental crust (Fig. 7), but
such arelation is purely conjectural.

Paleozoic volcaniclastic flysch and Triassic granitoids crop
out south of the San Marcos fault in the southern part of the
terrane (Fig. 3). Late Pennsylvanian to Permian strata of the
Las Delicias basin (Fig. 7) consist chiefly of mass-gravity marine
deposits that contain sand- to boul der-sized fragments of volcanic
rocks, siliciclastic rocks, and limestone (King and others, 1944;
Wardlaw and others, 1979; McKee and others, 1988, 1990).
Volcanic and carbonate bank and reef detritus indicate that the
Las Delicias basin was adjacent to an active calc-alkalic mag-
matic arc fringed by carbonate banks from mid(?)-Pennsylvanian
to Late Permian time (Jones and others, 1986; McKee and oth-
ers, 1988, 1990). The arc probably was constructed on continen-
tal crust (Fig. 7), based on the occurrence of clasts of Devonian
schist and Triassic gneiss and granite in Cretaceous conglomerate
(Table 3). Volcanic rocks originally mapped as intrusive rocks
(King and others, 1944) may be the north edge of the arc and
may form the depositional basement of the Las Delicias basin
(Fig. 7) (McKee and others, 1988). Late Paleozoic strata of the
Las Delicias basin are intruded by Triassic granodiorite (Fig. 7)
(Table 3). The Las Delicias basin underwent east-west to
southeast-northwest shortening prior to the deposition of overly-
ing Late Jurassic strata (King and others, 1944; McKee and
others, 1988).

Triassic granodiorite also crops out north of the San Marcos
fault near Potrero de la Mula (Table 3). PEMEX wellsin east-
central Coahuila and northern Nuevo Leon bottomed in igneous
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TABLE 3. COAHUILTECANO TERRANE RADIOMETRIC DATA
Sample System Minaral* Date Refarancest Comments
(Ma)
Paleozoic-Triassic rocks
Schist cobbles in Cretaceous conglomerate ~ Rb-Sr wr 370¢C 5 1 Model ages, assumed 87Sr/e®Sr;
387E 4 1 0.705
Granitic gneiss, PEMEX No. 1 La Pedawell ~ Rb-Sr wr 358 ¢ 70 2 Assumed 87Sr/®8Sr;: 0.706
Rb-Sr wr 277 G 60 2 Assumed ~Sr®"Sr:0.713
Granodiorite in Acatia-Delicias region K-Ar b 266 C 21 3 Source: M. Mugica
K-Ar h 256 C 20 3 Source: M. Mlgica
Cataclastic granodiorite Delicias basin Rb-Sr wm 240 ¢ 2 1 Model age; crops out along San
Marcos fault
Plutonic basement in well near Parras K-Ar? 236 4
Gneiss cobble in Cretaceous conglomerate Rb-Sr wr, b, wm 230 ¢ 3 1 3-ptisochron ~"Sr®8Sr,: 0.7082
Granite clasts in Jur(?)-K(?) conglomerate Rb-Sr wr 225C 4 1 "7Sr/"Sr: 0.7063
Granodiorite, Potrero de la Mula Rb-Sr wr 213 ¢ 14 5 9-ptisochron
Granodiorite, Potrero de la Mula K-Ar h 212 C 4 2
Granodiorite, Delicias basin K-Ar b 210 ¢ 4 2 Intrudes upper Pz section
K-Ar b 206 C 4 2
Cenozoic magmatic rocks
Andesite, northem Nuevo Leon K-Ar h 44 ¢ 1 6,7
Homblende diorite, eastern Coahuila K-Ar wr 44 ¢ 1 6,7
Andesite, eastern Coahuila K-Ar wr 40 C 1 6,7
K-Ar wr 36 + 1 6,7
Diorite, eastern Coahuila K-Ar wr 40 ¢ 1 6,7
K-Ar b 38 ¢ 1 6,7
Granodiorite, eastern Coahuila K-Ar b 38 C 1 6,7
Syenite, Coahuila K-Ar b 35 + 1 8
Alkalic intrusives, San Carlos, Tamaulipas K-Ar h, wm 30 ¢ 1 9 3 samples

*Mineral abbreviations: b = biotite; h = homblende; wm = white mica; wr = whole rock.
1 =McKee and others, 1990; 2 = Denison and others, 1969; 3 = Lépez-Infanzén, 1986; 4 = Wilson, 1990; 5 = Jones and other, 1984; 6 = C.
R. Sewell and R. E. Denison, unpublished data; 7 = Also see Sewell, 1968; 8 = C. Henry, unpublished data; 9 = Bloomfield and Cepeda,

1973.

rocks similar to those near Potrero de la Mula (Flawn and others,
1961; Wilson, 1990), implying that much of the terrane is under-
lain by Permian(?) and Triassic granitoids.

Jurassic-Tertiary sedimentary rocks. Pre-Cretaceous
clastic rocks near Monterrey were mapped as Triassic and corre-
lated with the Upper Triassic—L ower Jurassic Huizachal Forma-
tion in the Guachichil terrane by Lopéz-Ramos (1985,
p. 274-275), but are mapped as Jurassic and Cretaceous rocks on
the 1:1,000,000 geologic map of Mexico (INEGI, 1980). Rhy-
olitic tuff and breccia that have yielded an unpublished Early
Jurassic age crop out in the Sierra de Mojada, Chihuahua, in the
southeastern corner of the Coahuiltecano terrane (McKee and
others, 1990).

Basement rocks in the Coahuiltecano are overlain noncon-
formably by Oxfordian limestone and shale (Zuloaga Group of
Gétte and Michalzik, 1991) that also overlap the Guachichil and
Tepehuano terranes. Emergent topographic highs, possibly pro-
duced by transtension during the Jurassic opening of the Gulf of
Mexico, included the Burro-Picachos platform in northern Coa
huila; the Tamaulipas platform in Nuevo Leén and Tamaulipas,
which was submerged by the beginning of Cretaceous time; and
the Coahuila peninsula (uplifted Las Delicias basin) in south-

central Coahuila, which wasisolated as Coahuilalsland in
Barremian time and submerged by Albian time (Smith, 1981;
Salvador, 1987; Mitre-Salazar and others, 1991; pp. 105, 113).
Late Jurassic strata are overlain by Cretaceous platform carbon-
ates, interplatform basinal limestone, fine-grained clastic rocks,
and evaporites; local coal seams of Maastrichtian age; a local
tektite-and shocked quartz-bearing, 3-m-thick clastic unit at the
K-T boundary that may have been deposited by atsunami caused
by an impact in the Y ucatan region (Smit and others, 1992); and
Paleogene marl and nonmarine clastic rocks. The late Mesozoic
pal eogeographic evolution of thisregion is discussed by Enos
(1983), Y oung (1983), Lopez-Ramos (1985, p. 198-233), and de
Csema (1989).

A thick sequence of Albian to Maastrichtian carbonates,
shales, and coarser clastic rocks crops out in the Parras basin
(Imlay, 1936; Murray and others, 1962), which is elongate east to
west along the south side of the Coahuila platform (Part 2).
Cenomanian-Maastrichtian flysch in the Parras basin was de-
rived, at least in part, from a calc-alkalic volcanic arc to the west
(Tardy and Maury, 1973). The trace of the Mojave-Sonora Meg-
ashear isinferred to cut diagonally beneath the Cretaceous
sedimentary rocks of the Parras basin from northwest to south-
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Figure 7. Schematic north-south structure section of Coahuiltecano terrane. Steepness of nonconformity
between Triassic pluton and younger Mesozoic sedimentary rocks due to large vertical exaggeration.
Nature and age of crystalline basement unknown. Effects of Laramide deformation have been omitted.

east (p. 78). Displacement on the San Marcos fault (Fig. 7), a
possible splay or strand of the megashear, produced syntectonic
Jurassic and Neocomian conglomerate that contains clasts of
Paleozoic schist and Paleozoic-Triassic granite and granitic gneiss
(Table 3) (McKee and others, 1990).

Cretaceous and older rocksin the Coahuiltecano terrane are
intruded by numerous silicic to intermediate plutons, laccoliths,
dikes, and sills of inferred Tertiary age (Kellum and others, 1932;
INEGI, 1980). Although these plutons commonly are interpreted
to be coeva with Laramide deformation (e.g., Kellum and others,
1932; Lépez-Ramos, 1985), many and perhaps most cut Lara-
mide structures (C. Henry, unpublished data), and similar rocksin
the adjacent Tepehuano terrane are post-Laramide.

Thick Paleocene to Miocene nonmarine and marine clastic
rocks that have been mapped and drilled in the Burgos basin in
northern Tamaulipas and the La Popa basinin Nuevo Leén
(McBride and others, 1974; Lépez-Ramos, 1985, p. 248-256;
Vega-Veraand others, 1989) are correlative with stratain south-
ern Texas (e.g., Wilcox and Frio: Frio Formations). Cenozoic
volcanic rocks include siliceous mid-Tertiary rocksin northern
Coahuila near the Rio Grande, Oligocenealkalic volcanic rocksin
Tamaulipas, and sparsely distributed Quaternary basalts (Table 3)
(INEGI, 1980; Hubberten and Nick, 1986; Nick, 1988).

Structural and geophysical data. The southern boundary
of the Coahuiltecano terrane is obscured by thrust sheets of Juras-
sic to Late Cretaceous strata that underwent as much as 45 km
of northward to northeastward transport during latest Cretaceous
to middle Eocene Laramide orogenesis (de Cserna, 1956; Tardy,

1975; Padilla y Sanchez, 1985, 1986; Quintero-Legorreta and
Aranda-Garcia, 1985; Gotte, 1988, 1990). The east-west struc-
tural grain and marked curvature of the fold and thrust belt in this
region probably was caused by divergence of thrust sheets around
the margins of Coahuilalsland, which apparently served asa
rigid backstop during thrusting. South-dipping thrusts sole into a
basal décollement at depth.

North- to northwest-striking high-angle normal faultsin
northwestern Coahuilaformed during mid- to late Tertiary
extension.

Paleomagnetic datafrom Triassic and Jurassic strata have
been interpreted to indicate about 130° of counterclockwise rota-
tion of parts of the southern Coahuiltecano terrane and adjacent
Guachichil terrane in Early and Middle Jurassic time (Gose and
others, 1982). Early Cretaceous stratain southernmost Coahuila
may have been rotated about 35° counterclockwise during Lara-
mide orogenesis (Kleist and others, 1984) or 10 to 15° counter-
clockwise in post-Eocene time (Nowicki and others, 1990).

Cochimi terrane

Oceanic rocks of Mesozoic ophiolite, idand arc, mélange,
and blueschist terranes probably underlie the continental shelf of
North America from the southern California Transverse Ranges
to thetip of Bgja California. North of about 30°N, the distribu-
tion of these rocks has been disrupted by late Cenozoic transten-
sion in the California Continental Borderland province (Crouch,
1979; Normark and others, 1987; Legg and others, 1991; Sedlock
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and Hamilton, 1991). In this Specia Paper we define the Co-
chimi terrane as a composite terrane that includes outcrops and
subcrops of oceanic rocks south of 30°N, approximately the same
as the Vizcaino terrane of Campa-Urangaand Coney (1983) and
Coney and Campa-Uranga (1987).

Exposures of the Cochimi terrane are discontinuous but
spectacular. On Idla Cedros, Islas San Benito, and the Vizcaino
Peninsula (Fig. 2), rocks of the Cochimi terrane are assigned to
the Choyal, Vizcaino Sur, Vizcaino Norte, and Western Baja
subterranes (called terranes by earlier workers); on Isa Magda-
lenaand Isla Santa Margarita (Fig. 2), they are provisionaly
assigned to arc, ophiolite, and subduction complex terranes (Sed-
lock, 1993). In this section we describe the subterranes of the
Cochimi terrane and then summarize geophysical data that indi-
cate disruption and trandlation in a Late Cretaceous and Paleo-
gene forearc. )

Cedros-Benitos-Vizeainc 1€JI0N. In the Cedros-Benitos-
Vizcaino region, the Cochimi terrane consists of three structural
units (Fig. 8): an upper plate consisting of arc and ophiolite rocks
of the Choyal, Vizcaino Norte, and Vizcaino Sur subterranes; a
lower plate consisting of regionally metamorphosed blueschists of
the Western Baja subterrane; and an unnamed intervening
serpentinite-matrix mélange (Sedlock, 1988b).

The Choyal subterrane includes awell-preserved Middle
Jurassic arc/ophiolite complex consisting of mafic to silicic vol-
canic rocksintruded by granitoids, ophiolite that probably
formed during intraarc extension, and concordantly overlying
volcanic rocks and clastic rocks derived solely from volcanic
sources (Fig. 8; Table 4) (Kilmer, 1984; Kimbrough, 1984, 1985;
Bushy-Spera, 1988). The arc/ophiolite complex is overlain by
Middle and Late Jurassic clastic rocks derived mainly from
terrigenous sources including Paleozoic (probably Pennsylva
nian) limestone, metasedimentary rocks including quartzite, and
quartzose sandstone. The abrupt change in provenance has been
interpreted to indicate that the Choyal subterrane was juxtaposed
with or accreted to a continental mass, presumably North Amer-
ica, in early Late Jurassic time (Boles and Landis, 1984).

The Vizcaino Norte subterrane includes Late Triassic
ophiolite, conformably overlying tuffaceous Late Triassic sedi-
mentary rocks that contain radiolarians and the megafossil Mono-
tis, and Late Jurassic—Upper Cretaceous coarse volcanogenic
rocks containing granitoid clasts that have Middle Proterozoic
and Late Jurassic U-Pb discordia intercepts (Fig. 8; Table 4)
(Hickey, 1984; Moore, 1985; Kimbrough and others, 1987). The
Vizcaino Sur subterrane includes Late Triassic ophiolite; con-
formably overlying Late Triassic chert, limestone, breccia, and
sandstone that contain radiolarians and the megafossils Monotis
and Halobia; pre—Late Jurassic volcanic and volcaniclastic
rocks; and Middle Jurassic to Early Cretaceous tonalite (Fig. 8,
Table 4) (Pessagno and others, 1979; Moore, 1985). The Viz-
caino Norte and Sur subterranesare fragments of island arcs that
probably formed on Late Triassic oceanic crust and were ac-
creted to North America by latest Jurassic or earliest Cretaceous
time, based on a provenance change from purely volcanogenic to

partly or mainly siliciclastic (Moore, 1985). In Early Creta
ceous(?) time, the Vizcaino Norte and Sur subterraneswere juxta-
posed with one another along a fault zone that contains the Sierra
Placeres méange (Fig. 8, Table 4) (Moore, 1985).

All three arc/ophiolite subterranes are overlapped by the
Valle Formation, which consists of Albian-Campanian siliciclas-
tic turbidites that probably accumulated in aforearc basin setting
(Kilmer, 1979; Patterson, 1984; Boles, 1986). Much of the Cre-
taceous section was deposited syntectonically, based on the pres-
ence of large basement blocks within olistostromes, asymmetric
subsidence of the basin, and dlide blocks as long as 100 m (Busby-
Spera and others, 1988; Smith and Busby-Spera, 1992). Miocene
and Pliocene shallow marine strata unconformably overlie arc/
ophiolite rocks and Cretaceous siliciclastic turbidites on Isla
Cedrosand the Vizcaino Peninsula (Fig. 8) (Kilmer, 1979; Smith,
1984). Latest Miocene fossil marine vertebrates on Cedros form
one of the most diverse assemblages in the North Pacific realm
(Barnes, 1992).

All upper plate units are cut by shallowly to moderately
dipping normal faults and vein systems of Late Cretaceous and
possibly Cenozoic age, and contractional structures are very rare
(Sedlock, 1988c). Preliminary studies of fault plane striations
imply changing stress directions during the L ate Cretaceous and
Cenozoic (R. Sedlock and D. Larue, unpublished data), but more
work is needed to ascertain this trend. Upper plate normal faults
and vein systems sole into major faults that separate the upper
and lower plates.

Lower plate blueschists of the Western Baja subterrane (Fig.
8) are exposed on Isla Cedros and Islas San Benito, where they
structurally underlie Jurassic, Cretaceous, and Cenozoic upper
plate rocks (Sedlock, 1988b). Protaliths include ocean-floor ba
sdlt, siliciclastic metasedimentary rocks, ribbon radiolarian chert
ranging in age from Late Triassic to mid-Cretaceous, and rare
limestone (Sedlock and Isozaki, 1990). Contractional structures
such as cleavage, folds, and thrust faults devel oped during peak
blueschist metamorphic conditions of 5 to 8* kbar and 170° to
300°C in a subduction zone beneath western North Americain
the late Early Cretaceous (about 115 to 105 Ma). Contractional
structures are cut by younger normal faults and carbonate-quartz
vein systems that probably developed during slow uplift in the
Late Cretaceous and Tertiary (Table 4) (Sedlock, 19883, c, 1992,
1993; Baldwin and Harrison, 1989).

Serpentinite-matrix mélange occupies major fault zones be-
tween the upper and lower plates (Fig. 8). The mélange consists
of diverse tectonic blocks up to 1 km long in astrongly foliated
chrysotile-lizardite matrix. Petrologic and radiometric studiesin-
dicate that blocks were derived from several source terranes,
including Middle Jurassic high-pressure amphibolite with alocal
mid-Cretaceous blueschist overprint, eclogite of uncertain age
with amid-Cretaceous blueschist overprint, coarse-grained mid-
Cretaceous blueschists distinct from the lower plate Western Bgja
terrane, greenschists of latest Jurassic or earliest Cretaceous age,
orthogneiss of uncertain age, and serpentinized ultramafic rocks
of uncertain age (Moore, 1986; Sedlock, 1988c; Table 4). The
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fault zones between upper and lower plates were interpreted as
thrust faults or strike-dlip faults by earlier workers, but are rein-
terpreted as normal faults for several reasons (Sedlock, 1988c,
1992, 1993). (1) The plate-bounding faultsdip * to 55°.
(2) Upper plate normal faults and vein systems merge with
plate-bounding faults, indicating a synkinematic origin. (3) Strains
in the upper plate and the youngest strainsin the lower plate are
extensional. (4) Geobarometric estimates of wall rocks indicate
"pressure gaps' of 1 to 6 kbar across these faults, with lower
pressure rocks alwaysin the upper plate; this relation requires
tectonic thinning of 3 to 20 km of the crust and net normal
displacements of 5 to 40 km. Mid-Cretaceous to Paleogene uplift
of the lower plate blueschists probably was accommodated by
major normal displacement on these shallowly dipping faults
during synsubduction extension in the forearc (Sedlock, 1987,
1988, 1992, 1993).

Magdalena-Margarita region. Isla Santa Margaritaand
southern Isla Magdalena, islands west of mainland Baja between
25° and 24°N, consist chiefly of metamorphosed and deformed
Mesozoic(?) rocks of oceanic origin, with subordinate Tertiary
volcanic rocks and dikes. The islands are separated from unmeta-
morphosed Tertiary sedimentary rocks of the Yumarterrane on
mainland Baja by a buried northwest-striking fault. Reconnais-
sance geologic studies were undertaken on southern IlaMag-
dalena by Blake and others (1984) and on Isla Santa Margarita
by Forman and others (1971), Rangin and Carrillo (1978), and

Rangin (1978). The identity and nature of geologic map units and
contacts have been modified on both islands, particularly on Isla
Santa Margarita, on the basis of detailed mapping and structural,
petrologic, and geochemical work (Sedlock, 1993).

Asin the Cedros-Benitos-Vizcainc region, Mesozoic rocks
in the Magdalena-Margarita region are divided into three struc-
tural units: an upper plate consisting of ophiolite, arc, and forearc
basin rocks and locally gametiferous amphibolite; alower plate
subduction complex; and serpentinite-matrix mélange that crops
out along intervening, shallowly dipping faults (Fig. 8) (Sedlock,
1993). The subduction complex and serpentinite-matrix mé-
lange crop out only on Isla Santa Margarita. Ophiolitic, arc, and
forearc basin rocks and amphibolite crop out on both islands, and
possible consanguinity of each geographic pair (e.g., Magdalena
arc rocks, Santa Margarita arc rocks) is indicated by mesoscopic
igneous, sedimentary, and tectonic structures, metamorphic as-
semblages, and inferred P-T conditions. Ongoing biostratigraphic,
geochemical, and geochronologic studies will test the correlation
of units between islands. Rocks of both islands are grouped to-
gether in the discussion bel ow.

Upper plate ophiolitic rocks include metamorphosed ultra-
mafic rocks, gabbro, diabase, mafic volcanic rocks, chert, and
clastic sedimentary rocks that crop out on southern IslaMagdal-
enaand central Isla Santa Margarita. All rocks underwent ductile
contraction as indicated by penetrative foliation and local linea-
tion, open to isoclinal folding, and thrust faulting. Primary miner-
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TABLE 4. COCHIMI TERRANE RADIOMETRIC DATA

Sample System Mineral* Date Referencest Comments
(Ma)

Choyal terrane

Plagiogranite U-Pb zr 173 1 Concordant age; minimum age of
ophiolite

Granitoids U-Pb zr 166-160 1 Several samples

Plag-homblende tuff U-Pb zr 166 1 Concordant age

Granitoids “OAr/"Ar kf 162, 161 2 2 samples; isochron ages

Homblende tuff “0ArfeAr -160 2

Andesitic tuff K-Ar 159 ¢ 5 3

Plutonic clast in mid-K conglomerate “OAr/"Ar kf 158 C 1 2 Isochron age

Quartz diorite (float) K-Ar 148 C 6 4

Vizcaino Norte terrane

Plagiogranite U-Pb zr -220 1
Albitite in ophiolite U-Pb kf, sph 220¢ 2 5 Concordant age
Granitoid dasts in Upper Jurassic strata U-Pb zr 1,340 C 3; 6 Discordiaintercepts
150 C 3 6
K-Ar 155C 5 6
Andesite dikes K-Ar 128 ¢ 2 7 Intrude Upper Jurassic strata
116 C 5 7
Andesite dike K-Ar wr 125 8 Intrudes Upper Jurassic strata
Vizecalno Sur terrane
Tonalite, granodiorite U-Pb zr 154, 151, 9,1 Several samples; minimum ages
140, 127 9,1 of emplacement
Tonalite K-Ar 154 C 3 7
Tonalite K-Ar 143 C 3 10
Tuff in mid-Cretaceous flysch K-Ar 103 ¢ 2 3
Blocks in Sierra Placeres mélange
Homblende tonalite “Pb/"Pb zr 161 Lower intercept
U-Pb zr 149
Amphibolite K-Ar 140 C 21 11 Source: D. Krummenacher
Hornblende porphyry K-Ar 126 C 4 11 Source: D. Krummenacher
Western Baja terrane
Homblende quartz diorite “OAr/"Ar 153 ¢ 11 12 Protolith age
Conglomerate clast ‘OArf " Ar wm 100 C 14 12 Age of blueschist metam
Metasandstone, San Benitos CArf " Ar wm 113¢ 1 12 Isochron age
Metasandstone, Cedros “OArf " Ar wm 109¢ 1 11 Plateau age
Metasandstone, Cedros CArf " Ar it -75 2 Cooling age
Plutonic clast in conglomerate ‘CArf" Ar kf 20 12 Cooling age
Blocks in serpentinite-matrix m¢lange, CedroA%-Vizcal'no region
Garnet amphibolite, Cedros ArFeAr 167C 6 13 Plateau age;
FTA ap 55 14 Cooling age
Garnet amphibolite, Cedros ‘OAr/ "Ar 166 C 2 13 Isochron age
Epidote amphibolite “OArf " Ar 170C 1 14 Isochron age
Epidote amphibolites Arf " Ar 175-150; 14 2 samples; complex release
-165 14 spectra
Epidote-amphibolite facies “CAr/ " Ar wm 172-150 14 Convex-up pattern;
metasedimentary rocks FTA ap 99 14 cooling age
“CAr/"Ar wm -170 14 Plateau age;
FTA ap 125 14 cooling age
“OArf " Ar wm 168-152 14 Cooling gradient;
FTA ap 164 14 concordant cooling age
Amphibolites, Cedros Rb-Sr p, wm 151 ¢ 18 2 2 samples; 4-pt isochron;

“*SrF8Sr: 0.7048
Amphibolites, San Benitos K-Ar h, wm 148 C 5 15 2 samples
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TABLE 4. COCHIMI TERRANE RADIOMETRIC DATA (continued)

Sample System Mineral* Date Referencest Comments
(Ma)

Blocks in serpentinite-matrix mélange, Cedros-Vizcaino region (continued)

Epidote amphibolite-facies blocks CArfAr amph 170-115 14 Apparent ages; M, -170; M, ~115
overprinted by blueschist assemblage, “"Arl Ar amph 161-96 14 Apparent ages; M, -161; M>-96
Cedros and San Benitos 4O0Arf9Ar amph 161 C12; 14 Isochron ages from two degassing

64E 5 phases?
““Arf " Ar wm 173-119 14 Apparent ages; M, -173; Mz -119
“Arf Ar wm 171-142 14 Apparent ages; M, -171; M, -142
““Arf " Ar wm 169-89 14 Apparent ages; M; -169; M, -89
““Arf"Ar wm 168-59 14 Apparent ages; M; -168; My -59
““ArfAr wm 167-76 14 Apparent ages; M, -76; M, -167

Blueschist, Vizcaino K-Ar na 173 E69 11 Source: D. Krummenacher

Greenschist, Vizcaino ““ArP%Ar h -140 2 Apparent age

Eclogite, blueschist overprint, Cedros ““ArPeAr wm 115-105 12 Slow cooling gradient;

FTA ap 32E 4 12 cooling age
Blueschists, Cedros “"ArfAr wm 115-95 12 Four samples; Ar loss profiles:
slow cooling
FTA ap 22E 3 12 Cooling age

Blueschists, Cedros K-Ar wm 110E 2 15 2 samples

Blueschist, San Benitos K-Ar na 104 ¢ 2 15

Blueschist, Cedros ““ArfAr na 103C 4 14 Isochron age; degassing of wm

intergrowths

Blueschists, Cedros ““Ar/"Ar na 95¢C 1 14 Isochron age; degassing

94E 1 12 of wm intergrowths

Blueschist, Cedros Rb-Sr wr, wm, 99 C 13 12 Isochron age;

p, na 8°Sr/ "Sr: 0.7050

Blueschist, Cedros K-Ar na 94E 4 15

Magdalena and Santa Margarita Islands

Amphibolite, southern Magdalena K-Ar h 138E 3 16 Base of ophiolite?

Amphibolite, southern Magdalena K-Ar h 133E 6 16 Block in mélange

Gamet-amphibolite, central Santa Margarita ~ K-Ar h 134E 6 16 Block in mQange

Lamprophyre dike, central Santa Margarita K-Ar b 29E 1 16 Intrudes ophiolite

*Mineral abbreviations: amph = amphibole; b = biotite; h = homblende; kf = potassium feldspar; na = sodic amphibole; p = plagioclase; sph =
sphene; wm = white mica; wr = whole rock; zr = zircon.

11 = Kimbrough, 1982; 2 = Baldwin, 1988; 3 = Gastil and others, 1978; 4 = Suppe and Armstrong, 1972; 5 = Barnes and Mattinson, 1981; 6 =
Kimbrough and others, 1987; 7 = Minch and others, 1976; 8 = Robinson, 1975; 9 = Barnes, 1982; 10 = Troughton, 1974; 11 = Moore, 1985;
12 = Baldwin and Harrison, 1989; 13 = Baldwin and others, 1990; 14 = Baldwin and Harrison, 1992; 15 = Suppe and Armstrong, 1972; 16 =

Forman and others, 1971.

alogy and textures were obliterated by greenschist-facies metamor-
phism, including 98 to 100% serpentinization of ultramafic
phases, that outlasted contractional deformation. Contractional
structuresin all rock types are cut by later normal faults and vein
systems, which in turn are cut by Oligocene lamprophyre dikes
(Table 4). The ages of protoliths, contractional deformation, and
metamorphism are not known.

Upper plate arc rocks that crop out on southern IslaMag-
dalena and southern 1sla Santa Margaritainclude layered and
massive gabbro; a mafic to intermediate dike and sill complex;
mafic to intermediate pillow lavas, massive flows, and breccia;
and tuffaceous volcaniclastic sedimentary rocks. Arc rocks lack a
penetrative fabric and were statically metamorphosed at low to
moderate temperature and low pressure. The sedimentary rocks

contain Jurassic fauna (Blake and others, 1984), but ages of the
magmatic rocks are unknown. All rock types are cut by normal
faults and vein systemsthat are inferred to be older than the
Oligocene dikes that cut similar structures in the ophiolite. The
ages of igneous protoliths and metamorphism are not known.
Upper plate forearc basin rocks consist of small, isolated,
fault-bounded sequences of unmetamorphosed deep-water con-
glomerate and rhythmically interbedded terrigeneous turbid-
ites that crop out on southern Isla Magdalena and in severa
places on Isla Santa Margarita. These rocks strongly resemble the
mid-Cretaceous Valle Formation in the Cedros-Benitos-Vizcaino
region and thus are assigned a provisional Cretaceous age and
interpreted as submarine fan depositsin aforearc basin. Contrac-
tional structures are absent, but all outcrops are cut by normal
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faults with displacements of at least 5 m; extension isinferred to
be older than the Oligocene dikes in the ophioalite. Locally, the
Cretaceous(?) strata depositionally overlie upper plate ophialitic
and arc rocks, but most contacts are moderately dipping normal
faults that juxtapose hanging-wall Cretaceous(?) strata with
footwall ophiolitic or arc rocks.

Upper plate amphibolite crops out in coherent 1- to 5-km
sheets at Cabo San Lazaro on northern Ida Magdalena and near
Puerto Alcatraz on northern Isla Santa Margarita. These sheets
are juxtaposed with upper plate ophiolitic rocks along shallowly
dipping faults interpreted as thrusts. The amphibolite bodies are
strongly lineated and locally strongly foliated, with the metamor-
phic assemblage hornblende + plagioclase + sphene + apatite +
garnet, with retrogressive epidote. Hornblende from amphibolites
in both areas yielded earliest Cretaceous K-Ar cooling ages
(Table 4).

Lower plate subduction complex rocks crop out on northern
and southern Isla Santa Margarita, with an outcrop area much
less than proposed by Rangin and Carrillo (1978) and Rangin
(1978). The subduction complex consists of weakly to moder-
ately foliated and metamorphosed pillow and massive metabasite,
radiolarian chert, and interbedded red and green argillite, meta-
basite(tuff?), and rare limestone. The "graywackes" reported by
Rangin and Carrillo (1978) and Rangin (1978) are greenschist-
facies metasedimentary rocks of the upper plate ophiolite and
gabbros, dikes, volcanic rocks, and volcaniclastic rocks of the
upper plate arc (Sedlock, 1993). High-pressure metamorphic
mineralsinclude lawsonite, aragonite, and sodic amphibolein
veins, and incipient sodic clinopyroxene in the groundmass of
metabasites. Deformation features include weakly to moderately
developed foliation subparallel to bedding, thrust faults, rare
folds, and norma faults that cut al other structures. The ages of
protoliths, metamorphism, and deformation are unknown. The
subduction complex was interpreted as the upper level of the
adjacent ophialite by Rangin and Carrillo (1978) and Rangin
(1978), but the presence of high-pressure phases such as lawson-
ite, aragonite, and sodic amphibole indicates that these rocks
probably were metamorphosed at depths of 10 to 20 kmina
subduction zone.

Thesubduction complex is separated from upper plate rocks
by major fault zones, up to 25 m thick, that contain serpentinite-
matrix mélange. Mélange a so crops out along some faults within
the upper plate. The mélange consists of ultramafic, amphibolite,
mica schist, and greenschist metasedimentary blocksin a strongly
foliated lizardite-chrysotile matrix. Hornblende from an amphib-
olite block in central 1slaMagdalenayielded an earliest Creta
ceous K-Ar cooling age (Table 4). Ongoing petrologic,
geochemical, and geochronologic studies will address the source
terranes of these blocks. Asin the Cedros-Benitos-Vizcaino re-
gion, these major faults are interpreted as normal faults along
which the footwall blueschists were exhumed during extension of
the hanging wall ophialitic, arc, and forearc basin rocks.

Unmetamorphosed, undeformed calc-alkalic rhyodacites
form isolated, steep-sided peaks on the southwestern coast of Isla

Santa Margarita (Rangin and Carrillo, 1978; Rangin, 1978). In-
terpretation of these rocks as large blocks in serpentinite-matrix
mélange is invalid because they are not cut by serpentine or
carbonate veins or bounded by metasomatic rinds, as are other
blocks in the mélange. Instead, the volcanic rocks probably were
erupted directly onto exposed mélange, as indicated by the atera-
tion of serpentinite at the contact. The volcanic rocks are provi-
sionally interpreted to be Miocenein light of their similarity to
parts of the Comondd Formation in Baja California Sur (see
Yumaterrane).

Geophysical data. South of about 30°N, low-pass filtered
gravity datarevea anorth-northwest—striking positive gravity
anomaly, attributed to "gabbro intrusions" and "Franciscan-like
rocks," that coincides almost exactly with the mapped extent
of the Cochimi terrane (Couch and others, 1991). Shorter
wavelength gravity data show three en echelon positive
anomalies on the continental shelf and slope between 26° and
23°N that may record several hundred kilometers of dextral
separation (Couch and others, 1991). Faultsinferred between
these en echelon anomalies strike more westerly than and may
be truncated by splays of the Tosco-Abreojos fault zoneto
the west, which accommodated much of the tangential compo-
nent of Pacific—North Americarelative motion in the Miocene
(p. 118). We suggest that dextral displacement on the inferred
faults and resulting northward translation of outboard slices of
Cochimi, Franciscan, and related rocks accommodated the
tangential component of Late Cretaceous to Paleogene right-
oblique convergence, transform motion in the Miocene Pacific—
North America plate boundary, or both.

Paleomagnetic data from Triassic and Cretaceous sedimen-
tary rocks of the upper plate, in conjunction with data from other
terranes of the Baja Cdlifornia peninsula, are interpreted to indi-
cate at least 10° and perhaps 20° of northward transport of Baja
Cdlifornia between about 90 and 40 Ma. Relative pal eol atitudes,
which correspond to the northward latitudinal displacement since
the time of magnetization (see Lund and others, 1991b), include
18° + 11.3° for Triassic chert, sandstone, limestone, and pillow
basalt in the Vizcaino Sur terrane (Hagstrum and others, 1985);
19.5° + 6.3° for the mid-Cretaceous Valle Formation on |sla Ced-
ros(D. Smith and C. Bushy-Spera, 1991, unpublished manuscript);
and 15.6° + 7.1° for the Valle Formation on the Vizcaino Peninsula
(Patterson, 1984; Hagstrum and others, 1985; D. Smith and
C. Busby-Spera, unpublished manuscript). These studies also
calculated net clockwise rotations of about 55° for the Triassic
strata and 15° to 40° for the Cretaceous rocks.

Paleomagnetic data from bedded chert of the Western Bgja
subterrane, which isin fault contact with the bedded rocks of the
upper plate, imply about 25° of northward transport and 55°
clockwise rotation since the mid-Cretaceous accretion of the ter-
rane to North America (Hagstrum and Sedlock, 1990, 1992).
These and other paleomagnetic data from Baja are discussed
more fully on pages 80-81.

Tectonic history. The Cochimi terrane in the Cedros-
Benitos-Vizcainc region was constructed during Late Jurassic to
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Cenozoic time. The Choyal, Vizcaino Norte, and Vizcaino Sur
subterranes are fossil arc and ophiolite complexes that were deac-
tivated and attached to the continent and to one another during
Late Jurassic and Early Cretaceous time, and overlapped by tur-
bidites in the mid-Cretaceous. The mgjor fault zones between
upper and lower plates are interpreted as normal faults at which
lower plate blueschists have been uplifted, atop which upper plate
rocks have been brittely extended, and within which serpentinite-
matrix mélange has been formed or emplaced (Sedlock, 1988b,
¢). Uplift and normal faulting probably began in the mid-
Cretaceous, as indicated by facies analysis of the mid-Cretaceous
overlap sequencein the upper plate (Bushby-Spera and Boles,
1986; Smith, 1987; Busby-Spera and others, 1988), and con-
tinued in Late Cretaceous and Tertiary time (Table 4) (Baldwin
and Harrison, 1989). Paleomagnetic data indicate that the upper
and lower plates underwent significant, but different, amounts of
northward trangation in mid-Cretaceous to Paleogene time.
Available data cannot distinguish between two end-member sce-
narios: (1) Lower plate blueschists were translated up to 1,500
km northward in mid-Cretaceous time, juxtaposed with upper
plate rocks of the Cochimi terrane (e.g., Choyal subterrane), and
translated about 1,000 km northward with the upper plate rocks
in the Late Cretaceous to Paleogene. (2) Upper plate rocks of the
Cochimi terrane were trandated 1,000 to 2,000 km northward in
the Late Cretaceous to Paleogene; lower plate blueschists were
trandated up to 2,500 km northward between late Early Cre-
taceous and Paleogene time, perhaps in a position more outboard
than that of the upper plate rocks; upper and lower plates were
juxtaposed more or lessin their current position during Late
Cretaceous or Paleogene normal faulting.

The tectonic history of the Cochimi terrane in the
Magdalena-Margarita region remains uncertain pending the out-
come of ongoing geochronologic, biostratigraphic, and pal eo-
magnetic studies. However, the gross similarity of its regional
structure, deformation history, and metamorphic history to the
Cedros-Benitos-Vizcaino region strongly suggests asimilar
evolution.

Cuicateco terrane

The Cuicateco terrane is a west-dipping fault-bounded
prism of strongly deformed Jurassic and Cretaceous oceanic and
arc rocks that structurally overlies the Mayaterrane and underlies
the Zapoteco terrane. We provisionally infer that the volcanic
and sedimentary protoliths of the Cuicateco terrane were depos-
ited in a southward-opening Jurassic—Early Cretaceous basin of
enigmatic origin, and that these protoliths were pervasively de-
formed and metamorphosed to greenschist facies during Late
Cretaceous to Paleogene closure of the basin between the con-
verging Zapoteco and Maya continental massifs.

Many aspects of the geology of the Cuicateco terrane are
unresolved. Few radiometric data are available, and the distribu-
tion of and relations among major map units still have not been
satisfactorily determined. We emphasize that our structure sec-

tions of the Cuicateco terrane (Fig. 9) are very simple, schematic
representations of the distribution of the major rock units. The
rock units of the Cuicateco terrane broadly correspond to those of
the Juarez terrane of Campa-Uranga and Coney (1983) and
Coney and Campa-Uranga (1987), but the placement of terrane
boundaries differ. Specificaly, rocks in the long, narrow, western
arm of the Juarez terrane have been reassigned to the Zapoteco
and Chatino terranes and the fault zone between them, as shown
on Transect H-3 (Ortega-Gutiérrez and others, 1990).

Along Transect H-3, the Cuicateco terrane is divided into
three shallowly dipping structural units (Ortega-Gutierrez and
others, 1990). In the structurally lowest unit, greenstone, lenses of
gabbro and serpentinite, metatuff, and graywacke in the southern
part of the terrane are interpreted as a disrupted ophiolite (Car-
fantan, 1983) and sedimentary cover that have been faulted onto
the Mayaterrane (Fig. 9, section A-B). Similar rocks have not
been recognized in the northern part of the terrane.

The intermediate and most voluminous unit is an assem-
blage of strongly deformed but weakly metamorphosed flysch,
tuff, black slate, and limestone that contains Berriasian-
Valanginian microfossils and the Valanginian ammonite Ol coste-
phanus (Carfantan, 1981; Ortega-Gutierrez and Gonzal ez-
Arreola, 1985). Calcareous conglomerate contains small pebbles
of granulitic gneiss and phyllite that may have been derived from
the Oaxaca Complex (Zapoteco terrane) and Acatlan Complex
(Mixteco terrane). A single K-Ar date of 82.5 Ma obtained from
aphyllite may indicate early L ate Cretaceous metamorphism
(Carfantan, 1983). Along Transect H-3 (Ortega-Gutierrez and
others, 1990) the intermediate unit locally is overthrust by
sheared serpentinite associated with low-grade phyllite-quartzite
and greenstone (Fig. 9, sections A-B, C-D). Protoliths of this unit
accumulated in a Jurassic to earliest Cretaceous basin, called the
Cuicateco basin in Part 2 of this volume. Basement of the basin
does not crop out but isinferred to be oceanic, at least in the
southern part of the terrane (Ortega-Gutierrez and others, 1990).

The structurally highest unit of the terrane includes mylo-
nitic mafic to silicic orthogneiss that crops out at the western
boundary of the Cuicateco terrane within the Juarez suture, at
which the Zapoteco terrane overthrust the Cuicateco terranein
the Late Cretaceous (Ortega-Gutierrez and others, 1990). Unpub-
lished K-Ar dates and new ~Ar/”"Ar laser probe results (Table
5) have been interpreted to indicate Middle Jurassic intrusion and
Early Cretaceous metamorphism and cataclasis (R. Mugica, per-
sonal communication, 1981; C. Pacheco, unpublished data, in
Delgado-Argote, 1989) and earliest Cretaceous cooling past the
hornblende blocking temperature (Delgado-Argote and others,
1992h). The plutonic protoliths may have formed in a short-lived
continental arc (Delgado-Argote and others, 1992b). The Judrez
suture also contains mylonitic rocks derived from anorthosite of
the adjacent Zapoteco terrane (Delgado-Argote, 1989; Ortega-
Gutiérrez and others, 1990).

In the southern Cuicateco terrane (Fig. 9, section E-F),
Early Cretaceous flysch and tuff of the intermediate unit are
juxtaposed at an inferred fault with the "Chontal arc" (Carfantan,
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Figure 9. Schematic structure sections of Cuicateco terrane. Inset shows approximate locations of
schematic section lines A-B, C-D, and E-F, transect H-3 (dot pattern), and terrane boundaries (heavy
lines). Terrane abbreviations: Ch, Chatino; Cu, Cuicateco; M, Maya; Z, Zapoteco.

1981), which consists of andesite, volcaniclastic rocks, tuff, flysch,
and black schists with intercalations of marble that contain
Early Cretaceous fossils. We consider the Chontal arc a subter-
rane of the Cuicateco terrane, but future work may show that it is
a separate terrane. The Chontal arc and unconformably overlying
Campanian-Maastrichtian flysch are bounded on the southwest
by an unexposed fault contact with the Chatino terrane. The
intermediate Early Cretaceous flysch-tuff unit and the Early
Cretaceous Chontal arc subterrane experienced two episodes of
northeast-southwest shortening. The earlier episode probably was
Turonian and was accompanied by synkinematic plutonism and
weak regional metamorphism; the younger event, which also

affected Campanian-Maastrichtian flysch atop the Chontal arc,
probably was of Laramide (latest Cretaceous—Paleogene) age
(Carfantan, 1981, 1983).

In the northern part of the terrane, northwest of Transect
11-3, strongly deformed metasedimentary and metavol canic rocks
and minor serpentinized ultramafic bodies near Tehuacan, Puebla
(Fig. 2) also are considered part of the Cuicateco terrane, al-
though their connection with rocks farther south is unclear (Car-
rasco, 1978; Carfantan, 1981; Delgado-Argote, 1988, 1989;
Alzaga-Ruiz and Pano-Arciniega, 1989). The origina stratig-
raphy cannot be reconstructed due to Laramide thrusting, folding,
fabric development including local mylonitization, and meta-

TABLE 5. CUICATECO TERRANE RADIOMETRIC DATA

Sample System Mineral* Date Referencest Comments
(Ma)
Homblende dinopyroxenite “EArFEAr 134 C 3 1 Plateau age
Homblende diorite EArFoAr 132C 6 1 Plateau age
Phyllite K-Ar 85 2 Source: 0. Vila-GOmez;

metamorphic age?

*Mineral abbreviation: h = homblende.
t 1 = L DelgadoOArgote, unpublished data; 2 = Carfantan, 1981.
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morphism to greenschist facies. Protoliths probably include, but
may not be limited to, intermediate to silicic massive and pil-
lowed lavas that locally contain gneissic xenoliths that probably
were derived from the Oaxacan Complex of the Zapoteco ter-
rane; intermediate to silicic tuff; vol caniclastic sandstone and
conglomerate that locally contains clasts of the Oaxacan Com-
plex; and fine-grained flysch, including black shales that may be
correlative with Early Cretaceous stratain the intermediate unit
of the Cuicateco terrane farther south (Delgado-Argote, 1988,
1989). The metatuffs contain tabular serpentinite bodies, derived
from harzburgite or olivine pyroxenite, that probably rose diapir-
ically from deeper crustal levelsin the Cretaceous prior to perva-
sive deformation during L ate Cretaceous—Paleogene (L aramide)
shortening. Volcanic protoliths are most abundant along the
western margin of the terrane, grading eastward into clastic rocks
and perhaps into Early Cretaceous limestones of the Mayater-
rane that were overthrust by the Cuicateco terrane during Lara-
mide orogenesis (Delgado-Argote, 1988, 1989); however,
primary stratigraphic relations are not preserved. To the west, the
metavol canic rocks are adjacent to and are inferred to be coge-
netic with the strongly deformed, locally mylonitic metagrani-
toids of the highest structura unit in the Cuicateco terrane.

Closure of the Cuicateco basin probably began by the end of
the Early Cretaceous, based on the similarity of Albian stratain
the Zapoteco, Cuicateco, and Maya tenanes (Delgado-Argote,
1989). Maximum deformation and the peak of low-grade meta-
morphism probably occurred in the Turonian (Carfantan,
1983), but thrusting on the Juarez suture did not cease until
Paleogene time, asindicated by undeformed Tertiary clastic and
volcanic rocks (Ortega-Gutiérrez and others, 1990). Cenozoic
rocks in the Cuicateco terrane include Oligocene to early Mio-
ceng(?) red beds intruded by mafic dikes and Miocene-Recent
basalts. The Cuicateco-Zapoteco boundary was reactivated in
mid-Tertiary time as the Oaxaca fault, a high-angle normal fault,
along which accumulated Oligocene to early Miocene(?) red
beds intruded by mafic dikes (Ortega-Gutierrez, 1981; Delgado-
Argote, 1989; Centeno-Garcia and others, 1990). Miocene to
Recent mafic to intermediate volcanic rocks are widely distrib-
uted across the northern Cuicateco terrane.

Guachichil terrane

Most of the Guachichil terrane is covered by Late Jurassic
and Cretaceous carbonate and shallow marine clastic rocks sim-
ilar to those elsewhere in eastern Mexico. Pre-Jurassic rocks,
exposed in two anticlinoria and encountered in several wellsin
southern Tamaulipas and northwestern Veracruz, include the fol-
lowing fault-bounded units: (1) Grenville gneissthat probably
was rifted from southern North Americain the latest Proterozoic
or earliest Paleozoic; (2) early to middle Paleozoic miogeocli-
nal(?) sedimentary rocks; (3) Paleozoic metabasites and metased-
imentary rocks that may have formed in a subduction complex
(Granjeno Schist); and (4) Early Permian flysch. We provision-
ally distinguish northern and southern subterranes based on the

outcrop of Paleozoic sedimentary and metamorphic rocks. Both
subterranes were attached to continental North America prior to
Late Triassic to Middle Jurassic extension and volcanism that
accompanied the rifting of Pangea. Late Jurassic to Cretaceous
cover strata were folded and thrusted toward the north and east
during latest Cretaceous to mid-Eocene Laramide orogenesis.

Precambrian gneiss. Middle Proterozoic (Grenville) gneiss
crops out in both subterranes (Fig. 10, Table 6), and undated
gneissis known in several wells(Lopez-Ramos, 1985, p. 395). In
the northern Guachichil subterrane, near Ciudad Victoria, Ta-
maulipas (Fig. 2), the Novillo Gneiss consists of granulite-facies
orthogneiss, paragneiss, amphibolite, and marble, and isin-
truded(?) by postkinematic plagiogranite (Table 6) (Carrillo-
Bravo, 1961; Ortega-Gutierrez, 1978c; Garrison and others,
1980; Castillo-Rodriguez, 1988; Cossio-Torres, 1988). In the
southern Guachichil terrane, near Molango, Hidalgo (Fig. 2), the
Huiznopala Gneiss consists of granulite-facies orthogneiss, para-
gneiss, and metagquartzite (Carrillo-Bravo, 1965; Fries and
Rincén-Orta, 1965). Sm-Nd dates for both gneiss units are about
900 Ma, but peak metamorphism may have been attained about
1,000 Ma (Patchett and Ruiz, 1987).

Paleozoic sedimentary rocks. In the northern subterrane,
Carrillo-Brave (1961) described aroughly 1-km-thick sequence
of Paleozoic marine sedimentary rocks consisting of conformable
Cambrian (possibly latest Precambrian) to Early Silurian
conglomerate, quartzite, and thin limestone; Silurian shale, sand-
stone, and limestone; Devonian chert, novaculite, shale, sand-
stone, and limestone; Early Mississippian sandstone and shale;
and unconformably overlying Late Pennsylvanian limestone,
sandstone, and shale. The Paleozoic sequence was internally de-
formed and faulted against other pre-Mesozoic units prior to the
Late Triassic (Fig. 10). The sequence was correlated with the
Ouachita orogenic belt in the Marathon region of west Texas
(Flawn and others, 1961), but the strength of this correlation is
waning in light of recent work in this region. The Cambrian(?) La
Presa quartzite near the base of the section has been reinterpreted
asapart of the Novillo Gneiss (C. Ramirez-Ramirez, unpublished
data). The "Devonian” siliceous sedimentary rocks have been
remapped as rhyalitic to rhyodacitic volcanic rocks of uncertain
age (Gursky and Ramirez-Ramirez, 1986). Some parts of the
section contain transported shallow water fauna of North Ameri-
can affinity, and much of the section may be olistostromal
(Stewart, 1988; C. Ramirez-Ramirez, unpublished data). From
these observations, we conclude that the Paleozoic stratain the
northern Guachichil terrane were deposited in abasinal envi-
ronment near the southern margin of North America, that they
may not form a conformable, continuous vertical sequence, and
that they do not correlate uniquely or perhaps even strongly with
the Ouachita orogenic belt.

Paleozoic metamorphic rocks. In the northern subterrane
near Ciudad Victoria, strongly deformed, interbedded schist,
metabasite, and rare metachert that have been metamorphosed to
greenschist facies and that structurally overlie serpentinite are
known collectively as the Granjeno Schist (Fig. 10) (Carrillo-
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Figure 10. Composite tectonostratigraphic section and schematic north-south structure section of Gua-
chichil composite terrane. Northern and southern Guachichil terranes defined by differencesin pre-
Permian rocks. Effects of Laramide deformation have been omitted.

TABLE 6. GUACHICHIL TERRANE RADIOMETRIC DATA

Sample System Mineral* Date Referencest Comments
(Ma)
Novillo Gneiss and plagiogranite
Micaceousmarble K-Ar ph 928 C 18 1
Granitic gneiss K-Ar h 919 C 18 1
Granitic gneiss K-Ar h 880 C 17 1
Gneiss Rb-Sr wr 1,140 C 80 2 6-pt isochron; 87Sr/ Sr: 0.7061
Gneiss Rb-Sr wr 860 C 77 2 5-ptisochron; Sr# Sr:0.7070
Gneiss K-Ar b 744 C25 3
Plagiogranite Rb-Sr wr 774 G256 2 5-pt isochron; ~ Stf Sr;: 0.7037
Plagiogranite Rb-Sr wr 570 C181 2 4-pt isochron; ~Stf "Sr; 0.7040
Granjeno Schist
Schist Rb-Sr wr 452 C 45 4 Corrections to de Csema and
Schist Rb-Sr wr 373 ¢ 37 4 others, 1977
Pelitic schist Rb-Sr wr +wm 330 €35 2 Composite isochron
Pelitic schist Rb-Sr wr +wm 327 C31 2 Data of Denison and others, 1971
Pelitic schist Rb-Sr wr +wm 320 C 12 2
Schist K-Ar m 318 ¢ 10 3
Pegmatite K-Ar m 313 C 10 5
Graphitic schist K-Ar m 311 C 6 1
Graphitic schist K-Ar m 300C 6 1
Graphitic schist K-Ar m 299 C 6 1
Pelitic schist Rb-Sr wr 286 C 66 2
Graphitic schist K-Ar m 278 + 5 1
Schist K-Ar m 270C 8 6
Schist K-Ar m 257¢C 8 6

*Mineral abbreviations: b = biotite; h = homblende; m = mica; ph = phlogopite; wm = white mica; wr = whole rock.
11 = Denison and others, 1971; 2 = Garrison and others, 1980; 3 = Fries and others, 1962; 4 = de Csema and Ortega-Gutierrez, 1978; 5 =
Fries and Rincén-Orta, 1965; 6 =de Csema and others, 1977.
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Bravo, 1961; de Csema and others, 1977; Ortega-Gutiérrez,
1978c; Garrison and others, 1980; Castillo-Rodriguez, 1988).
Schist that probably is correlative with the Granjeno Schist crops
out beneath Triassic strata near Aramberri, Nuevo Leon (Deni-
son and others, 1971; Lopez-Ramos, 1985, p. 275) and has been
encountered in several wellsin southern Tamaulipas and north-
western Veracruz (Lépez-Ramos, 1985, p. 395). Protoliths of the
schist include pelites, volcaniclastic rocks, metabasites, and chert
of unknown age; rare carbonates and coarse-grained siliciclastic
rocks imply deep water accumulation at a distance from terrigen-
ous sources (Castillo-Rodriguez, 1988).

These protoliths were subjected to at least three phases of
deformation and metamorphism (Castillo-Rodriguez, 1988).
During D;/Mj, the rocks were penetratively foliated under
greenschist(?)-facies conditions. D2/M2 caused north-northwest—
trending isoclinal folds of Dy and nearly complete recrystalliza-
tion to a biotite-rich greenschist-facies assemblage. D3/M3 re-
sulted in north- to northwest-trending folds, widespread crenula-
tion of D2 structures, and retrograde metamorphism (chlorite
zone). K-Ar and Rb-Sr dates, chiefly from micas, imply alate
Paleozoic age for M2 metamorphism (Table 6). However, de
Csema and others (1977) and de Cserna and Ortega-Gutiérrez
(1978) correlated schist clasts in the Silurian strata described
above with the Granjeno Schist, requiring an early Paleozoic
metamorphic age for the schist.

The contact of the Granjeno Schist with the Novillo Gneiss
isasubvertica shear zone containing mylonite and ultramylonite
produced from granulitic gneiss (Ortega-Gutierrez, 1978c; Mitre-
Salazar and others, 1991). Mineral dates in the Novillo Gneiss
were not reset by the late Paleozoic metamorphic event that
affected the Granjeno Schist, suggesting postmetamorphic juxta:
position of the two units.

Permian rocks. In both subterranes, the Lower Permian
Guacamaya Formation consists of strongly folded but unmeta-
morphosed flysch, mudstone, and conglomerate containing arich
Wolfcampian-Leonardian faunal assemblage (Carrillo-Bravo,
1961, 1965; Pérez-Ramos, 1978). Deformation and fault juxta-
position with other pre-Mesozoic units are older than Late Trias-
sic (Fig. 10). The formation generally coarsens upward, and the
proportion of volcanic and skeletal carbonate rock fragments
increases upward (Gursky and Michalzik, 1989). Single brachio-
pod and trilobite fossils of reported Mississippian age were col-
lected from the base of the Guacamaya Formation in the
southern subterrane (Carrillo-Bravo, 1965).

Mesozoic and Cenozoic strata. Pre-Mesozoic rocks of the
Guachichil terrane are overlain unconformably by Triassic to
Jurassic sedimentary and minor volcanic rocks (Fig. 10) that crop
out locally and have been penetrated by many wells (Mixon and
others, 1959; Carrillo-Bravo, 1961, 1965; Imlay, 1965; 1980;
Lépez-Ramos, 1972, 1983, 1985; Schmidt-Effing, 1980; Scott,
1984; Salvador, 1987). The oldest of these strata are unmetamor-
phosed, weakly deformed red beds of the Upper Triassic—Lower
Jurassic Huizachal Formation and marine clastic rocks of the
Sinemurian-Pliensbachian (L ower Jurassic) Huayacocotla For-

mation; in the northern part of the terrane, the two formations are
combined in the La Boca Formation. The red beds were derived
from a sedimentary-metamorphic source similar to the rocks de-
scribed above, were deposited in fluvial and aluvial environ-
ments in an arid climate, and display southward to westward
pa eocunent indicators (Michalzik, 1991). In the northern part of
the terrane, the red beds contain rhyolite interbeds and arein-
truded by silicic to mafic dikes and sills that do not affect younger
Jurassic stratain the region (Michalzik, 1991).

The Triassic—Early Jurassic red beds were locally folded
and eroded prior to deposition of unconformably overlying Bajo-
cian-Callovian (Middle Jurassic) red beds and evaporites that are
named the Cahuasas Formation in the southern part of the terrane
and the La Joya Formation of the Huizachal Group to the north.
The La Joya Formation consists of athick, coarse basal lag depos-
it overlain by a fining-upward sequence that records a change to
quiet marine conditions by the early Late Jurassic (Michalzik,
1991). Primary volcanic and volcaniclastic rocks are absent.

Late Triassic to Middle Jurassic strata apparently were
deposited in roughly north-south—trending extensional grabens
(Schmidt-Effing, 1980; Salvador, 1987) that probably formed
during the incipient breakup of Pangea (pp. 96-98). Early
Jurassic faunaimply a marine connection with the Tethyan realm
to the east or west, perhaps via a seaway between North America
and South America (Scott, 1984; Taylor and others, 1984).

Callovian (late Middle Jurassic) cal carenites and marine
shales of the Tepexic Formation in east-central Mexico indicate
marine connection between the Pacific basin and the Gulf of
Mexico region (Imlay, 1980; Salvador, 1987). Wells have
penetrated Middle Jurassic rhyalitic lavas and tuff near Tezuitlan,
Puebla; they have also penetrated volcanic and plutonic rocks
that yielded reported Early to Late Jurassic K-Ar agesin central
Puebla and northern San Luis Potosi (Lépez-Ramos, 1972;
Lépez-Infanzén, 1986).

The Guachichil, Tepehuano, and Coahuiltecano terranes are
overlapped by widespread Oxfordian carbonate and shale of the
Zuloaga Formation (or Zuloaga Group of Gétte and Michalzik,
1991) and by athick sequence of Late Jurassic—L ate Cre-
taceous carbonate and fine-grained clastic rocks deposited in plat-
formal and basinal environments (Salvador, 1987; Mitre-Salazar
and others, 1991). Tuff isinterbedded with Tithonian limestone
and clastic rocks in the southern part of the Guachichil terrane
(Longoria, 1984), but volcanogenic strata are absent from the
Cretaceous section. These strata were folded and thrusted during
Laramide orogenesis (see section below) and, particularly in the
northern part of the terrane, intruded by scattered silicic to inter-
mediate plutons, stocks, and dikes of probable Paleogene, post-
Laramide age (INEGI, 1980). Cenozoic nonmarine clastic rocks
occupy basins between antiformal crests.

Structural and geophysical data. Late Jurassic and
Cretaceous strata throughout the Guachichil terrane were af -
fected by east-vergent folding and thrusting of probable Laramide
origin, producing north-south structural trends such as the anti-
clinoriathat expose Precambrian and Pal eozoic rocks (L opez-
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Ramos, p. 324-343). At the eastern margin of theterrane, i.e., the
frontal zone of the Sierra Madre Oriental fold and thrust belt,
deformation probably is older than middle Eocene, and east-
vergent thrust faults do not break to the surface but are inferred
beneath the folded strata (Mossman and Viniegra-Osorio, 1976;
Hose, 1982). In the southern part of the terrane, along the
Queretaro-Hidalgo border and in San L uis Potosi, detailed struc-
tural studies indicate thin-skinned deformation, displacement
along low-angle thrusts, and at least 40 km of eastward tectonic
transport during late Maastrichtian to Paleocene time (Suter,
1984, 1987; Carrillo-Martinez, 1990). Thrust faults and de-
formed strata are intruded by granitoids that have yielded Paleo-
gene K-Ar dates (Table 6).

Paleomagnetic datafrom Late Triassic(?) to Early Cre-
taceous rocks are interpreted to indicate that parts of the northern
Guachichil terrane and the adjoining Coahuiltecano terrane un-
derwent about 130 of counterclockwise rotation during Early
and Middle Jurassic time and none thereafter (Gose and others,
1982). A small circlefit to the Late Triassic poles indicates that
net counterclockwise rotation was less than about 100° (Urrutia-
Fucugauchi and others, 1987).

Maya terrane

Weinformally divide the Mayaterrane into three geograph-
ic provinces. the northern province, which includes southern
Tamaulipas, Veracruz as far southeast as the Isthmus of Tehuan-
tepec, and thin transitional crust along the western margin of the
Gulf of Mexico; the Yucatan platform, which includes the Mexi-
can states of Tabasco, Campeche, Quintana Roo, and Y ucatan,
northern Belize, northern Guatemala, and thinned transitional
crust in the adjacent Gulf of Mexico and Y ucatan basins; and the
southern province, which includes central Guatemala, Chiapas,
and northeastern Oaxaca. Basement rocks include disjunct out-
crops and subcrops of Paleozoic and Precambrian(?) metamor-
phic rocks that are widely interpreted as Gondwanan continental
crust stranded during the rifting of Pangea. This basement and
overlying Pennsylvanian-Permian flysch were strongly deformed
in the Permian, perhaps during Ouachitan orogenesis. A Permo-
Triassic continental magmatic arc that formed in the northern
and southern provinces of the Maya terrane probably was pro-
duced by eastward subduction of oceanic lithosphere of the Pa-
cific basin. During late Middle to Late Jurassic opening of the
Gulf of Mexico, the Y ucatan platform and the southern province
were displaced to the south-southeast with respect to the northern
province along an enigmatic north-northwest—striking faullt.
Rocks on both sides of the fault apparently underwent differential
rotation concomitant with this displacement. Post-Jurassic rota-
tion and displacement of the Mayaterrane is below the detection
limit of paleomagnetic studies. Late Jurassic to Cenozoic strata
were deposited on carbonate platforms and in shelf basins around
the margins of the Gulf of Mexico. A Jurassic-Cretaceous ophio-
lite was accreted to the southern margin of the Mayaterranein
the Maastrichtian.

The Maya terrane as defined in this volume broadly corre-

spondsto the Maya terrane of Coney and Campa-Uranga (1987);
it includes the Y ucatan terrane (United States Geodynamics
Committee, 1989) and the Maya block (Dengo, 1975). Ophio-
litic and associated rocks that were accreted to the southern mar-
gin of the Mayaterranein the latest Cretaceous are considered a
subterrane of the Mayaterrane (El Tambor subtenane; see
below). The Coahuiltecano terrane in northeastern Mexico may
be correlative or in fact continuous with the Maya terrane across
a postulated eastward extension of the Mojave-Sonora
Megashear.

Pre-Mesozoic basement rocks, general statement Pre-
Mesozoic basement rocks crop out only in the southern province
of the Maya terrane (central Guatemala, Maya Mountains of
Belize, northeastern Oaxaca, Chiapas). The nature, history, and
age of basement rocks penetrated by wells in the Y ucatan plat-
form (Y ucatan peninsula, northern Guatemala, Belize) and the
northern province (Veracruz, southern Tamaulipas) are too
poorly known to eval uate possible correlations among basement
outcrops and subcrops throughout the terrane. Much more work
is needed to determine whether the Mayais a composite terrane
consisting of two or more pre-Mesozoic basement terranes over-
lapped by Mesozoic and Cenozoic strata.

Pre-Mesozoic basement rocks, southern province.
Basement rocks crop out only in the southern part of the Maya
terrane. Congtituent unitsinclude, roughly from east to west, the
Chuacus Group, the Santa Rosa Group and Chochal Formation,
the Chiapas Massif, and unnamed metamorphic rocksin north-
eastern Oaxaca

Chuaciis Group (or Series) crops out only along the north-
ern side of the Motagua fault in central Guatemala (Fig. 11);
metasedimentary rocks in wellsin the Y ucatan peninsula may be
correlative (see below). In central Guatemala, the Chuacis Group
consists of quartz-mica schist, marble, mylonitized metagrani-
toids, and minor greenstone and quartzite derived from clastic
sedimentary rocks, carbonates, granitoids, and minor volcanic
rocks of uncertain but inferred Paleozoic or Proterozoic age
(McBirney, 1963; Keder and others, 1970; Anderson and others,
1973; Roper, 1978; Burkart and others, 1987; Donnelly and
others, 1990a). A deformed Carboniferous granitoid in the Chua-
cis Group contains zircons that are probably Precambrian (Table
7). Garnet-biotite and staurolite-sillimanite assemblages indicate
peak metamorphism at conditions of high greenschist to low
garnet-amphibolitc facies (Anderson and others, 1973; Clemons
and others, 1974). The Chuacts Group was overprinted by retro-
grade greenschist-facies metamorphism and pervasively deformed
during Maastrichtian north-south shortening (Sutter, 1979; Don-
nelly and others, 1990a).

An unmetamorphosed but strongly deformed sequence of
late Paleozoic sedimentary and minor volcanic rocks crops out
in the Maya Mountains in Belize and along the Polochic fault
between eastern Guatemala and Chiapas, and was recognized in
wellsin northern Guatemala; metasedimentary rocksin wellsin
the northern Y ucatan peninsula also may be correlative (see
below) (Bateson and Hall, 1971, 1977; Viniegra-Osorio, 1971;
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Bateson, 1972; Anderson and others, 1973; Lopez-Ramos, 1983;
Donnelly and others, 1990a). Mapped contacts between the Pa-
leozoic strata and the Chuactis Group are faults, but locally the
former may be unconformable on the latter (Weyl, 1980); we
have inferred such arelation in Figure 11. Following the strati-
graphic nomenclature of Donnelly and others (1990a) and Maur-
rasse (1990), the Paleozoic section is divided into the Carbonif-
erous to Lower Permian Santa Rosa Group and the unconform-
ably overlying mid-Permian Chochal Formation (Fig. 11). The
Santa Rosa Group includes an undated lower unit of marine
conglomerate and sandstone (flysch) with minor interbeds of
tuffaceous sandstone, limestone, greenstone, and siliceous vol-
canic rocks, and ayounger unit of fossiliferous Pennsylvanian to
Early Permian limestone and shale. A Late Mississippian
maximum age of the lower unit in Belize may be indicated by a
336-Ma Rb-Sr date from an adjacent pluton that apparently was
intruded and eroded prior to deposition. In Belize, the lower and
upper units are separated by a sequence of silicic lavas and pyro-
clastic rocks that apparently were erupted in latest Pennsylvanian
to earliest Permian time (Table 7). The total thickness of the
Santa Rosa Group is about 3 km in Guatemala and as much as
6 kmin Belize. In Guatemal a, the Santa Rosa Group is overlain
along a 30° angular unconformity by mid-Permian limestone,
dolomite, and minor shale of the Chochal Formation (Fig. 11),

indicating alate Early Permian (—L eonardian-Guadal upian)
phase of deformation, uplift, and erosion.

The Chuacis Group and the late Paleozoic strataare in-
truded by late Paleozoic granitoids in the Maya Mountains of
Belize and by Triassic granitoids in Belize and northern Guate-
mala (Table 7). A well in northern Belize penetrated granite of
presumed | ate Paleozoic to Triassic age (Viniegra-Osorio, 1971).
A mid-Jurassic ~~Ar/""Ar plateau date from bictite in the Ma-
tanzas granite (Table 7) indicates | ate passage through the 250°C
blocking temperature (Donnelly and others, 1990a).

In southwestern Chiapas and eastern Oaxaca, a complex
assemblage of metaplutonic, metasedimentary, and plutonic
rocksis generaly referred to as the Chiapas Massif (Fig. 11). The
metamorphic rocks were derived from sedimentary and plutonic
protoliths of inferred late Proterozoic to early Paleozoic age,
and are overlain nonconformably by undeformed Carboniferous
to Permian(?) strata (Herndndez, 1973; Dengo, 1985). Based on
similar lithology and inferred age, these two units are similar to
and possibly correlative with the Chuacis Group and Santa Rosa
Group/Chochal Formation, respectively (Fig. 11). The Chiapas
Massif isintruded by Permian, Triassic, Jurassic, and Cenozoic
granitoids (Fig. 11) (Table 7 and unpublished data of Damon and
others, 1981), and by pegmatite and granitoids of reported latest
Proterozoic (Pantoja-Alor and others, 1974; Lépez-Infanzén,
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TABLE 7. MAYA TERRANE RADIOMETRIC DATA

Sample System Mineral* Date References! Comments
(Ma)
Chuacts Group and metamorphosed intrusion
Rabinal granite U-Pb zr 1,075 C25; 1,2 Discordiaintercepts
345 C20 1,2
Amphibolite ‘CAr/ °Ar h 238 3 Source: J. Sutter; reflects late
thermal event
Santa Rosa Group
Siliceous volcanic rocks Rb-Sr 285 4 Tight 4-pt isochron, one point
omitted
PaleozoicElower Mesozoic drill and dredge samples
Granodiorite, granite, K-Ar? 320 5
tonalite, quartz diorite, K-Ar? 273 C¢C5 5
and volcanic equivalents K-Ar b 264 C 21 6
(locally mylonitized) in K-Ar b 260 C 20 6
southern Tamaulipas and K-Ar b 258 C 21 6
PozaRica region, K-Ar b 257 ¢ 21 6 2 samples
northern Veracruz K-Ar b 250 ¢ 20 6 2 samples
K-Ar b 247 ¢ 21 6
K-Ar b 243 C 19 6
K-Ar b 241 C20 6
K-Ar b 233 C 19 6
K-Ar wm 223 C 18 6
K-Ar 212C 5 5
K-Ar b 208 C 16 6
K-Ar h 187 C 11 6
K-Ar? 183 5 2 samples
K-Ar b 179 ¢ 14 6 Latite
K-Ar b 173 C 14 6
Granodiorite near Tezuitldn, Puebla K-Ar b 252 ¢ 20 7
K-Ar b 246C 7 7
Meta-andesite, Yucatan 330, 290 1 2 samples
"Homfels schist’ in southern Tamaulipas K-Ar b 276 G 22 6
and PozaRica region K-Ar b 272 ¢ 22 6
K-Ar b 263 C 21 6
K-Ar b 177 ¢ 14 6
Muscovite schist, central Veracruz K-Ar wm 269 C 22 7
Schist, northern Veracruz K-Ar m, b 242C 6 9 Cooling are?
Schist, southern Tamaulipas K-Ar? 210 ¢ 6 5 Cooling age?
Gneiss, northem Veracruz K-Ar? 192C 3 5 Cooling age?
Leg 77 phylite ““Arf"Ar wr 500 C 8 10 Plateau age
Leg 77 amphibolite “Arf"Ar h 501 ¢ 9 10 Plateau age
Leg 77 amphibolite ““Arf Ar h 496 C 8 10 Plateau age
Leg 77 gneiss ““Ar/"Ar b 350 10 Plateau age
Leg 77 diabase AR Ar wr 190 + 3 10 Plateau age
Leg 77 diabase ““Arf"Ar wr 164 + 4 10 2 samples; plateau ages
Chiapas Massif
Orthogneiss K-Ar b 288C 6 11
Pluton near 19E40N K-Ar K-Ar Late Perm 11 Source: H. Palacios
Granite Rb-Sr wr 256 C 10 11 10-pt isochron; #78r/88r;: 0.70453
Biotite granite K-Ar b 246C 5 11
Granite K-Ar b 239C 5 11
Orthogneiss K-Ar h 232C 5 11
Granite K-Ar b 219C 4 11
Granitoids K-Ar b 191-170 11 § samples
Granitoids K-Ar b 6-2 12 Multiple samples
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TABLE 7. MAYA TERRANE RADIOMETRIC DATA (continued)

Sample System Mineral* Date Referencest Comments
(Ma)
Cenozoic magmatic rocks north of TmvB
Alkalic volcanic rocks, southem K-Ar wr 28,24, 13 asamples
Tamaulipas 21,7
Olivine basalt, northern Veracruz K-Ar wr 20C 1 13 Alkalic
Diorite, Central Veracruz K-Ar wr 17C 1 13 Calc-alkalic
Alkalic basalt, central Veracruz K-Ar wr 14,3 13 2 samples; transitional
Andesite and basalt andesite, Puebla K-Ar wr 9-1 13 7 samples; calc-alkalic
Basalt and ignimbrite, Hidalgo and c Veracruz K-Ar wr 8-2 13 12 samples; alkalic and transitional
Dacite, central Veracruz K-Ar wr 7 13 Calc-alkalic
Intrusive rocks in Belize and Guatemala
Mountain Pine Ridge granite, Maya Mountains Rb-sr wr, kf 320 G 10 4 9-ptisochron; uncertain relation
with Santa Rosa Group; yielded
*Triassic K-Ar date
Humminghird and Sapote granites, Maya K-Ar 237-227 4 asamples; intrudes Santa Rosa
Mountains Group
Undeformed Matanzas granite; intrudes Rb-Sr wr, kf, p 227 3 Source: P. pushkar
Chuacds Group “OArf " Ar 213-212 3 Source: J. Sutter; 2 samples
“Arf"Ar 161 3 Source: J. Sutter
Granitoids i Polochic Valley, Guatemala A-Ar 85-58 14 Source: MMA, Japan; 5 samples
K-Ar kf 68 C 3 14
Other rocks in Guatemala _
Amphibolite and diabase, EI Tambor Group ~ K-Ar 59 C 4 15 11-pt isochron; metamorphic age?
Andesite boulder in Eocene subinal Formation K-Ar p 42C 2 16
Welded tuff clasts in Miocene Colotenango beds  K-Ar b, g 12-7 16 3samples

*Mineral ahbreviations: b = biotite; g = glass; h = hornblende; kf= potassium feldspar; m = mica; p = plagioclase; wm = white mica; wr = whole rock; zr
=zircon.

t1= Gombert and others, 1968; 2 = Mc Birmey and Bass, 1969; 3 = Donnelly and others, 1990a; 4 = Bateson and Hall, 1977; 5 = Lépez Ramos,
1972; 6 = Jacobo-Albarran, 1986; 7 = Lépez-Infanzén, 1985; 8 = Marshall, 1984; 9 = Denison and others, 1969; 10 = Schlager and others, 1984; 11
= Damon and others, 1981; 12 = Damon and Montesinos, 1978; 13 = Cantagrel and Robin, 1979; 14 = Burkart and others, 1987; 15 = Bertrand and

others, 1978; 16 = Deaton and Burkart, 1984b.

1986; Pacheco-G. and Barba, 1986) and L ate Cretaceous (Bur-
kart, 1990) age.

In the eastern Sierra Juarez of northeastern Oaxaca, an area
crossed by Transect H-3, the Maya terrane includes an unnamed
subterrane of poorly understood metamorphic rocks that crops
out east of the fault boundary with the Cuicateco terrane (not
shown in Fig. 11) (Ortega-Gutierrez and others, 1990). The unit
consists of polydeformed, greenschist-facies metasedimentary and
metaigneous rocks including phyllite, schist, gabbro, and rare meta-
gabbro and serpentinite. Biotite and muscovite schists have
yielded late Paleozoic K-Ar dates (S. Charleston, personal com-
munication, 1981). These metamorphic rocks are not present
along the Maya/Cuicateco boundary to the southeast of Transect
H-3; in thisregion, the Maya terrane consists of weakly metamor-
phosed Albian-Cenomanian clastic rocks and marble that were
strongly deformed in Late Cretaceous time (Carfantan, 1981).

Pre-Mesozoic basement rocks, Yucatan platform.
Wellsin the northern Y ucatan peninsula bottomed in Paleozoic
or Paleozoic(?) metavolcanic rocks, quartzite, and schist (Lopez-
Ramos, 1983). Metamorphic rocks yielded radiometric dates of

420 to 410 Mawith an inferred metamorphic event at 330 Ma
(Dengo, 1969), and 290 £30 Ma (Viniegra-Osorio, 1971). These
ages are consistent with the suggestion that the Y ucatan platform
isunderlain by the Chuactis Group, the Santa Rosa Group, or
both units (Fig. 11).

At the Catoche Knollsin the Gulf of Mexico, about 300 km
northeast of the Y ucatan peninsula, DSDP Leg 77 encountered
gneiss that yielded early Paleozoic metamorphic or cooling ages,
aswell as Jurassic diabase (Table 7) (Dallmeyer, 1982; Schlager
and others, 1984). These rocks may be remnants of rifted, thinned
basement of the Mayaterrane.

Pre-Mesozoic basement rocks, northern province. The
only information about pre-Mesozoic basement in the northern
province (Veracruz, southern Tamaulipas, and adjacent offshore
regions) comes from the numerous wells that have been drilled
through overlying Cenozoic and Mesozoic strata (Lépez-Ramos,
1972, 1985). Many wells throughout the northern province bot-
tomed in granitic basement and metamorphic rocks that, where
dated, yielded ages ranging from Carboniferous to Jurassic (Table
7). The abundance of Permo-Triassic granitoids generally is taken
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as evidence of intrusion of a batholith of thisage in eastern
Mexico (al so see Coahuiltecano terrane); younger Triassic and
Jurassic dates are probably cooling ages. Permian to Jurassic
dates from some metamorphic rocks probably indicate thermal
metamorphism of country rocks due to intrusion of the batholith
(Table 7). However, some K-Ar dates indicate Carboniferous to
Early Permian plutonism and thermal or regional metamorphism
that probably predate intrusion of the Permo-Triassic batholith.
We suggest that these older dates reflect magmatism and meta-
morphism accompanying late Paleozoic Ouachitan orogenesis.

Volcanic and plutonic rocks that yielded unpublished Early
to Late Jurassic K-Ar dates are reported from wells throughout
the state of Veracruz (L6pez-Infanzén, 1986), but it is uncertain
whether these are crystallization ages or cooling ages due to
Permo-Triassic magmatism.

Mesozoic and Cenozoic rocks, northern province. Al-
though Triassic through Middle Jurassic strata do not crop out in
the Mayaterrane, afew wellsin northern Veracruz have pene-
trated nonmarine and shallow marine clastic rocks that are in-
ferred to be correlative with the Upper Triassic-Lower Jurassic
Huizachal Formation in the adjacent Guachichil terrane (Imlay
and others, 1948; Lépez-Ramos, 1972; Wilson, 1990). Callovian
(late Middle Jurassic) shallow marine strata are known from a
few wells near Tampico (V eracruz-Tamaulipas border), but most
of the northern province was emergent until the Late Jurassic.
Late Jurassic and Cretaceous platform carbonates, basinal car-
bonates, evaporites, and minor clastic rocks indicate deposition
on topographic highs (e.g., southern Tamaulipas arch, Tuxpan
platform) and in intervening deeper water basins. The complex
distribution of facies along this eastern margin of the Gulf of
Mexico basin is markedly different from the Atlantic-type pas-
sive margin sequences that accumulated along the other margins
of the basin (Winker and Buffler, 1988). The Cretaceous strata
are overlain by Paleocene to Eocene marl, shale, and sandstone
(Barker and Blow, 1976). The cumulative thickness of Late Ju-
rassic to Paleogene strata beneath the Veracruz-Tamaulipas
coastal plain ranges up to 10 km (Mossman and Viniegra-
Osorio, 1976).

A single well (San Antonio 101) near Cucharas, Veracruz,
encountered Early Jurassic strata that apparently were thermally
metamorphosed by underlying granite, implying an Early Cre-
taceous or younger intrusion age (Lépez-Ramos, 1972).

Late Jurassic to middle Eocene stratain the northern prov-
ince of the Maya terrane underwent east-vergent folding and
thrusting of probable Laramide origin and were intruded by
poorly dated silicic to intermediate granitoids prior to the deposi-
tion of unconformably overlying late Eocene to Miocene marl
and fine-grained marine clastic rocks (Barker and Blow, 1976;
Mossman and Viniegra-Osorio, 1976). The belt of Laramide
shortening may terminate to the south near the | sthmus of
Tehuantepec (Viniegra-Osorio, 1971, 1981).

Miocene to Quaternary calcalkalic to alkalic, siliceous to
basaltic volcanic rocks crop out in the northern province from
southern Tamaulipas to San Andrés Tuxtlain southeastern Vera-

cruz (Table 7). Geochemical data from a middle Miocene calc-
alkalic basaltic suite and a more akalic, nepheline-normative late
Miocene-Recent basaltic suite imply derivation of both suites
from subduction-related magmas (Lépez-Infanzén and Nelson,
1990; Nelson and others, 1991). A large positive gravity anomaly
beneath San Andrés Tuxtlamay indicate that the areais underlain
by ultramafic rocks (Woollard and Monges-Caldera, 1956) or a
gabbroic complex (Ortega-Gutierrez and others, 1990).

Mesozoic and Cenozoic rocks, Yucatan platform and
western part of southern province. In this section we consider
Mesozoic and Cenozoic rocks of the Y ucatan platform together
with rocks of the western part of the southern province (Chiapas
and northeastern Oaxaca). The entire region was emergent until
the Callovian, when widespread evaporites (chiefly halite), com-
monly known as the Isthmian Salt, were deposited in Chiapas
and in what is now Bahia de Campeche in the Gulf of Mexico
(Fig. 1) (Martin, 1980). The original thickness and lateral extent
of these evaporitesis poorly understood, but it iswidely believed
that the Isthmian Salt was once contiguous with the Louann Salt
inthe U.S. Gulf Coast (e.g., Salvador, 1987). The evaporites
probably were deposited in alow-lying, gently subsiding region
that periodically was flooded by marine water from the west
(Pecific Ocean) through a gap near Tampico, Veracruz (Sal-
vador, 1987), and subsequently separated into two bodies by
southward displacement of the Y ucatan region during Late Juras-
sic opening of the Gulf of Mexico.

Salt accumulation was followed abruptly by transgression,
subsidence, and deposition of Late Jurassic shallow marine
carbonates and clastic rocks along the eastern margin of
the Y ucatan platform, in the Tabasco-Chiapas region, and in the
northern province of the Maya terrane (see above). South of this
subsiding basin in Chiapas and western Guatemala, eroded Pa-
leozoic granitoids and metamorphic rocks are nonconformably
overlain by the Oxfordian (Upper Jurassic) to Lower Cretaceous
Todos Santos and San Ricardo Formations, which consist of
discontinuous basal andesite overlain by athick sequence of lo-
cally derived clastic rocks deposited in aluvial, fluvial, and lacus-
trine environments, carbonates, and minor evaporites (L opez-
Ramos, 1973, 1975, 1983; Castro-Mora and others, 1975; Blair,
1987, 1988; Michaud, 1988). A Late Jurassic K-Ar date from
andesite (Table 7) indicates a minimum age for the base of the
sequence, which may be as old as Middle Jurassic (Michaud,
1988). A gross southward coarsening of average grain sizein the
Todos Santos Formation may indicate that the southern margin
of the Y ucatan platform was tectonically active in Late Jurassic
to earliest Cretaceous time (Donnelly and others, 1990a), perhaps
along therifting, subsiding continental margin northwest of an
actively opening proto-Caribbean ocean basin (p. 4).

Early Cretaceous massive dolomite and evaporites indicate
that the Y ucatan region was a reef-bounded platform extending
asfar east asthe Isthmus of Tehuantepec and at least as far south
as northern Guatemala (Viniegra-Osorio, 1981). The southern
edge of this Early Cretaceous platform apparently was destroyed
during latest Cretaceous collision along the southern margin of
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the Mayaterrane, asindicated by the deposition of synorogenic
flysch (see below) (Anderson and others, 1973, 1985; Clemons
and others, 1974; Donnelly and others, 1990a).

Thin-bedded limestones accumulated on the Y ucatan plat-
form in the Late Cretaceous, indicating protracted flushing by
open marine waters. Limestone deposition was interrupted by
volcanism in eastern Chiapas and Guatemala, where Late Cre-
taceous volcanic rocks are reported from a backarc basin se-
quence (Burkart, 1990), and near Meérida in northwestern
Y ucatan, where wells penetrated a 400-m-thick sequence of
submarine L ate Cretaceous andesite and glass (Paine and
Meyerhoff, 1970; Lopez-Ramos, 1973, 1983). The andesitic vol-
canic rocks near Mérida occur within a multi-ring pattern recog-
nized in proprietary aeromagnetic and gravity data, the
Chixculub structure, that may be a buried K-T impact structure
about 180 km in diameter (Penfield and Camargo, 1981). Glass
and shocked quartz identified in some core samples are inter-
preted to indicate an ejecta blanket (Hildebrand and others,
1991), but examination of other cores from the proposed gjecta
blanket revealed no shocked quartz, suggesting that either an
impact brecciais not present at Chixculub or that the crater is
much smaller than generally thought (Sharpton and others,
1991). Much more geophysical and geologic work is needed to
understand the true significance of the Chixculub structure.

Tertiary strata in the southern province include Eocene
nonmarine conglomerate, sandstone, and mudstone; mid-Tertiary
ignimbrites; scattered Miocene-Quaternary nonmarine clastic
rocks with interbedded ignimbrite (Table 7) and basalt; and
Quaternary-Tertiary calc-alkalic volcanic rocks (Donnelly and
others, 1990a). The Y ucatan platform and Chiapas region did not
undergo latest Cretaceous-Paleogene Laramide shortening. Late
Cenozoic and probably active tectonism in eastern Chiapas and
Oaxaca and western Tabasco includes northwest-trending folding
and thrust faulting and left-lateral displacement on strike-dlip
faults that strike northeast-southwest, east-west, and southeast-
northwest (Viniegra-Osorio, 1971, 1981; de Cserna, 1989;
Delgado-Argote and Carballido-Sanchez, 1990). Modern defor-
mation in this region may be due to instability of the diffuse
Caribbean—North America—Cocos triple junction (p. 96). Ac-
tive northeast-southwest shortening offshore the northern coast of
Tabasco and Campeche is indicated by northwest-trending folds
(de Cserna, 1989). The Isthmus of Tehuantepec purportedly is
transected by the Salina Cruz fault, a high-angle structure of
presumed Cenozoic age that was recognized in marine seismic
reflection work in the Gulf of Mexico (Viniegra-Osorio, 1971),
bu the fault has not been documented by gravity or geologic
studies on land (see discussion in Salvador, 1988; Delgado-
Argote and Carballido-Sanchez, 1990).

Mesozoic and Cenozoic rocks, eastern part of southern
province. Along the southern margin of the Maya terrane, within
and afew tens of kilometers north and south of the Motagua
Valley in central Guatemala, disrupted, strongly deformed ultra-
mafic, mafic, and pelagic and volcaniclastic sedimentary rocks
are provisionally assigned to the El Tambor subterrane of the
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Mayaterrane (Fig. 11). Known as the El Tambor Group (old El
Tambor Formation), these rocks are widely interpreted asa dis-
membered Cretaceous ophiolite and forearc assemblage (McBir-
ney, 1963; Williams and others, 1964; McBirney and Bass, 1969;
Lawrence, 1975, 1976; Muller, 1979; Rosenfeld, 1981; Donnelly
and others, 19904a). Tenuous correlations have been proposed
with ophiolitic rocks to the east (Islas de la Bahia) and south
(Sierrade Omoa) and mafic rocks off the west coast of Guate-
mala (DSDP Legs 67 and 84) (McBirney and Bass, 1969; Home
and others, 1976a; Bourgois and others, 1984; Donnelly and
others, 1990a).

Constituent rock types of the El Tambor Group are perido-
tite, gabbro, plagiogranite, diabase dikes, pillow basalt, chert and
limestone, clastic sedimentary rocks, and serpentinite-matrix mé-
lange. Abundant ultramafic rocks include serpentinite-matrix
mélange with blocks of jadeitite, omphacite-bearing metabasite,
and amphibolite, and dlabs of partly to completely serpentinized
peridotite up to 80 km long (McBirney, 1963; McBirney and
others, 1967; Lawrence, 1975, 1976; Donnelly and others,
1990a). Gabbro is strongly deformed and metamorphosed to
amphibolite facies. Basalts are midocean-ridge basalt (MORB)
—Ilike normative tholeiites, contain interbedded Valanginian to
Cenomanian pelagic rocks, and grade upward into Early Cre-
taceous chert and mudstone and volcaniclastic wackes that con-
tain fragments of andesite, dacite, and Aptian-Albian chert
(Lawrence, 1975, 1976; Muller, 1979; Rosenfeld, 1981).

North-directed thrusting of latest Cretaceous age caused tec-
tonic intercalation of the EI Tambor Group with the Chuacis
Group and with synorogenic late Campanian-Pal eogene flysch
(see below) (Wilson, 1974; Johnson and Muller, 1986; Donnelly
and others, 1990a). Early Paleogene K-Ar dates (Table 7) from
ophiolitic rocks may be metamorphic cooling ages related to this
deformation. Gravity modeling suggests that the north-vergent
thrusts root into a north-dipping amphibolite body that may be a
remnant of subducted oceanic lithosphere (T. Donnelly, unpub-
lished data). The El Tambor Group iswidely interpreted as a
fault-bounded, strongly deformed, dismembered Cretaceous
ophiolite and forearc assemblage that was obducted onto the
southern Maya terrane during Maastrichtian collision of Chortis
or an island arc of uncertain identity (p. 109). The El Tambor
Group probably does not represent obducted Caribbean crust,
based on its many dissimilarities to widespread Cretaceous basalts
that crop out around the margins of and probably underlie the
Caribbean plate (Donnelly and others, 1973; Donnelly, 1989).

Several other Mesozoic to Paleogene units crop out near the
Motagua and Polochic fault zones and are tentatively included in
the EI Tambor subterrane. Coarse terrigenous clastic detritus,
ophiolitic debris, and arc-derived cobbles and pebblesin the
Upper Campanian—Paleogene Sepur Group were derived from
southern sources and locally are overthrust by ophialitic El Tam-
bor rocks (Rosenfeld, 1981; Donnelly and others, 1990a). Granit-
oids within and between the Polochic and Motagua fault zones
have yielded Late Cretaceous to mid-Tertiary radiometric dates
(Table 7). Within the Motagua Valley, fault-bounded units of
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uncertain origin and significance include (1) unmetamorphosed
Campanian-Maastrichtian limestone and pelagic marl with
blocks of limestone, arc rocks(?), and ophiolitic rocks up to 2 km
across; (2) highly deformed, marmorized limestone of probable
Late Cretaceous age; and (3) nonmarine clastic rocks with thin
limestone interbeds (Donnelly and others, 1990a). The Eocene
Subinal Formation consists of limestone and clastic rocks con-
taining an Eocene andesite boulder (Table 7), and is similar to
and possibly correlative with coeval rocksin the Chortisterrane
(Deaton and Burkart, 1984a; Donnelly, 1989; Donnelly and oth-
ers, 1990a). Miocene fluvia clastic rocks and volcanic rocks
referred to as the Colotenango beds include clasts of middle to
late Miocene ignimbrite (Table 7) (Deaton and Burkart, 19844,
b; Donnelly, 1989; Donnelly and others, 1990a).

Geophysical data. Models of total tectonic subsidence,
seismic refraction data, and gravity data indicate that continen-
tal crust of the Mayaterraneis 35 to 40 km thick along the
Veracruz coast, and that transitional crust under the Y ucatan
platform is about 30 km thick (Dillon and others, 1973; Sawyer
and others, 1991). The boundaries between these regions and the
oceanic crust in the Gulf of Mexico are narrow zones of thin (10
to 30 km thick) transitional crust (Sawyer and others, 1991).

A gravity model for aprofile that crosses the Chortis-Maya
boundary indicates that continental crust is about 38 km thick
beneath both terranes but about 15 km thicker in a 30-km-wide
zone straddling the Motagua fault (T. Donnelly, unpublished
data). At shallower depths the observed gravity profileis best fit
by north-dipping slabs of ophialitic rocks.

Marine geophysical studies have recognized late Cenozoic
east-west folding and thrusting of Cretaceous and Cenozoic strata
in the 600-km-long, north-south—trending Mexican Ridges fold-
belt off the coast of Tamaulipas and northern Veracruz (Buffler
and others, 1979). This belt was named the Cordillera Ordéfiez
by de Csema (1981).

Paleomagnetic studies of rocksin the southern Maya terrane
indicate late Paleozoic and early Mesozoic southward displace-
ment, mid-Jurassic counterclockwise rotation, and post-Oxford-
ian tectonic stability. Permo-Triassic granitoidsin the Chiapas
Massif are interpreted to have undergone about 1,200 + 900 km
of southward latitudinal displacement and —75° counterclock-
wise rotation (Molina-Garza and others, 1992). Paleomagnetism
of Early Permian(?) stratain the Chiapas Massif originally was
interpreted to indicate considerable southward displacement with
respect to North America (Gose and Sénchez-Barreda, 1981), but
Molina-Garza and others (1992) have reinterpreted the magnet-
ism as a Jurassic overprint indicative of little displacement.

Paleomagnetic studies of Middle Jurassic to earliest Creta-
ceous sedimentary rocks (Todos Santos and San Ricardo Forma-
tions) and intrusives have interpreted negligible latitudinal dis-
placement and 63° + 11° of counterclockwise rotation during the
Middle Jurassic, and negligible rotation and latitudinal displace-
ment with respect to stable North America since the Oxfordian
(Guerrero and others, 1990; Molina-Garza and others, 1992).

Mixteco terrane

Basement rocks of the Mixteco terrane record early Paleo-
zoic subduction, early Paleozoic obduction of an ophiolite onto a
subduction complex, early to middle Paleozoic collision of the
oceanic rocks of the Mixteco terrane with continental crust of the
Zapoteco terrane, middle to late Paleozoic deformation and meta-
morphism, and deposition of late Paleozoic synorogenic and
postorogenic marine strata. Mesozoic epicontinental stratain-
clude Jurassic marine and nonmarine clastic rocks and Creta-
ceous carbonates. Paleogene and early Neogene volcanic rocks
indicate proximity to an arc. Sparse paleomagnetic data may
indicate large Jurassic displacements, but such an interpretation
has not yet been supported by other geologic or geophysical data.

Acatldn Complex. The oldest unit in the Mixteco terrane is
the Acatlan Complex, which is divided into the structurally lower-
most Petlalcingo Subgroup, the structurally overlying Acateco Sub-
group, and the Upper Devonian(?) Tecomate Formation, which
overlaps the thrust contact between the other two units (Fig. 12)
(Ortega-Gutierrez, 1978a, 1981a, b). The Petlalcingo Subgroup
consists of schist, amphibolite, quartzite, and phyllite that proba-
bly were derived from marine sedimentary rocks and intercalated
mafic igneous rocks. The lower, partly migmatitic part of the sub-
group (Magdalena migmatite) is more calcic and presumably de-
rived from strata that is more carbonate-rich than the mid-
dle and upper parts of the subgroup (Chazumba and Cosoltepec
Formations, respectively), which are dominantly metagraywackes
intercalated with metapelite and metagabbro. Protoliths of all
three units probably were derived from a Grenville source such as
the Oaxacan Complex of the Zapoteco terrane (Table 8) (Ruiz
and others, 1990; Y afiez and others, 1991).

The Acateco Subgroup consists of the basal Xayacatlan
Formation and the mylonitic Esperanza granitoids (Fig. 12)
(Ortega-Gutierrez, 1978a, 1981a, b). The Xayacatldn Formation
contains serpentinized peridotites, eclogitized and amphibolitized
metabasites, pelitic schist, and quartzite, and isinterpreted as a
dismembered ophiolite. The Esperanza granitoids consist of poly-
metamorphic mylonitic gneisses derived from tonalitic to granitic
protoliths. Cataclastic granitoids correlated with the Esperanza
also intrude the Oaxacan Complex of the Zapoteco terrane
(F. Ortega-Gutiérrez, unpublished data). The Esperanza grani-
toids are interpreted to be products of partial crustal anatexis
caused by the Early-Middle Devonian collision of the Mixteco
and Zapoteco terranes on the basis of U-Pb, Rb-Sr, and Sm-Nd
data (Table 8), the locally intrusive contact between the
granitoids and ophioalitic rocks of the Xayacatlan Formation, and
apparent syntectonic intrusion of both the Acatlan Complex and
the Oaxacan Complex (Robinson and others, 1989; Y afiez and
others, 1991; F. Ortega-Gutiérrez, unpublished data).

The Tecomate Formation consists of arkosic metaclastic
rocks, calcareous metapelites, and limestone, and contains clasts
of the Esperanza granitoids. The depositional age is probably
Late Devonian based on sparse fossils of possible post-
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Figure 12. Schematic tectonostratigraphic section of Mixteco terrane. Unknown direction of motion on
old thrust between lower plate Petlalcingo Subgroup and upper plate Xayacatlan Formation. Upper
Devonian(?) Tecomate Formation overlapsthisthrust. Pennsylvanian-Permian Matzitzi Formation is
the oldest unit to physically overlap the Zapoteco-Mixteco contact.

Cambrian to pre-Mississippian age and the presence of clasts of
the Esperanza granitoids (Ortega-Gutierrez, 1978a, 1981a, b;
Yafiez and others, 1991). The Tecomate For mation depositionally
overlapsthe suture between thetwo structurally lower units of the
Acatlan Complex, but was folded and metamor phosed prior to
the deposition of Early Mississippian cover strata (Fig. 12). All
three units of the Acatlin Complex have Nd crustal residence ages
of about 1,700 to 1,400 Ma (Yafiez and others, 1991).

The Acatlan Complex has undergone several phases of
metamor phism and deformation (Ortega-Gutierrez, 1974, 1979,
19814, b; Yafiez and others, 1991). The upper plateisinferred to
have overthrust thelower platein an early Paleozoic(?) subduc-
tion zone, causing high-pressure metamor phism (M 1: 8-12 kbar,
500° to 550°C) and isoclinal folding (Di) of the upper platein
response to northwest-southeast shortening; minimum thrust dis-
placement was 200 km. No record of this event has been identi-
fied radiometrically. The Early to Middle Devonian, probably
syntectonic, intrusion of the Esperanza granitoids was concomit-
ant with strong deformation of both plates of the Acatldn
Complex that caused retrograde metamor phism (M2) and isocli-
nal folding (D2); the deformation recor ds east-west shortening
and westwar d vergence (Table 8). Thisevent has been related to
Acadian orogenesisin eastern North America (Ortega-Gutierrez,
19814, b; Ruiz and others, 1988b; Yafiez and others, 1991). In

the early(?) Carboniferous, after latest Devonian deposition of the
Tecomate Formation but prior tointrusion by the 287-M a Totol-
tepec stock, the entire Acatlan Complex wasfolded, foliated, and
domed during east-west shortening (D3) and underwent coeval
high-temper ature metamor phism (M 3: 5-6 kbar, 700° to 750°C)
and a later retrogression (M4) to greenschist-facies assemblages.
Incompleteresetting of K-Ar and Rb-Sr systems by the Car bonif-
erous event may explain 350- to 320-Ma whole-rock and white
mica dates obtained from the Acatlain Complex (Table 8). Car-
bonifer ous metamor phism and intrusion of the Totoltepec stock
(Table 8) areattributed to collision of Gondwana and North
America (Yafiez and others, 1991).

Other Paleozoic rocks. Inthenorthern part of the Mixteco
tenane, the Acatlan Complexisoverlain unconformably by
Early Mississippian marine strata of the Patlanoaya Formation
and presumably by unmetamor phosed continental sandstone, silt-
stone, and conglomer ate of the Matzitizi For mation of Pennsyl-
vanian and probable Permian age; however, the contact between
the Acatlan Complex and the Matzitzi Formation isnot clearly
exposed (Silva-Pineda, 1970; Carrillo and Martinez, 1981; Vil-
lasefior and others, 1987; Weber and others, 1987). The Matzitizi
Formation isthe oldest unmetamor phosed stratigraphic unit that
physically overlapsthefault contact between the Mixteco and
Zapoteco terranes. Permian marine sedimentary rocksthat non-
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TABLE 8. MIXTECO TERRANE RADIOMETRIC DATA

Sample System Mineral* Date Referencest Comments
(Ma)
Lower plate PeUalcingo Subgroup
Magdalena migmatite, granite Sm-Nd wr 1,870-1,320 1 Model ages
Magdalena migmatite, paragneiss U-Pb zr 1,187 C52; 2 Discordia intercepts
356 C140
Magdalena migmatite, amphibolite Sm-Nd wr 760-670 1 Model ages
Magdalena migmatite Sm-Nd wr, gt 204 C 4 1
Magdalena migmatite Rb-Sr wr, b 163 C 2 1
Cosoltepec Formation Sm-Nd wr 1,650-1,430 1 Model ages
Quartzite U-Pb a 1,800, 360 3 Discordia; detrital zr
Chazumba Formation schist Sm-Nd wr 1,470-1,430 1 Model ages
Chazumba Formation schist Sm-Nd wr, gt 429 ¢ 50 1
"Schist" Rb-Sr wr 386 C 6 4 Isochron age
Chazumba Formation schist Sm-Nd wr, gt 349 ¢ 27 1
Muscovite schist K-Ar wm 346 C 28 5
Muscovite schist K-Ar wm 328 C 26 5
Upper plate Acateco Subgroup
Xayacatlan schist Sm-Nd wr 1,500-1,460 1 Model ages
Xayacatlan eclogite Sm-Nd wr 1,080-700 1 Model ages
Xayacatlan schist Sm-Nd wr, gt 416 C 12 1 3-sample “isochron”
Xayacatlan eclogite Sm-Nd wr, gt 388 C 44 1
Xayacatlan Formation Rb-Sr wr 386 C 6 1 5-pt isochron; source:
R. Armstrong
Xayacatlan eclogite Rb-Sr Wr, wm 332C 4 1
Xayacatlan schist Rb-Sr wr, wm 318C 4 1
Esperanza granitoids Sm-Nd wr 1,600-1,400 1 Model ages
Esperanza granitoids U-Pb a 1,140 C69; 2 Discordia intercepts
425 ¢ 13
Esperanza granitoids U-Pb a 1,116 C44; 1 Discordia intercepts
371 C 34
Esperanza granitoids Rb-Sr Id 448 C175 6
Esperanza granitoids Rb-Sr wr 428 C 24 7 Isochron age
Esperanza granitoids Sm-Nd wr 411 C123 1
Esperanza granitoids U-Pb a 1,180; 360 3 Discordiaintercepts
Esperanza granitoids Rb-Sr wr, wm 330C 5 1
Other rocks
Tecomate Formation Sm-Nd wr 1,710-1,410 1 Model ages
Totoltepec Stock: Sm-Nd wr 810-660 1 Model ages
Deformed trondjhemite U-Pb a 287C 2 1 Concordant age
Totoltepc Stock K-Ar wm 278 € 13 8
Pegmatite Rb-Sr wm, p 283 7
Cataclastic granite, southeastern KAr b 262 C 21 8
Mixteco terrane K-Ar b 241 C19 8
(Meta?)granitoids, southeastern K-Ar wm 259 C21 8
Mixteco terrane K-Ar h 251 C 6 8
San Miguel intrusives SM-Nd wr 660 1 Model ages
San Miguel intrusives Rb-Sr 207, 173 9
San Miguel intrusives Rb-Sr Wr, wm 175¢ 3 1
San Miguel intrusives Sm-Nd wr, gt 172¢ 1 1
Andesitic breccia 67C 3 10
Aplite pegmatite near Chatino boundary Rb-Sr wm 60C 1 11 Isochron age
Tierra Colorada pluton at Chatino boundary Rb-Sr wr 55C 1 12 8-pt isochron; °7Sr/°°Sr|: 0.7039
Tuff interbedded with clastic rocks K-Ar? 49¢ 8 13 Schlaepfer and Rincon-Orta,
unpublished data
Andesite K-Ar wr 29C 1 13
Silicic tuff K-Ar b 26C 1 13

*Mineral abbreviations: b = biotite; gt = garnet; h = hornblende; kf = potassium feldspar; p = plagioclase; wm = white mica; wr = whole rock;
zr = zircon.

ti = Yafiez and others, 1991; 2 = Robinson, 1991; 3 = Robinson and othes, 1989; 4 = de Csema and others, 1980; 5 = Lépez-Infanzén, 1986;
6 = Fries and Rinc6n-Orta, 1965; 7 = Halpern and others, 1974; 8 = Grajales and others, 1986; 9 = Ruiz-Castellanos, 1979; 10 = Chavez-
Quirante, 1982; 11 = Moran-Zenteno and others, 1990a; 12 = Morén-Zenteno and others, 1991; 13 = Ferrusqufa-Villafranca, 1976.
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conformably overlie the Acatlan Complex near Olinald contain
faunathat are provisionaly correlated with Permian rocksin the
Seri terrane near EI Antimonio, Sonora (Corona-Esquivel, 1981;
Enciso de laVega, 1988).

At the southeastern edge of the Mixteco terrane, deformed
and metamorphosed |ate Paleozoic marine clastic rocks, pe-
lagic rocks(?), mafic volcanic rocks(?), and granitoids (mapped as
Acatlan Complex on the H-3 Transect) are wedged between the
Zapoteco terrane and the Chatino terrane (Grajales-Nishimura,
1988). These rocks may be alate Paleozoic forearc and arc
assemblage that accumulated outboard of the Totoltepec stock
and other Permian magmatic rocks in southeastern Mexico, or a
distinct terrane that was accreted to the Mixteco terrane prior to
the accretion of the Chatino terrane. We provisionaly call these
oceanic rocks the Juchatengo subterrane of the Mixteco terrane.

Mesozoic and Cenozoic rocks. Granite in the Magdalena
migmatite and silicic dikes of the San Miguel intrusive suite have
yielded latest Triassic to Middle Jurassic ages (Table 8). The
Acatlan Complex and overlying Paleozoic strata are overlain by
Mesozoic epicontinental stratathat are very similar to those in the
adjacent Zapoteco terrane. Near Olinala, Triassic(?) ignimbrite
unconformably overlies Upper Permian strata and the Acatlin
Complex (Fig. 12) (Corona-Esquivel, 1981). Jurassic stratain-
clude Toarcian(?) nonmarine sandstone, carbonaceous shale, and
coal (Salvador, 1987); Aaenian-Bgjocian quartz-cobble con-
glomerate that contains fragments of the Triassic(?) ignimbrite
(Corona-Esquivel, 1981); and Bajocian-Callovian marine and
nonmarine clastic rocks, coal, and carbonates whose faunatie the
Mixteco terrane to the Pacific margin near the Central Andes and
to the western end of a seaway between North Americaand
South America (Imlay, 1980; Westermann and others, 1984).
Other Mesozoic strata include Callovian-Oxfordian carbonates
and shale, Kimmeridgian-Tithonian marine clastic rocks, Neo-
comian carbonates and marine clastic rocks that contain reptilian
fossils with affinities to Tethyan forms in Europe and South
America, Neocomian-Aptian red beds, and Albian-Maastrichtian
basinal carbonates that are partly coeval with the Morelos-
Guerrero platform in the adjacent Nahuatl terrane (Ferrusquia-
Villafranca, 1976; Salvador, 1987; Ferrusquia-Villafranca and
Comas-Rodriguez, 1988). Campanian-Maastrichtian conglomer-
ate and sandstone derived from the Juchatengo subterrane were
deposited on that subterrane as well as on the Zapoteco terrane
(Carfantan, 1986; F. Ortega-Gutiérrez, unpublished data).

Latest Cretaceous to Eocene Laramide orogenesis caused
north-south—trending foldsin Cretaceous and older rocks, serpen-
tinization and plastic deformation of deep-level harzburgite, and
the diapiric emplacement of the serpentinite into the upper part of
the Acatlin Complex along reverse faults (Carballido-Sanchez
and Delgado-Argote, 1989). Cretaceous and older rocks subse-
quently were overlain unconformably by Paleogene(?) conglom-
erate, sandstone, and shale that were derived from the Oaxacan
Complex (Zapoteco terrane) and an unidentified subordinate
volcanic source, and minor interbedded tuff (Table 8) (Ferrus-
quia-Villafranca, 1976). Along the southern margin of the ter-

rane, the 60- to 55-Ma Tierra Colorada pluton (Table 8) intrudes
not only Cretaceous limestones of the Nahuat! terrane, but also my-
lonites along the fault boundary with the Chatino terrane (p. 73).
Other Cenozoic rocks include Oligocene(?) silicic ignimbrite, vol-
caniclastic rocks, andesitic lavas, and andesitic hypabyssal rocks
(Table 8), and Miocene-Pliocene(?) lake deposits (Ferrusquia-
Villafranca, 1976; Ortega-Gutiérrez and others, 1990).

Geophysical data. Paleomagnetic studies indicate that Al-
bian and younger rocks have undergone little or no displacement
of the Mixteco terrane with respect to stable North America
(Moran-Zentenc and others, 1988). However, anomalous direc-
tions from Bathonian to Oxfordian rocks and from the Permian
strata near Olinal imply counterclockwise rotation and 15° + 8°
of southward trandation of the Mixteco terrane with respect to
stable North America between Oxfordian to Albian time, about
160 to 110 Ma (Urrutia-Fucugauchi and others, 1987; Ortega-
Guerrero and Urrutia-Fucugauchi, 1989). These results supersede
an earlier estimate of 25° to 30° of southward translation
(Morin-Zentenc and others, 1988).

Nahuad terrane

The Nahuatl terrane consists of weakly to strongly deformed
and metamorphosed sedimentary and magmatic rocks of Jurassic
to Cretaceous age, as well as structurally lower and probably
older strongly deformed metamorphic rocks in the eastern part of
the terrane (Fig. 13). These rocks are intruded by numerous
mid-Cretaceous and Tertiary plutons and overlain unconform-
ably by Tertiary volcanic rocks. The Nahuatl terrane corresponds
to the southern part of the Guerrero terrane of Campa-Uranga
and Coney (1983) and Coney and Campa-Uranga (1987), and
encompasses terrane and subterrane names proposed by other
workers, as outlined below.

Many rock unit and terrane names have been published or
proposed for rocks within the confines of the Nahuatl terrane, but
data and observations are sparse and partly contradictory. In
order to clarify matters for those who are familiar with these
earlier works, the following paragraphs specify the components of
the Nahuat| terrane in terms of the previously published nomen-
clature. The internal structure of the Nahuatl terrane is greatly
simplified in Figure 13; many features and structures discussed
below are not depicted because their regional geologic and tec-
tonic relations are enigmatic.

Tierra Caliente Complex (TCC). The lower structural
level of the Nahuatl terrane crops out in severa regionsin the
eastern part of the terrane (Guerrero and Mexico states).
Prehnite-pumpellyite—, greenschist-, and lower amphibolite—facies
metasedi mentary and metavol canic rocks that are known by
many local names were informally named the Tierra Caliente
Complex (TCC) by Ortega-Gutierrez (1981a), who tentatively
interpreted them as amagmatic arc/marginal basin assemblage.
The TCC includes the Taxco Schist, Ayotusco Formation, and
Taxco Vigjo Greenstone in northern Guerrero, southern Mexico
state, and perhaps northeastern Michoacén; the I xcuinatoyac and
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Figure 13. Schematic east-west structure section of Nahuad terrane. Effects of mid-Cretaceous thrusting
and Laramide deformation in Upper Mesozoic Assemblage (UMA) have been omitted. Deformation in
Tierra Caliente Complex (TCC) is simplified; see text for discussion.

Chapolapa Formationsin southern Guerrero; and metavolcanic
and metasedimentary rocks in southwestern Guerrero. These
rocks are not known in the western part of the terrane (Fig. 13).
The Taxco Schist, Ayotusco Formation, and Taxco Viejo
Greenstone crop out over alarge area near Arcelia and Taxco,
northernmost Guerrero and Ixtapan dela Sal (Fig. 2) and Teju-
pilco, southern Mexico state; isolated exposures of similar rocks
in the |ate Cenozoic Trans-Mexican Volcanic Belt in northeastern
Michoacdn may be correlative. The Taxco Schist (Esquisto
Taxco) consists of strongly foliated, greenschist-facies metapelite,
quartzite and slate, and metavol canic rocks of silicic to mafic
composition (Fries, 1960; Diaz-Garcia, 1980; de Csernaand
Fries, 1981; de Cserna, 1982; Elias-Herrera, 1987, 1989). Near
Tejupilco, about 50 km west of Ixtapan de la Sal, Taxco Schist
includes phyllite and schist derived from mafic to silicic volcanic
and pyroclastic rocks, carbonaceous pelite, flysch, and limestone
(Elias-Herrera, 1987, 1989; Tolson, 1990). The metasedimentary
and metavol canic rocks have a structural thickness of about 2
km, and have been subjected to at least four phases of metamor-
phism (M; to M4) and two episodes of penetrative deformation
(D1, D2). M1 and M2 were coeva with D1 and D2, respectively,
and attained greenschist-facies conditions (Elias-Herrera, 1987,
1989). M3 was characterized by low-pressure, high-temperature
lower amphibolite-facies metamorphism with geothermal gra-
dients of 70° to 90°C/km, suggesting magmatic arc conditions
(Elias-Herrera, 1989). M4 was a very low grade retrogressive
overprint coeval with kilometer-scale open folding. Structural
basement does not crop out beneath the schist and phyllite but
may be represented by nearby mylonitic, amphibolite-facies,
adamellitic orthogneiss of continental or perhaps transitional
crustal affinity (two-mica granites, pelitic xenoliths) (Elias-

Herrera, 1989). Dating of protoliths and metamorphic events has
been frustrated by the complex thermal history; although dates as
old as late Precambrian have been reported (Table 9), unpub-
lished Rb-Sr studies imply that the orthogneiss protolith islate
Paleozoic (R. L. Armstrong, in de Cserna, 1982) or Permo-
Triassic (P. E. Damon, in Elias-Herrera, 1989). The structural
and metamorphic history of the orthogneissis similar to that of
the schist and phyllite, and supports the interpretation that the
sedimentary and volcanic protoliths were deposited in a continen-
tal arc environment (Elias-Herrera, 1989). However, contact
relations are equivocal; a possible alternate interpretation is that
the orthogneiss was faulted against the schist-phyllite unit after
the two units had developed similar structural and metamorphic
histories. According to the latter alternative, the schist-phyllite
sequence may have been deposited within an island arc, rather
than a continental arc.

The Taxco Schist is discordantly overlain aong an unexposed
contact by the Ayotusco Formation, which consists of strongly foli-
ated, greenschist-facies carbonaceous slate, quartzite, and marble
(Diaz-Garcia, 1980). Protolith and metamorphic ages are
unknown. The Ayotusco Formation probably has been mapped
as Taxco Schist in many areas (de Cserna and Fries, 1981).

The Taxco Schist and Ayotusco Formation are discordantly
overlain along unexposed contacts by the Taxco Vigjo Green-
stone (Roca Verde Taxco Vigjo), which consists of weakly fo-
liated, greenschist-facies lava, tuff, and lahar of andesitic to
basaltic-andesitic composition (Fries, 1960; Diaz-Garcia, 1980).
Metamorphic minerals such as pumpellyite, phengite, piedmon-
tite, and stilpnomelane(?) may indicate moderately high P/'T
conditions (Diaz-Garcia, 1980; Ortega-Gutiérrez, 1981a). Direct
fossil and radiometric age control are lacking, but based on its
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Sample System Mineral* Date Referencest Comments
(Ma)
Tierra Caliente Complex
Metarhyolite Pb-a zr 1,020 G100 1
Gabbro, monzonite Rb-Sr wr 311 G8O 2 Minimum age: ~ Sr/%8Sr: 0.7037
Andesite, schist from Taxco Viejo Green- K-Ar wr 1250 5 3 Age of hydrothermal alteration?
stone, southern Mexico state K-Ar wr 1080 5 3
"Upper Mesozoic Assemblage"
Low-grade fuchsite schist Rb-Sr wm 149 064 4
southwestern Mexico state K-Ar wm 810 5 4
Quartz porphyry, southwestern Jalisco K-Ar p 1140 2 5
Mafic dike, south-central Guerrero ““ArPOAr h 1120 3 6 Plateau age
Welded tuff, southwestern Jalisco K-Ar kf, b 92 O2 5
Welded tuff, southwestern Jalisco K-Ar K, b 880 2 5
Welded tuff, southwestern Jalisco K-Ar kf, b 810 4 5
Welded tuff, southwestern Jalisco K-Ar kf, b 710 1 5
Silicic to intermediate volcanic rocks, W Guerrero  Rb-Sr wr 69 O7 7 6-pt. isochron
Rhyolite, Nayarit K-Ar p 54 O2 5
Intrusive rocks
Mafic and ultramafic rocks, ““Arl Ar h 1140 3 6 Plateau age
San Pedro Limon, ““Arf"Ar h 1050 1 6 Plateau age
southwestern Mexico state; ““Arf " Ar h 1020 7 6 Plateau age
intrusive into Upper Mesozoic Assemblage ~ “"Ar/P®Ar h 1000 3 6 Integrated age
Puerto Vallarta Batholith Rb-Sr wr 105 8 Emplacement age
Puerto Vallarta Batholith K-Ar h 910 2 5 Cooling age
Puerto Vallarta Batholith Rb-Sr h 86 O2 8 Cooling age
Puerto Vallarta Batholith Rb-Sr b 83 O3 8 Cooling age
Puerto Vallarta Batholith K-Ar h,b 82-80 5 Cooling ages, 6 samples
Gabbro pegmatite, Nayarit K-Ar h 98 O3 5
Gmnitoids, Nayarit and southwestern Jalisco  K-Ar h,b,p 71-45 5 8 samples
Granite, southern Jalisco Rb-Sr wr 690 1 8
Quartz monzonite, western Guerrero K-Ar wm 630 1 9 “"Stf ®Sr: 0.7041
Gmnitoids, south-central Michoacan K-Ar b 57-44 10 5 samples
Tonalite, south-central Michoacén Rb-Sr wr 5605 11
Granite, south-central Michoacén K-Ar b 550 4 10
43 O5 10
Quartz monzonite, central Jalisco K-Ar wr 540 5 12
Gabbro, southeastern Jalisco 530 1 11
Mineralized (Cu) breccia pipes, central K-Ar h, p, wm, b 36-31 9 6 samples; ~ Se/* Sr: 0.7039-0.7055
Michoacdn (four samples)
Granitoids near Petatlan, Guerrero Rb-Sr wr 330 3 13 3-ptisochron
Diorite, Nayarit K-Ar h 270 3 5
Post-Laramide volcanic rocks
Basalt, Balsas Group K-Ar 420 1 14
Rhyolite near Taxco K-Ar wr, kf 36 02 14
Ignimbrite near Morelia K-Ar kf 3302 15
Rhyolite near Morelia K-Ar kf 230 1 15
Ignimbrite near Morelia K-Ar kf 22,21 15
p 180 1 15
Basalt near Morelia K-Ar wr 200 1 15
Rhyolite conglomerate K-Ar P 180 1 16
Andesite near Morelia K-Ar wr, p, b 18-8 15 6 samples
Gabbro K-Ar p 130 2 16
Basalt dike K-Ar p 130 1 16
Welded tuff K-Ar kf 110 1 16
Basalts K-Ar p 10-8 16 3 samples

*Mineral abbreviations: b = biotite; h =hornblende; kf = potassium feldspar; p = plagioclase; wm = white mica; wr = whole rock; zr =zircon.
t1 = de Csema and others, 1974b; 2 = de Csema and others, 1978; 3 = Urrutia-Fucugauchi and Linares, 1981; 4 = Fries and Rinc6n-Orta,
1965; 5 = Gastil and others, 1978; 6 = Delgada-Argote and others, 1992b; 7 = Gonzalez and others, 1989; 8 = K&hler and others, 1992; 9 =
Damon and others, 1983; 10 = Gmjales-Nishimura and Lépez-Infanzdn, 1983; 11 = Pantoja-Alor, 1988; 12 = Gonzalez and Martinez, 1989;
13 = Gonzalez-Partida and others, 1989; 14 = de Csema and Fries, 1981; 15 = Pasquaré and others, 1991; 16 = Gastil and others, 1979.
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presumed youth with respect to the underlying Taxco Schist and
Ayotusco Formation and the unconformable overlap by Titho-
nian and younger strata of the Upper Mesozoic Assemblage (see
section below), the Taxco Viegjo Greenstone has been assigned a
provisional Late Triassic to Early Jurassic age (Diaz-Garcia,
1980; de Cserna and Fries, 1981; de Cserna, 1982). The Taxco
Vigjo Greenstone differs from the underlying Taxco Schist and
Ayotusco Formation by its weaker deformation and its marked
hydrothermal alteration, implying that it may have evolved inde-
pendently of the latter units until its juxtaposition with them (i.e.,
Taxco Viejo Greenstone as an allochthonous thrust sheet) prior to
Tithonian overlap (de Cserna and Fries, 1981; de Cserna, 1982).
Early Cretaceous dates from the Taxco Viejo Greenstone (Table
9) are inferred to correspond to the age of hydrothermal altera-
tion (Campa-Uranga and others, 1974; Urrutia-Fucugauchi and
Linares, 1981), but the presence of Taxco Vigjo Greenstone clasts
in overlying Tithonian-Neocomian strata (see below) implies an
earlier age for the ateration.

We note here that an alternate interpretation of the stratig-
raphy of the Taxco-Tejupilco region has been proposed (Campa-
Uranga and others, 1974; Campa-Uranga, 1978). In thisinterpre-
tation, the protoliths of TCC as described above are not Paleozoic
but rather are correlative or at least coeval with Late Jurassic to
Early Cretaceous rocks that we assign to the Upper Mesozoic As-
semblage (see below). These rocks were assigned to the Teloloa-
pan-Ixtapan subterrane of the Guerrero terrane (Campa-Uranga
and Coney, 1983; Coney and Campa-Uranga, 1987).

About 20 km southwest of Chilpancingo, southern Guerrero
(Fig. 2), the TCC prabably includes two greenschist-facies se-
quences of metavol canic and metasedimentary rocks that may be
separated by an unconformity (de Cserna, 1965; Klesse, 1968).
The Ixcuinatoyac Formation consists of deformed quartzite, phyl-
lite, metabasite, sedimentary sulfides, conglomerate, and serpen-
tinite of unknown age that were deformed prior to intrusion of
granitoids of unknown age. The unconformably overlying Cha-
polapa Formation consists of silicic to intermediate metavolcanic
rocks and metaclastic rocks including conglomerate, sandstone,
and phyllite of unknown age.

In the vicinity of Petatlan (Fig. 2), Zihuatanejo, and Puerto
Escondido in southwestern Guerrero, near the western boundary
of the Chatino terrane, the TCC consists of greenschist-facies
metavol canic and metasedimentary rocks that were derived from
marine volcanic and volcaniclastic rocks, carbonaceous shale,
and intercalated volcanic and sedimentary rocks and were de-
formed by northeast-vergent folds and thrusts prior to intrusion
by gabbro and monzonite of possible late Paleozoic age (Table 9)
(de Cserna and others, 1978; Delgado-Argote and others, 1986).
These metamorphic rocks are overlain unconformably by
younger rocks of the Nahuat! terrane (see below) along a contact
locally marked by serpentinite.

In northeastern Michoacan in the Morelia-Zitdcuaro area,
the TCC may include a 1,500-m-thick sequence of rhythmically
interbedded sandstone, siltstone, and shale affected by low-grade
metamorphism (Pasquare and others, 1991). Fossil plants indi-

cate aMiddle Jurassic age for part of the sequence (A. Islas and
others, unpublished data, 1989; Pasquaré and others, 1991).

In summary, the name Tierra Caliente Complex refersto
metabasites, metaandesites, and metasedimentary rocksin the
structurally lower part of the eastern Nahuat! terrane. Protoliths of
at least some of these rocks probably are of Paleozoic age. The na
ture of protoliths and metamorphism in the TCC may indicate the
juxtaposition of arc (andesites; high-temperature metamorphism)
and basinal (metabasites, flysch; low-grade metamorphism) as-
semblages, although other interpretations certainly are possible
given the limited data base (Ortega-Gutierrez, 1981). Many as-
pects of the complex structural and metamorphic history still are
unresolved, but shallowly dipping to subhorizontal foliation, axial
surfaces, and thrust faults probably record tectonic transport to the
northeast (Ortega-Gutierrez, 1981a; Robinson, 1990).

Upper Mesozoic Assemblage. The structurally higher unit
of the Nahuatl terrane consists of generally strongly deformed but
weakly metamorphosed Jurassic(?) to Cretaceous(?) sedimentary
and volcanic strata, and overlying weakly deformed and meta-
morphosed late Early and L ate Cretaceous carbonates and
clastic strata. These rocks crop out throughout both the eastern
and western parts of the Nahuat! terrane. First, we discuss out-
crops of the Upper Mesozoic Assemblage in the eastern part of
the terrane.

In western Morel os, northernmost Guerrero, and southern
Mexico state, the Upper Mesozoic Assemblage overlies the Taxco
Schist and other rocks of the TCC along a contact that has been
interpreted as aregionally extensive unconformity (Diaz-Garcia,
1980) and, at least locally, as afault (Tolson, 1990). The Titho-
nian (latest Jurassic) to Neocomian(?) Acuitlapin Formation con-
sists of dlightly to strongly deformed, low-grade metamorphic
rocks derived from siliciclastic sedimentary rocks, limestone, and
andesitic flows, tuff, and agglomerate (Fries, 1960; Campa-
Uranga and others, 1974; de Cserna and Fries, 1981; de Cserna,
1982). Conglomerate contains hydrothermally altered clasts de-
rived from the underlying Taxco Viejo Greenstone. In western
Morelos and northern Guerrero, the Acuitlapin Formation is
overlain with possible unconformity by Albian-Cenomanian plat-
form carbonates and Turonian-Coniacian limestone grading to
flysch (the Morelos-Guerrero platform and cover, including the
Morelos Formation). In southern Mexico state, the Acuitlapan
Formation is overlain by Albian-Cenomanian basinal carbonates
and Cenomanian-Coniacian andesitic to basaltic-andesitic lavas
and pyroclastic rocks, associated mafic to ultramafic intrusives,
flysch, and minor limestone (Fries, 1960; de Cserna and Fries,
1981; de Cserna, 1982; Delgado-Argote and others, 1992a). The
post-Acuitlapan strata have been correlated with coeval platform
and basinal carbonates throughout central and eastern Mexico and
with similar stratain the western Nahuat! terrane (see below).

Calcite c-axis fabricsin marbles of the Acuitlapin Forma-
tion indicate top-to-the-east tectonic transport; less deformed
Albian-Turonian limestones lack crystallographic preferred orien-
tation (Tolson, 1990). These observations imply a mid-
Cretaceous episode of east-vergent thrusting. Both units under-
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went younger east-west to northeast-southwest shortening gener-
aly associated with the Laramide orogeny (Fries, 1960;
Campa-Uranga, 1978; de Cserna and Fries, 1981; de Cserna,
1982). The age of Laramide deformation is bracketed by de-
formed Coniacian strata and postkinematic nonmarine volcanic
and clastic rocks (Balsas Group) that are as young as late
Eocene and as old as Maastrichtian (Table 9) (de Cserna, 1982).
Some thrusts locally cut basement rocks of the TCC, but most are
inferred to merge into a décollement near the base of the Upper
Mesozoic Assemblage (de Cserna, 1982).

Near Petatlin, southern Guerrero (Fig. 2), the Upper Meso-
zoic Assemblage includes very weakly metamorphosed and
deformed marine shale, sandstone, and limestone of possible
Mesozoic age (de Cserna and others, 1978) and mid-Cretaceous
volcanic and volcaniclastic rocks that may be cogenetic with
adjacent plutonic rocks (Delgado-Argote and others, 1986). The
volcanogenic rocks are weakly deformed, implying either that
they were erupted after Laramide orogenesis, or that they are part
of an arc terrane that collided with the southern Nahuatt terrane
during Laramide orogenesis (Urrutia-Fucugauchi and Valencio,
1986). The volcanogenic rocks and associated mafic and ultra-
mafic rocks were termed the Papanoa terrane by Coney and
Campa-Uranga (1987), but recent remapping and geochrono-
logic work by Delgado-Argote and others (1986, 1990, 1992b)
indicate that the magmatic rocks are of Cretaceous age. It seems
advisable to discontinue use of the term Papanoa terrane.

In the western part of the Nahuat! terrane (states of Michoa
can, Colima, Jalisco, Nayarit), the Upper Mesozoic Assemblage
includes Mesozoic volcanic and sedimentary rocks that have been
assigned to a bewildering array of terranes and subterranes by
different workers. (1) The Huetamo subterrane of the Guerrero
terrane in Michoacin (Campa-Uranga and Coney, 1983; Coney
and Campa-Uranga, 1987) consists of Late Jurassic marine
volcaniclastic rocks overlain by Neocomian siliciclastic strata and
tuff and Albian and Late Cretaceous siliciclastic strata and plat-
form carbonates (Campa-Uranga, 1978). (2) Deformed but
weakly metamorphosed andesitic flows, breccias and tuffs, and
interbedded Albian limestone and siliciclastic stratain Michoacan
and Colima have been called the Zihuatanejo subterrane of the
Guerrero terrane (Campa-Uranga and Coney, 1983; Coney and
Campa-Uranga, 1987) and the Colimaterrane (Campa-Uranga,
19853). (3) The Arteagaterrane in southeastern Michoacin
(Coney and Campa-Uranga, 1987) reportedly consists of
metamorphosed Middle to Late Triassic volcaniclastic rocks
structurally juxtaposed with Paleozoic schists. Detrital zircons
were derived from Grenville and early Paleozoic sources
(K. Robinson, personal communication, 1991). (4) The Tumbis-
catio terrane in southeastern Michoacan (Campa-Uranga, 1985a)
geographically coincides with the Arteagaterrane but is said to
consist of chert and metabasite that is at least partly Triassic.
Gastil and others (1978) recognized (5) an unnamed seguence of
interbedded graywacke and andesite of uncertain but possible
Late Jurassic age in southern Nayarit and western Jalisco, and
(6) an unnamed sequence of interbedded andesite, marble, and

metasandstone of uncertain but possible Early Cretaceous agein
southern Nayarit, Jalisco, and Colima. (7) In southern Colima,
weakly deformed late Aptian—Albian deep-water to platformal
limestone (Michaud and others, 1989) may be correlative with
more deformed rocksin (1), (2), and (3) and with the Morelos
Formation in the eastern part of the Nahuatl terrane. (8) In
southeastern Jalisco, late Aptian andesitic conglomerate, lime-
stone, and sandstone and early Albian rhyolitic to dacitic
volcanogenic rocks, limestone, and sandstone (Pantoja-Alor,
1983; Pantoja-Alor and Estrada-Barraza, 1986) probably corre-
spond to (6). (9) In Colima, Smith and others (1989) recognized
Neocomian to Turonian(?) deposition, Turonian(?) uplift, and
later strike-slip disruption of rocks that also probably correspond
to (6). (10) In northeastern Michoacan in the Morelia-Zitacuaro
region, Upper Mesozoic Assemblage rocksinclude Late Juras-
sic to Neocomian low-grade schist, pillow lavas, and metatuff
overlain transitionally by unmetamorphosed Hauterivian to Al-
bian volcaniclastic and terrigenous sedimentary rocks with inter-
caated bioclastic limestone (1. Israde and L. Martinez, unpub-
lished data, 1986).

Based on the broad similarity of lithotype and, where
known, depositional age, we provisionally assign the above rocks
to aLate Jurassic—Early Cretaceous volcanic and sedimen-
tary assemblage that we correlate with the Upper Mesozoic As-
semblage in the eastern part of the Nahuat! terrane (Fig. 13).
Weakly to moderately deformed Cretaceous limestone observed
throughout the Nahuat! terrane probably was laterally continuous
with the platform succession in eastern Mexico. Triassic(?) rocks
of the so-called Tumbiscatio terrane (4) may represent older,
deeper parts of the terrane, a megablock within the terrane, or a
distinct terrane of enigmatic origin. The definition of the Arteaga
terrane (3) apparently is obsolete and we suggest that the name be
abandoned.

Post-Laramidestrata. The oldest post-Laramide rocksin
the Nahuatl terrane are Maastrichtian to Eocene nonmarine
coarse elastic rocks and intercalated rhyolite, andesite, and rarer
basalt in the eastern part of the terrane known as the Balsas
Group. Widespread Eocene to Oligocene rhyolitic to dacitic py-
roclastic rocks (Table 9) may be correlative with Tertiary vol-
canic rocks of the Sierra Madre Occidental. Late Oligocene to
late Miocene flows, marine volcaniclastic rocks, and less
abundant intrusives of andesitic and subordinate mafic and silicic
composition (Table 9) probably formed in an arc above the
subducting Farallon (Cocos) plate (Edwards, 1955; Fries, 1960;
Gastil and others, 1979; de Cserna and Fries, 1981; de Cserna,
1982). In Late Neogene to Quaternary time, voluminous calc-
alkalic volcanic rocks were erupted in the Trans-Mexican Vol-
canic Belt on the northern margin of the terrane (Nixon, 1982;
Nelson and Livieres, 1986; Nixon and others, 1987; Pasquaré and
others, 1991). Starting about 4.5 to 4.0 Ma, alkalic and calc-
alkalic volcanic rocks were erupted in the Colima and Zacoal co
grabens in the western part of the terrane (Allan, 1986). Calc-
alkalic rocks were derived from partial melting of heterogeneous
mantle above the subducting Cocos and Rivera plates. Source
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magmeas of alkalic rocks in the Colima graben included alarge
component of incompatible element-rich lherzolite dikes and
metasomatic veins (Luhr and others, 1989), whereas alkalic and
peralkalic magmas in the Zacoal co graben were derived from a
source typical of an oceanic island (Verma and Nelson, 1989).

I ntrusive rocks. Granitoids crop out in about one-third of
the terrane, with a rough west to east decrease in crystallization
age from mainly mid-Cretaceous in southern Nayarit, Jalisco,
Colima, and western Michoacén to mainly Tertiary in eastern
Michoacén and Guerrero (Fig. 13, Table 9) (Damon and Coney,
1983; Béhnel and others, 1989; Guerrero-Garcia, 1989). Pub-
lished geochronologic data are not available for many plutonic
rocks in eastern Jalisco, Colima, Michoacan, and western Guer-
rero, but country rocks of these intrusions are mainly of Creta-
ceous and Paleogene age. Preliminary Nd isotopic datafrom
plutons in the northwestern part of the terrane imply partial
derivation from a Proterozoic(?) source and variable degrees of
crustal contamination, whereas plutons in the eastern part of the
terrane yield middle to late Paleozoic Nd model ages and show
no evidence for crustal contamination (Schaaf and others, 1991).

Regional structural and geophysical data. The lateral
continuity of late Early and Late Cretaceous clastic and
carbonate strata indicate that the Nahuatl terrane was amalga-
mated and accreted to Mexico prior to Late Cretaceous-Paleo-
gene Laramide orogenesis that produced northeast-vergent folds
and basement-involved thrusts (Johnson and others, 1990). Out-
liers of Jurassic-Cretaceous arc rocks within the Cretaceous car-
bonate platform of the Upper Mesozoic Assemblage are probably
klippe stranded by northeast-vergent Laramide thrusting
(Campa-Uranga, 1978). Early Miocene shortening isindicated by
alarge, open, asymmetric anticline in northeastern Michoacan
that dips steeply west (Pasquare and others, 1991).

Pal eomagnetic data from volcanic rocks, sedimentary rocks,
and granitoids imply negligible latitudinal displacement and
minor local clockwise or counterclockwise rotation of the Na-
huatl terrane since Early Cretaceous time (Béhnel and others,
1989). In the northwestern part of the terrane, post-Oligocene
normal faults that strike northwest, east-west, and northeast are
interpreted as products of north-south tension related to subduc-
tion of the Cocos plate to the south (de Csernaand Fries, 1981,
de Cserna, 1982). In the same area, left-dlip and rarer right-slip
faults that strike north-south to north-northwest-south-southeast
areinferred to be aresult of Neogene transpression (Delgado-
Argote and others, 19923).

North America terrane

Proterozoic crystalline rocks of North American continental
crust crop out locally in northern Sonora and Chihuahua and
probably underlie the entire region. Paleozoic carbonate and si-
liciclastic rocks were deposited in shallow water on a south-facing
shelf until the late Paleozoic, when foundering of the southern
shelf edge resulted in the deposition of basinal flysch and pelagic

rocks. Precambrian basement and |ate Paleozoic flysch were de-
formed and interleaved in the Permian(?), coeval with but per-
haps unrelated to Ouachitan orogenesis. This region apparently
was emergent during the Triassic and part of the Jurassic. The
western part of the terrane hosted a Jurassic volcanic arc that
continued northwest into southern Arizona and California, and
also was the site of Early Cretaceous magmatism. The eastern
part of the terrane accumulated L ate Jurassic to Cretaceous
carbonate, siliciclastic rocks, and evaporites in the Chihuahua
Trough and fault-bounded Bisbee basin.

Precambrian basement rocks. In northern Sonora, North
American continental basement consists of 1,700- to 1,660-Ma
"eugeosynclina" rocks that were deformed and metamorphosed
to greenschist facies about 1,650 Ma (Fig. 14; Table 10); these
rocks probably are correlative with the Pinal Schist in southern
Arizona (Anderson and Silver, 1977b, 1981). These metamor-
phic rocks are intruded by undeformed, volumetrically abundant
1,460- to 1,410-Ma anorogenic granitoids that probably are part
of asuite of similar rocksin the western and midcontinental
United States (Anderson, 1983), and by much rarer 1,100-Ma
anorogenic granites (Anderson and Silver, 1977a, b, 1981;
Rodriguez-Castafieda, 1988).

In Chihuahua, known Precambrian basement includes gran-
ite gneiss encountered at depths of 4 to 5 km in two PEMEX
wells; two small outcrops of fault-bounded metaplutonic rocks
intruded by amphibolite dikes and pegmatites within Permian
flysch in the Sierra del Cuervo, about 15 km north-northwest of
Aldama; and small fault-bounded outcrops of undated amphibo-
lite gneiss near Rancho El Carrizalillo, about 80 km east of Sierra
del Cuervo (Thompson and others, 1978; Mauger and others,
1983; Quintero-Legorreta and Guerrero, 1985; Handschy and
Dyer, 1987; Blount and others, 1988). Radiometric dates (Table
10) are similar to those of Grenville rocksin western and central
Texas (Copeland and Bowring, 1988; Walker, 1992). Late Pa-
leozoic and Triassic cooling ages probably indicate aregional
low-grade thermal event in late Pal eozoic time, perhaps asso-
ciated with Ouachitan orogenesis (Denison and others, 1971,
Mauger and others, 1983). Grenville rocks probably underlie
much of northern and eastern Chihuahua (Fig. 14), asindicated
by Sm-Nd and U-Pb studies of xenoliths (Table 10) (Ruiz and
others, 1988b; Rudnick and Cameron, 1991). Thus, the Protero-
zoic southern margin of cratonal North America probably extend-
ed southwest from Texas into northern Chihuahua. The location
and nature of the contact between the Grenville rocks of Chihua
hua and the older crust of Sonora are not known (Fig. 14).

Paleozoic rocks. Scattered outcrops of Paleozoic stratain
Chihuahua and northeastern Sonora are correlative with stratain
adjacent Arizonaand New Mexico, and record deposition along
the southern margin of North America (Fig. 14). Similar rocks
have been penetrated by numerous wells in northern Chihuahua
(Thompson and others, 1978; Lopez-Ramos, 1985, p. 156-159).

Ordovician to Permian carbonate, shale, and sandstonein
north-central Chihuahua and northeastern Sonora were deposited
in shallow-water shelf and platform environmentsin and on the
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margins of the Pedregosa basin, which probably trended north-
west from central Chihuahuainto southern New Mexico and
southeastern Arizona (Taliaferro, 1933; Imlay, 1939; Ramirez-
M. and Acevedo-C., 1957; Bridges, 1964a; Diaz and Navarro-G.,
1964; Navarro-G. and Tovar-R., 1974; King, 1975; Greenwood
and others, 1977; Dyer, 1986; Gonzilez-Leén, 1986; Armin,
1987; Pubellier and Rangin, 1987). During latest Pennsylva
nian(?) and Early Permian time, the southern part of the
Pedregosa basin in central Chihuahua subsided rapidly, as indi-
cated by the deposition of thick basinal flysch and pelagic rocks;
minor tuff and conglomerate composed exclusively of rhyalite
clastsmay indicate proximity to acryptic Early Permian volcanic
arc (de Cserna and others, 1968; Méellor and Breyer, 1981;
Torres-Roldan and Wilson, 1986; Handschy and Dyer, 1987;
Handschy and others, 1987). In the Sierradel Cuervo in central
Chihuahua, |ate Paleozoic flysch was overridden in mid-Permian
to Jurassic time by crystalline rocks of Grenville age along east-
verging thrust faults (Fig. 14) (Handschy and Dyer, 1987;
Handschy and others, 1987). A significant unconformity isin-
ferred above the Precambrian and Paleozoic rocks because Trias-
sic to Middle Jurassic strata are absent (Fig. 14). Latest Paleozoic
K-Ar cooling ages reported from Precambrian granite and peg-
matite in the Sierradel Cuervo region (Table 10) may reflect
tectonism of this age.

Zircons collected from an orthogneiss xenolith in eastern
Chihuahuaindicate crystallization at 350 to 320 Ma followed by
granulite metamorphism either shortly thereafter or at 190 Ma

(Rudnick and Cameron, 1991). Carboniferous and Permian zir-
cons are absent from five xenoliths in this region, indicating that
Ouachitan orogenesis had no effect on the lower crust in eastern
Chihuahua, presumably because the thermal high wasin the
Ouachitainterior zone to the east.

Mesozoic and Cenozoic rocks. In northern Sonora, crys-
talline Precambrian basement is overlain by Jurassic intermediate
to silicic volcanic and hypabyssal rocks and sedimentary rocks
(e.g., Fresnal Canyon sequence, Artesa sequence of Tosdal and
others, 1990a; unnamed Jurassic volcanic rocks of Rodriguez-
Castafieda, 1988) and intruded by Jurassic granitoids (Ko Vaya
superunit of Tosdal and others, 1990a) (Table 10). Inthe
Cucurpe-Tuape region in northeastern Sonora, Oxfordian (early
Late Jurassic) volcaniclastic rocks, tuff, andesite, and shale
grade upward into clastic rocks and limestone of uncertain
but presumed Late Jurassic age (Rangin, 1978; Rodriguez-
Castafieda, 1988). These Jurassic volcanic, plutonic, and volcani-
clastic rocks are interpreted to have formed in a northwest-
trending arc in southwestern North Americathat, in northwestern
Mexico, was the locus of Late Jurassic sinistral displacement on
the Mojave-Sonora M egashear (Anderson and Silver, 1979; Tos-
dal and others, 1990a).

Tithonian to Albian basal conglomerate, limestone, fine-
grained marine siliciclastic rocks, evaporites, and coal accumu-
lated in the Chihuahua Trough and the fault-bounded Bisbee
basin in Chihuahua and Sonora (Greenwood and others, 1977;
Dickinson and others, 1986; Brown and Dyer, 1987; Araujo-
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TABLE 10. RADIOMETRIC DATA FOR NORTH AMERICA IN NORTHERN MEXICO
Sample System Mineral* Date Referencest Comments
(Ma)
Precambrian rocks
Crystalline rocks, northeastern Sonora U-Pb zr 1,700-1,600 1 Unpublished data
Metamorphic rocks, northeastern Sonora U-Pb zr 1,680 E20 2 Metamorphosed about 1,650 Ma
Schist near Cucurpe, Sonora U-Pb zr -1,675 3 Source: T. Anderson
Lower crustal xenoliths Sm-Nd 1,600-1,300 4 Model ages
Granitoid near Cananea, Sonora U-Pb zr 1,440 ¢ 15 5 Upper intercept
Granitic plutons, Sonora U-Pb zr 1,440-1,410 2
Orothogneiss xenolith, eastern Chihuahua U-Pb zr 1,370 ¢180, 6 Crystallization age,
1,100 €130 Age of granulite metamorphism
Metaigneous rocks, Chihuahua U-Pb zr 1,328C 5 7 Discordant age
Granite gneiss, northwestern Chihuahua Rb-Sr 1,327 G242 8 PEMEX Chinos-1 well
Metaigneous rocks, Chihuahua U-Pb zr 1,280C 8 7 Discordant age
Granite, Sierra del Cuervo K-Ar kf 250 ¢ 21 9 Source: M. Mugica
Granite clasts, Aptian conglomerate, N Chihuahua  Rb-Sr kf 1,270 C 45 10
Aibo granite, 20 km south U-Pb zr 1,110 ¢ 10 11
of Caborca, Sonora Rb-Sr kf 710 G100 12
Amphibolite dikes, Chihuahua K-Ar h 1,027, 1,024 13
K-Ar wm 349 13
Pegmatite, Chihuahua K-Ar wm 940 13
K-Ar kf 212 13
Pegmatite, east-central Chihuahua K-Ar wm 267 C 21 9 Source: M. Migica
Granite gneiss, north-central Chihuahua Rb-Sr 890 C 32 8 PEMEX Moyotes-1 well
Metarhyolite clasts in Lower Cretaceous Rb-Sr wr 695 C 10 10 7-pt isochron; assumed
““Sr/ 8r.0.706
Conglomerate, northern Chihuahua Rb-Sr wr 350 ¢ 15 14 Source: Shell
Rb-Sr Wwr, wm 287 C 5 10 Isochron age
Rb-Sr Wr, wm 287 C 5 10 Isochron age
K-Ar wm 272 C 5 10
K-Ar wm 255 C 5 10
K-Ar wm 239 ¢ 9 10
Upper Paleozoic and Mesozoic magmatic rocks
Rhyolite dasts, Lower K congl, C Chihuahua  Rb-Sr wr 246 C 42 10
Granitoid, northwestern Sonora U-Pb zr 225 11
Volcanic rocks (Fresnal Canyon, U-Pb zr >180-170 1 Unpublished data
Artesa sequences) 178-160 11 7 samples, N Sonora
Granitoids (Ko Vaya Superunit) U-Pb zr 175-150 1 Unpublished data
177-149 11 6 samples, N Sonora
El Capitan, northwestern Sonora U-Pb zZr 168C 5 15
Rhyolite in Sonora and clasts in southern U-Pb zr 155¢C 3 16 Lower intercept, inferred crystal-
California, USA lization age
Volcanic rocks, east-central Sonora K-Ar -140 17
Rhyolite, Sonora K-Ar 131, 127 18 Thermally altered
Rhyolite, Sonora K-Ar 107 19 Interbedded with red beds
Granodiorite, central Chihuahua K-Ar 89C3 20 Source: J. Blount
Lamprophyre, central Chihuahua K-Ar 89C3 20 Source: J. Blount
Tuff and andesite, Sonora K-Ar b 86-83 21 4 samples
K-Ar h 81 21
Granite gneiss, northern Sonora U-Pb zr 78 C 3 22
Granodiorite, northern Sonora U-Pb zr 74 C 2 22
Granites, northwestern Sonora K-Ar b 7168 23 Associated with Cu deposits
Quartz monzonite, north-central Sonora K-Ar b 69 C 3 24
Granitoids, north-central Sonora U-Pb zr 69C 1 5
U-Pb zr 64 C 3 5
Cenozoic magmatic rocks
Intermediate-silicic volcanics, EC Sonora K-Ar wr 75-52 17
Mineralized pipe, northern Sonora K-Ar ph 60E 2 23 Associated with Cu deposits
Mineralized silicic-intermediate stocks, K-Ar wm 60E 2 25
K-Ar wm 55E 1 25
northeastern Sonora K-Ar wm 53E 1 25
Granodiorite, north-central Sonora K-Ar wm 57C 1 26 Associated with W deposits
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TABLE 10. RADIOMETRIC DATA FOR NORTH AMERICA IN NORTHERN MEXICO (continued)
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Sample System Mineral* Date Referencest Comments
(Ma)
Cenozoic magmatic rocks (continued)
Granodiorites, north-central Sonora ““Arf " Ar h 57C2 26 3 samples
Intrusive breccia, northern Sonora K-Ar b 57E 1 23 Associated with Cu deposits
Granitoids, northern Sonora K-Ar b 56 C 2 23 3 samples; ~ Sr™Sr;
0.7062-0.7070
Gmnitoids, northern Sonora K-Ar wm 56-50 23 5 samples; hydrothermal
altered Cu deposits
Pegmatite, northern Sonora K-Ar b 55C 2 23 Associated with Cu deposits
Granite, northwestern Sonora K-Ar wm 53E 2 24
Silicic plutonic and volcanic rocks, N Sonora  K-Ar 52-43 27 Source: P. Damon and others
Rhyolite stock, northern Sonora K-Ar kf 51¢C 1 23 Associated with Cu deposits;
**Sr/"Sr:0.7103
Granodiorite, north-central Sonora Rb-Sr 50C 1 26 4-ptisochron; ~"Srf "Sr,: 0.7091
““Ar/ ®Ar h 48 ¢ 2 26 Associated with W deposits
K-Ar b 40E 1 26
“"Art Ar b 37C 1 26
Ignimbrites K-Ar 50-40 28 Unpublished data
Rhyo(dacite), northern Chihuahua K-Ar h, b 48 C 2 29 2 samples
Gmnodiorite, north-central Sonora ““ArP Ar h 47C 1 26 Associated with W deposits
“"ArfeAr b 37C 1 26
Mineralized pipe, northern Sonora K-Ar wm 46E 1 23 Associated with Cu deposits
Silicic tuff and rhyolite, NC Chihuahua K-Ar >45-38 27 Sources: Alba and Chévez,
Mauger, Capps
Silicic tuff, northern Chihuahua K-Ar kf +p 45E 1 30
Andesite, northeastern Sonora K-Ar 44E 1 31 Source: P. Damon
Rhyolite, central Chihuahua K-Ar 44-37 32 Several samples
Pegmatite, north-central Sonora K-Ar wm 42E 1 26 Associated with W deposits
Silicic tuff and andesite, central Chihuahua U-Pb 42-38 27 Source: F. McDowell
Granodiorite, northern Sonora K-Ar b 40E 1 23 Biotite associated with Cu
mineralization
Volcanic rock, eastern Chihuahua K-Ar kf 40E 1 33
Andesites from K-Ar o] 40 C 2 34
lower volcanic sequence, 38C7 34
Chihuahua 32E 2 34
Silicic tuff, northern Chihuahua K-Ar kf+p 39E 1 30
Rhyolite, northern Chihuahua K-Ar kf+p 39-35 30 6 samples
Rhyolitic ignimbrite, Chihuahua K-Ar b 38¢C2 34
p 38-35 34 3 samples
Pegmatite, north-central Sonora K-Ar b 38 + 1 26 Associated with W deposits
Granite, Chihuahua K-Ar wm 37C 1 23
Diabase, Chihuahua K-Ar wr 37E 1 35 2 samples
Skam, southeastern Chihuahua K-Ar wm 37E 1 23 Associated with Cu deposits
Andesites from U-Pb zr -37 34 F. McDowell, unpublished data
lower volcanic sequence K-Ar -35
Skams, north-central Sonora K-Ar b 36E 1 26 Associated with W deposits
“"Arf " Ar b 35C 2 26 2 samples
Skam, central Sonora K-Ar wm 35E 1 26 Associated with W deposits
Quartz monzonite, Chihuahua K-Ar b 35E 1 35
K, b, p 35-27 29 samples
Basaltic andesite, Chihuahua K-KAr 33-25 36 F. McDowell, unpublished data
Basaltic andesite, E Sonora-W Chihuahua K-Ar p, wr 31-25 37 5 samples
Silicic stock, eastern Chihuahua K-Ar kf 31¢ 1 33
Silicic tuff, eastern Chihuahua K-Ar kf 30E 1 33 2 samples
Volcanic rocks, eastern Chihuahua K-Ar kf 29E 1 33 4 samples
Basalt, northern Chihuahua K-Ar wr 29E 1 30
Silicic tuff, northern Chihuahua K-Ar kf 29E 1 30
Volcanic rocks K-Ar wr, wm, kf 29-26 35 4 samples
Silicic tuff, eastern Chihuahua K-Ar Id 28E 1 33 4 samples
Gabbro, eastern Sonora K-Ar p 27E 1 37
Basaltic andesites, Chihuahua K-Ar 26-24 36 Cameron and others, 1980;

unpublished data
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TABLE 10. RADIOMETRIC DATA FOR NORTH AMERICA IN NORTHERN MEXICO (continued)
Sample System Mineral* Date Referencest Comments
(Ma)

Cenozoic metamorphic cooling ages, Caborca-Altar region, Sonora
Metasedimentary schist K-Ar 59C 3 12 Cooling ages for

K-Ar 55¢C 3 38 Laramide metamorphism?
Metasedimentary schist K-Ar b, wm 17-15 38 4 samples; cooling ages of

extensional metamorphism?

Synkinematic granite K-Ar wm 16 39 P. Damon, unpublished data

*Mineral abbreviations: b = biotite; h homblende; kf = potassium feldspar; p = plagioclase; ph = phlogopite; wm = white mica; wr = whole

rock; zr = zircon.

*1 = Anderson and Silver, 1979; 2 = Anderson and Silver, 1977a; 3 = Rodriguez-Castaneda, 1988; 4 = Ruiz and others, 1988b; 5 = Anderson
and Silver, 1977b; 6 = Rudnick and Cameron, 1991; 7 = Blount and others, 1988; 8 = Thompson and others, 1978; 9 = Lépez-Infanzén, 1986;
10 = Denison and others, 1971; 11 = Anderson and others, 1979; 12 = Damon and others, 1962; 13 = Mauger and others, 1983; 14 =
Bridges, 1971; 15 = Silver and others, 1969; 16 = Abbott and Smith, 1989; 17 = Pubellier and Rangin, 1987; 18 = Abbott and others, 1983;
19 = Jacques-Ayala and Potter, 1987; 20 = Handschy and Dyer, 1987; 21 = Grajales-Nishimuraand others, 1990; 22 = Anderson and others,

1980; 23= Damon and others, 1983; 24 = Fries and Rinc6n-Orta, 1965;

25 = Livingston, 1973; 26 = Mead and others, 1988; 27 = Aguirre and

McDowell, 1991; 28 = McDowell and others, 1990; 29 = Marvin and others, 1988; 30 = Keller and others, 1982; 31 = Rold4n-Quintana, 1982;

32 = Alba and Chavez, 1974; 33 = C. Henry, unpublished data; 34 =

Wark and others, 1990; 35 = Shafiqullah and others, 1983; 36 =

Cameron and others, 1989; 37 = Montigny and others, 1987; 38 = Hayama and others, 1984; 39 = Jacques-Ayala and others, 1990.

Mendieta and Estavillo-Gonzélez, 1987; Pubellier and Rangin,
1987; Salvador, 1987; Rodriguez-Castafieda, 1988; Obregdn-
Andria and Arriaga-Arredondo, 1991). The asymmetric Chihua-
hua Trough consisted of a deep axia basin in eastern Chihuahua,
arelatively narrow eastern margin in western Texas, and a
broader western margin, in part built on the fossil Triassic-
Jurassic magmatic arc, that sloped gently basinward from the
active Late Jurassic—Cretaceous magmatic arc in Sonora (Coney,
1978; Dickinson and others, 1986; Araujo-Mendieta and Casar-
Gonzalez, 1987). Strata of the Lower Cretaceous Bisbee Group
have been recognized as far west as Caborca, Sonora, where they
interfinger With or are overlain by the Lower Cretaceous to lower
Upper Cretaceous El Chanate Group and EI Charm Complex,
both of which include arc-derived rhyolite, andesite, tuff, and
volcaniclastic rocks (Roldan-Quintana and Gonzalez-Ledn,
1979; Almazin-Vizquez and others, 1987; Jacques-Ayala and
Potter, 1987; Jacques-Ayala, 1989; Jacques-Ayala and others,
1990; Scott and Gonzélez-Le6n, 1991).

Latest Cretaceous stratified rocks include nonmarine
and shallow marine continental stratain northernmost Sonora
and northwesternmost Chihuahua (Taliaferro, 1933; Hayes,
1970; Rold4n-Quintana and Gonzéilez-Le6n, 1979) and synoro-
genic(?) conglomerates containing clasts of andesite, rhyolite,
quartz porphyry, granodiorite, chert, and quartzite clasts that are
inferred to have been derived from thrust sheets uplifted during
Laramide orogenesis (Jacques-Ayala and others, 1990). Mag-
matic rocks include L ate Cretaceous to Eocene (Table 10)
intermediate to silicic plutonic rocks and coeval volcanic rocks
assigned to the "lower volcanic complex" of McDowell and
Keizer (1977), and Oligocene rhyalitic ignimbrites and basaltic
andesites of the "upper volcanic supergroup” of McDowell and
Keizer (1977). Miocene-Pliocene conglomerate, mafic agglomer-
ate and flows, and minor sandstone, shale, and limestone of the
Baucarit Formation accumulated in small basins along active

normal faults (e.g., King, 1939; Roldian-Quintana, 1982;
Rodriguez-Castafieda, 1988). Mid- to Late Cenozoic U-Pb ages
determined from zircons in xenaliths in eastern Chihuahua prob-
ably indicate that the lower crust was subjected to granulite-facies
metamorphism during the Oligocene or Pliocene-Pleistocene
(Rudnick and Cameron, 1991).

Structural and geophysical data. L ate Cretaceous to Pa-
leogene folding and thrusting of North American rocks in north-
ern Mexico has been documented in northern and eastern
Chihuahua (Bridges, 1964b; Lovejoy, 1980; Brown and Hand-
schy, 1984; Corbitt, 1984; Brown and Dyer, 1987; Dyer and
others, 1988) and in northern and central Sonora (Taliaferro,
1933; Roldin-Quintana, 1982; Haxel and others, 1984;
Almazan-Vizquez, 1986; Rodriguez-Castafieda, 1988; Goodwin
and Haxel, 1990; Jacques-Ayala and others, 1990; Nourse, 1990;
Sosson and others, 1990). Cenozoic volcanic rocks between these
two regions may obscure similar structural features.

In the Chihuahua tectonic belt, which roughly coincides
with the Pal eozoic Pedregosa basin and Mesozoic Chihuahua
Trough, up to 80 km of eastward to northeastward transport of
Cretaceous marine strata occurred in the latest Cretaceous to
middle Eocene. This deformation episode is widely equated with
the Laramide event in the United States. Thrusts probably sole
into incompetent Late Jurassic evaporites, though basement
was at least locally affected. Although vergence is predominantly
northeastward, folds locally verge southwestward, especialy
along the margins of more rigid platformal blocks.

Contractional featuresin Sonora are divided into three epi-
sodes of regional extent: northeast-vergent thrusting and folding
of Late Jurassic to possibly earliest Cretaceous age that may be
synchronous with and caused by motion on the Mojave-Sonora
Megashear (Rodriguez-Castafieda, 1990), east- to northeast-
vergent isoclinal folding and thrusting of early Late Cretaceous
(Cenomanian?) age that may be correlative with Sevier deforma



Tectonostratigraphic Terranes and Tectonic Evolution of Mexico 47

tion, and late L ate Cretaceous to Paleogene southwest-vergent
folding and thrusting, aswell as coeval plutonism, equated with
Laramide deformation and magmatism (Roldan-Quintana,
1982; Pubellier and Rangin, 1987; Jacques-Ayala and others,
1990; Sosson and others, 1990). Many thrusts emplace
Precambrian basement rocks over Mesozoic rocks (Rodriguez-
Castafieda, 1988, 1990). The second and third episodes of
shortening must be younger than deformed Early Cretaceous
strata and older than mid- to late Tertiary extensiona features. It
is unclear whether these two deformation episodes are phases of
asingle protracted mid-Cretaceous to Paleogene (100 to 50 Ma?)
compressional event. Near Altar, amajor thrust of the older
episodeisinferred to be older than a " cross-cutting” intrusion
that yielded K-Ar cooling ages of about 80 Ma (Table 10), but
the contact is not exposed, and map relations permit the alternate
interpretation that the intrusion is within the upper plate of, and
thus older than, the thrust. According to thisinterpretation, al
shortening occurred during late Late Cretaceous to Paleogene
(Laramide) time.

Mid- to late Tertiary extensiona deformation in northern
Mexico is temporally and kinematically similar to deformation in
southern Arizona and California (e.g., Reynolds and others,
1988). Late Oligocene and early Miocene metamorphic core
complexes in parts of north-central Sonora are characterized by
top-to-the-southwest detachment faulting, displacement on shal-
lowly dipping ductile shear zones, synextensional magmatism,
and regional tilting of fault blocks (Davis and others, 1981;
Goodwin and Haxel, 1990; Nourse, 1990). During middle Mio-
cene to Quaternary time, high-angle normal faults associated with
Basin and Range extension overprinted all older fabrics and
formed north-northwest—trending ridges and valleys not only
throughout northern Sonora and Chihuahua, but also in most of
northern and central Mexico (Rold4dn-Quintana and Gonzalez-
Leon, 1979).

A paleomagnetic study of Kimmeridgian red beds near
Placer de Guadalupe concluded that the primary magnetizationis
masked by a strong Quaternary (Brunhes chron) overprint
(Herrero-Bervera and others, 1990).

Pericii terrane

The Perict terrane consists chiefly of a suite of prebatholith-
ic metasedimentary and minor metaigneous rocks that wasin-
truded by mafic to intermediate plutonsin the late Early
Cretaceous, strongly deformed with those plutonic rocksin the
mid-Cretaceous, and intruded by undeformed granitoidsin the
L ate Cretaceous. L ate Cretaceous granitoids probably formed
in the magmatic arc along the western margin of Mexico, as did
similar rocks in the Seri, Tahué, and Nahuatl terranes. The origin
and early history of the prebatholithic rocksis poorly understood.
The Pericii terrane probably was detached from western Mexico
and attached to the southern tip of Bgja Californiaprior to late
Cenozoic opening of the Gulf of California.

To the east and south, thinned continental crust of the ter-

raneis bounded by Miocene to Holocene oceanic crust (Fig. 15).
On the west, the terrane boundary generally is called the La Paz
fault, an enigmatic, partly buried feature that probably records at
least two episodes of displacement (Aranda-Gémez and Perez-
Venzor, 1989). Recent work suggests that rocks of the Pericu
terrane may underlie downdropped late Cenozoic strata west of
the fault (Fig. 15), so the westward and northward extent of
Pericii rocksis uncertain (A. Carrillo-Chavez, unpublished data).

The oldest rocksin the Pericii terrane are prebatholithic
metasedimentary and minor metaigneous rocks that crop out
chiefly in a narrow band between La Paz and Todos Santos (Fig.
2) along the western edge of the terrane (Fig. 15) (Ortega-
Gutiérrez, 1982; Gastil, 1983; Aranda-Gémez and Pérez-Venzor,
1989; Murillo-Muiietén, 1991) Constituent rock typesinclude
schist, gneiss, phyllite, marble, amphibolite, date, homfels, mig-
matite, and skarn, and likely protoliths were shale, sandstone,
marl, impure limestone, and mafic igneous rocks. Protolith ages
and depositional environments are unknown. In the southern part
of the belt, atypical assemblage in strongly foliated and lineated
gneissis quartz + plagioclase + garnet + hornblende * potassium
feldspar + diopside * epidote or zaisite, with accessory sphene,
tourmaline, and zircon; atypica assemblage in strongly foliated
phylliteis biotite + quartz + plagioclase + andalusite + sillimanite
+ muscovite + cordierite, with coexisting andalusite and silliman-
itein several samples (Aranda-Gémez and Pérez-Venzor, 1989).
Hornblende-sillimanite schist and diopside-hornblende-biotite
quartzofeldspathic gneiss have been reported from the central
part of the belt (Murillo-Muiieton, 1991). These assemblages
indicate amphibolite-facies metamorphism of most of the meta-
sedimentary suite, probably during intrusion of late Early Cre-
taceous mafic plutons and low-potassium granitoids (Table 11).

During the late Early Cretaceous and early Late Cretaceous,
the metasedimentary suite and late Early Cretaceous plutonic
rocks were penetratively deformed by roughly east-west com-
pression. Evidence includes well-devel oped foliation, gneissic
layering, mineral lineations, folds, strained early porphyro-
blasts of garnet and andalusite, boudinage, and widespread
devel opment of mylonite zones several metersto 2.5 km thick
(Aranda-Gémez and Pérez-Venzor, 1989; Murillo-Muiietén,
1991). Mylonitic foliation dips east to southeast (Fig. 15), linea-
tions in the foliation surface plunge shallowly south, and
microstructures indicate left-oblique displacement (Aranda-
Gomez and Pérez-Venzor, 1989). Strongly mylonitized gametif-
erous gneiss near Todos Santos may be a pre—L ate Cretaceous
metamorphic core complex: mylonitic foliation dips very gently
to the northwest, a strong mineral lineation plunges shallowly
northwest, and pressure shadows of garnets indicate top-to-the-
northwest transport. Enigmatic late Paleozoic and Triassic K-Ar
dates obtained from the deformed plutonic rocks (Table 11) may
indicate that the mid-Cretaceous deformation and metamorphism
overprinted older fabrics and assemblages, but these dates are
considered invalid by some workers (G. Gastil, personal com-
munication, 1991).

Prebatholithic metasedimentary rocks of the Perici terrane
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PERICU SE

San Jose del Cabo
Trough (Tu-Q)

East Pacific Rise

\

La Paz fault

Figure 15. Schematic northwest-southeast structure section of Perici terrane. Distribution of metasedi-
mentary rocks (Pz?) at deep level is uncertain. Southeastern boundary of the terraneis transitional to
oceanic lithosphere near East Pacific Rise. Feature labeled La Paz fault includes older subvertical (?)
surface and younger, down-to-the-west normal fault.

are grossly similar to and may be displaced fragments of Paleo-
zoic rocks in the Tahué terrane. On the other hand, they also
resemble the Mesozoic prebatholithic rocks in the eastern subter-
rane of the Yumaterrane in Baja California and southern
California, and may be continuous with buried basement rocks of
the Y umaterrane west and north of the La Paz fault. Evaluation
of possible correlations awaits U-Pb dating of zircon-rich meta-
sedimentary and deformed plutonic rocks in the Pericu terrane.
The metasedimentary rocks and deformed plutonic rocks
are cut by undeformed L ate Cretaceous high-potassium grani-
toids that constitute the most abundant rock typein the terrane
(Fig. 15; Table 11). Disseminated gold deposits occur in cataclas-
tic tonalite and diorite in narrow fault zones (Carillo-Chavez,
1991). The granitoids are similar in age and lithology to grani-
toids in the Tahué, Y uma, and Seri terranes and probably formed

in the magmatic arc along the western margin of Mexico. K-Ar
mineral ages from the metamorphic suite reflect thermal meta-
morphism due to Late Cretaceous intrusion (Table 11).

The metamorphic complex and granitoids are cut by mid-
Tertiary(?) andesitic dikes and stocks and are nonconformably
overlain by late Cenozoic nonmarine and marine clastic rocks.
Miocene-Pliocene nonmarine to shallow marine strata that ac-
cumulated in the San José del Cabo trough (Fig. 15) indicate
subsidence during middle to late Miocene time and shoaling dur-
ing Pliocene and Quaternary time (McCloy, 1984).

The Perici terrane is cut by numerous steeply dipping nor-
mal faults of uncertain but probable Cenozoic age (omitted from
Fig. 15). The predominant strike directions in successively
younger sets of faults are north to north-northwest, northeast, and
northwest to west-northwest. The paucity of northwest to north-

TABLE 11. PERICU TERRANE RADIOMETRIC DATA

Sample System Mineral* &it()e Referencest Comments
a
Homblende gneiss K-Ar 225+ 5 1
Tonalite K-Ar 335C 4 1 )
Amphibolite K-Ar 116 C 6 2 Cooling age
Homblende diorite K-Ar 115§ 2 3
Undeformed granitoids K-Ar 109-70 3 V. Frizzell and others
Undeformed granitoid U-Pb zr 93 3 unpublished data
Catadastic granite K-Ar wm 18% ¢ g 2
Undeformed granitoids K-Ar wm, b, h 91-64 2 6samples
Mica schist K-Ar wm 87C 1 2 Cooling ages
. 62C 3 .
Augen gneiss K-Ar 50C 4 2 Cooling age

*Mineral abbreviations: b = biotite; h = homblende; wm = white mica; zr = zircon.
t1= Altamirano-R., 1972; 2 = Murillo-Mufetén, 1991; 3 = Hausback, 1984.




Tectonostratigraphic Terranes and Tectonic Evolution of Mexico 49

northwest—striking normal faults typica of late Cenozoic Basin
and Range faulting may be due to control by preexisting, chiefly
north- to northeast-striking structures (Aranda-Gémez and Perez-
Venzor, 1988).

Seri terrane

The Seri terrane is distinguished by latest Proterozoic
and Paleozoic shelfal and basinal rocks that were deposited on
and outboard of Proterozoic North American continental crust.
Basinal rocks, first deformed during Mississippian time, were
deformed a second time during northward thrusting onto shelfa
rocksin the Permo-Triassic. Paleomagnetic studies suggest that
the western part of the Seri terrane may have been stripped from
the eastern part in late Paleozoic or early Mesozoic time, only to
return to, or nearly to, its departure point in the late Cretaceous
and Paleogene. The Seri terrane hosted a continental magmatic
arc during the Cretaceous and early Cenozoic. By 5, and perhaps
as early as 12 Ma, the terrane was disrupted by extension and
right-lateral faulting in the Gulf of California.

The Seri terrane is bounded by the Mojave-Sonora Mega:
shear on the northeast, by a west-verging reverse fault at its bound-
ary with the Y umaterrane to the west, and by an inferred fault
contact with the Tahué terrane to the south (Figs. 3, 16). Parts of
the Seri terrane have been included in the Caborca (Coney and
Campa-Uranga, 1987), Ballenas (Gastil, 1985), and Cortés
terranes (Champion and others, 1986; Howell and others, 1987).

Crystalline basement. Proterozoic crystalline basement
rocks of the North American craton crop out in northwestern
Sonoraand are inferred to underlie the entire Seri terrane (Fig.
16; Table 12). Deformed quartz-rich schist and gneiss, quartzite,
metarhyodacite, and amphibolite are cut by calc-alkalic plutons
ranging in age from 1,750 to 1,710 Ma, and younger layered
quartzofeldspathic and amphibolitic gneiss were deformed, meta-
morphosed, and cut by pegmatites about 1,685 to 1,645 Ma
(Anderson and Silver, 1977a, 1981). These older rocks arein-
truded by volumetrically abundant anorogenic granitoids dated at
about 1,450 Ma and the much rarer Aibo granites dated at about
1,110 Ma(Table 12) (Anderson and others, 1979; Anderson and
Silver, 1981). Precambrian basement rocks of the Seri terrane
probably were displaced southeastward on the Mojave-Sonora
Megashear from a southwest-trending belt of similar rocksin the
southwestern United States (Silver and Anderson, 1974, 1983;
Anderson and Silver, 1979).

Crystalline Precambrian rocks are overlain nonconformably
by latest Proterozoic and Paleozoic rocks that are assigned
to two roughly defined units: (1) shallow-water shelfa ("mio-
geoclinal") strata that overlie Proterozoic basement nonconform-
ably, and (2) deep-water basinal ("eugeoclina") strata, south
and west of the shelfal rocks, that were thrust above the shelfal
rocks in the Permo-Triassic (Radelli and others, 1987; Stewart,
1988; Stewart and others, 1990). The shelfal strata bear a strong
resemblance to coeval shelfal rocksin eastern and southern Cali-
forniaand probably are part of a displaced fragment of south-

western North America. The basinal strata are grosdy similar to
Paleozoic basinal strata in southern Nevada, eastern California,
and the Ouachita orogenic belt, but their stratigraphic and tec-
tonic relation to these rocks is unknown (Poole and others, 1983;
Stewart and others, 1984; 1990; Ketner, 1986, 1990; Poole and
Madrid, 1986, 1988; Murchey, 1990). As more data become
available, it may be useful to delineate these fault-bounded ba
sina strata as adistinct terrane.

Shelfal rocks. Latest Proterozoic to Middle Cambrian
shelfal ("miogeoclinal™) rocks near Caborca, Sonorainclude
dolomite, quartzite, limestone, and rarer mafic vol canogenic
rocks that are similar to rocks in the Death Valley region and in
the San Bernardino Mountains of southern California (Stewart
and others, 1984; McMenamin and others, 1992). L ate Proter-
ozoic strata, known as the Gamuza beds, lie nonconformably on
the 1,110-Ma Aibo granite south of Caborca and are transitiona
upward to the Paleozoic section (Cooper and Arellano, 1946;
Arellano, 1956; Anderson and Silver, 1981). East of Hermosillo,
the Cambrian strata are overlain by Late Cambrian, Early
Ordovician, Late Devonian, Mississippian, and Early Penn-
sylvanian strata, mainly carbonates (Fig. 16) (Stewart and others,
1984, 1990; Radelli and others, 1987). Cambrian to Permian
shelfal strataalso crop out in severa other rangesin central
Sonora (Ketner, 1986; Almazin-Vazquez, 1989; Stewart and
others, 1990). Pennsylvanian-Permian depositional patterns indi-
cate Early Permian foundering of the continental shelf (Stewart
and others, 1990), as is recognized in the Pedregosa basin in New
Mexico and Chihuahua (North America). Shelfal rocks that may
be correlative with Paleozoic shelfal rocksin central and north-
west Sonora crop out on the west coast of Sonora and perhaps on
northern Isla Tiburén in the Gulf of California (Stewart and
others, 1990), and in eastern Bgja California (Miller and Dockum,
1983; Anderson, 1984; Gastil, 1985; Gastil and others, 1991).

Basinal rocks. Basinal ("eugeoclina") strata are exposed
in an east-west—trending belt in central Sonoraand in isolated
outcrops in western Sonora and Baja California. In central
Sonora, these include Early and Middle Ordovician graptolitic
shale, Late Ordovician and Silurian chert, shale, and dolostone,
Late Devonian chert, clastic rocks, and bedded barite, Early
Mississippian limestone turbidites, argillite, and chert, and un-
conformably overlying Late Mississippian clastic rocks and
Pennsylvanian-Permian clastic rocks, limestone, chert, argillite,
and bedded barite (Fig. 16) (Poole and others, 1983, 1990;
(Ketner, 1986; Poole and Madrid, 1986, 1988; Radelli and oth-
ers, 1987; Stewart and others, 1990). Detrital zircons collected
from Late Devonian clastic rocks yielded a 1,675-Ma date,
implying derivation from crystalline Precambrian basement
(F. G. Poole, persona communication, 1990). Basinal rocks that
may be correlative with Paleozoic basina stratain central Sonora
crop out in eastern Bagja California and on islands in the Gulf of
California (Gastil and Krummenacher, 1977a, b; Lothringer,
1984; Gadtil, 1985; Griffith, 1987; Gastil and others, 1991). The
contact between basinal rocks and shelfal rocks in eastern Baja
California has not been recognized.
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300 km

Figure 16 (on this and facing page). Schematic sections of Seri terrane. Location map shows
approximate section lines; B is near Caborca, Sonora. Key to patterns on location map (modified after
Stewart and others, 1990): ruled lines, cratonal upper Proterozoic-lower Paleozoic facies; brick, coeval
shelfd (miogeoclinal) facies; dots, coeval basinal (eugeoclinal) facies. Abbreviations on location map: G,
GilaMountains-El Capitdn area; H, Hermosillo; IT, Isla Tiburén.

Other pre-Middle Triassic rocks. Mid-Permian (Guada
lupian) siltstone and limestone of the Monos Formation crop
out near El Antimonio, about 40 km west of Caborca; the lower
contact is not exposed (Brunner, 1979; Gonzéilez-Leén, 1979,
1980). These strata contain large fusulinids (Parafusulina
antimonioensis) that are similar to fusulinids from accreted
terranes in northern California and Washington state and unlike
fusulinidsin shelfal rocks of the Cordillera (Stewart and others,
1990). These strata probably were deposited outboard of the
continental margin, but they are not correlative with basinal
rocks elsewhere in the Seri terrane. In Bgja California near 30°N,
Early Permian to Early Triassic rocks record atransition from
deep-water basinal rocks to shallow-water shelfal strata similar
to shelfal stratain the southern Great Basin (Buch, 1984; Dellatre,
1984; Gastil, 1990).

Juxtaposition of basinal and shelfal strata. Inearly
Late Mississippian time, Ordovician-Early Mississippian basinal
rocksin central Sonora underwent northwest-southeast shorten-
ing. After deposition of Late Mississippian to Early Permian
strata, basinal rocks of Ordovician to Early Permian age under-
went north-northwest-south-southeast shortening in Late Per-
mian to Middle Triassic time. During or immediately after the
second phase of shortening, the basinal rocks were thrust over the
shelf sequence (Poole and others, 1990; Stewart and others,
1990). The basinal alochthon is repeated by north-dipping thrust
faultsin at least one range (Bartolini and Stewart, 1990) and has
been interpreted as a stack of thrust nappes (Radelli and others,

1987), but structural relations in most parts of the basina and
shelfal sequences are not yet understood. Most mapped contacts
between the two sequences are high-angle faults of probable Ce-
nozoic age, but the outcrop pattern indicates that the basinal
sequence was transported over the shelfal sequence a minimum of
50 km northward, roughly normal to the inferred east-west trend
of the latest Paleozoic continental margin in central Sonora (Fig.
16, location map) (Stewart, 1988; Poole and others, 1990;
Stewart and others, 1990).

Westward from central Sonora, the boundary between the
basinal and shelfal sequences probably continues across Isla
Tiburén in the Gulf of California and into formerly adjacent
eastern Baja California, from where it curves northward or
northeastward back into Sonora between El Antimonio and Ca-
borca (Fig. 16, location map) (Stewart, 1990; Stewart and others,
1990). North of Caborca, the boundary may be truncated and
displaced northwestward by a left-lateral fault or faults such as
the M ojave-Sonora Megashear, or it may have been originally
continuous to the north-northwest, wrapping around a promon-
tory of North Americawith little or no modification by later
strike-slip displacement (Stewart and others, 1984, 1990;
Stewart, 1990).

Mesozoic and Cenozoic rocks. Scattered outcrops of
Early Jurassic and Triassic clastic rocks in northwestern and
central Sonora once were considered part of a single formation
(King, 1939), but the rocks subsequently have been divided into
several discrete units. Near and southwest of EI Antimonio,
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northwestern Sonora, the mid-Permian Monos Formation is
overlain unconformably by marine clastic rocks and limestone of
the Upper Triassic to Lower Jurassic El Antimonio Formation
(White and Guiza, 1949; Gonzélez-Ledn, 1979, 1980). Carnian-
Norian (Late Triassic) ammonites are broadly similar to fauna
of the Hallstatt facies of Tethyan stratain Europe and Asia, and
are dissimilar to Triassic fauna elsewhere in Mexico, including
accreted Triassic oceanic rocks on the Vizcaino Peninsula (Co-
chimi terrane) (Tozer, 1982). |chthyosaur remains from the
Carnian-Norian strata belong to the same family (Shastasaurus)
asfossils from Nevada, Oregon, Canada, Europe, Russia, China,

New Caledonia, and possibly New Zealand (Callaway and Mas-
sare, 1989). Strong stratigraphic and faunal similarities have been
recognized between the El Antimonio Formation and the Upper
Triassic Luning Formation in southwestern Nevada (Stanley and
others, 1991). The Upper Triassic lower member of the El Anti-
monio Formation is overlain with slight unconformity by an
upper member of coarse clastic rocks and shale of Hettangian-
Sinemurian (Early Jurassic) and possibly late Early or even
Middle Jurassic age (Gonzalez-Ledn, 1979, 1980). The Late
Triassic strata and the underlying Permian Monos Formation
probably were deposited outboard of the continental margin and
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have undergone significant displacement with respect to North
America (Stewart and others, 1990).

Late Triassic marginal marine and nonmarine clastic rocks
of the Barranca Group unconformably overlie Paleozoic stratain
an east-west belt across central Sonora (Fig. 16) (King, 1939;
Wilson and Rocha, 1949; Alencaster, 1961; Gonzalez-Le6n,
1979; Almazan-Vazaquez and others, 1987; Stewart and Rold4n-
Quintana, 1991). The Barranca Group includes fluvial and del-
taic quartzose and feldspathic clastic rocks (red beds), Carnian
(early Late Triassic) coal measures that contain Tethyan bi-
valves and ammonoids (Alencaster, 1961; Obregén-Andria and
Arriaga-Arredondo, 1991), and Late Triassic(?) conglomerates
that contain locally derived clasts of crystalline Precambrian,
miogeoclinal, and eugeoclina rocks (Cojan and Potter, 1991;
Stewart and Roldan-Quintana, 1991). Volcanic rocks and
detritus apparently are absent. Deformation is significantly less
intense than in underlying Paleozoic strata. The Barranca Group
crops out over asizable region of east-central Sonora, but out-
crops are chiefly confined to an east-west belt that isinterpreted
as an elongate rift basin that devel oped after the Late Permian—
Middle Triassic juxtaposition of the eugeoclinal and miogeoclinal
sequences (Stewart, 1988; Stewart and Rolddn-Quintana, 1991).

In the Sierra Lopez, 40 km northwest of Hermosillo, Sine-
murian (Early Jurassic) clastic rocks interbedded with andesitic
flows and tuffs unconformably overlie Paleozoic limestone
(Avila-Angulo, 1990). In the Sierra de Santa Rosa, about 120 km
north-northwest of Hermosillo, Early Jurassic(—Triassic?) clastic
rocks, derived in part from avolcanic source, and minor lime-
stone are conformably overlain by athick sequence of andesitic
flows and tuffs and volcaniclastic rocks that probably is Early to
Middle Jurassic at its base and perhaps as young as Cretaceous at
itstop (Hardy, 1981). Jurassic volcanic rocks at both localities
are compositionally and lithologically similar to, and may be
correlative with, undated intermediate vol canic and volcaniclastic
rocksthat unconformably overliethe Barranca Group east of
Hermosillo (Stewart and others, 1990). Early Jurassic clastic
rocks and limestone that crop out about 120 km north of Hermo-
sillo contain fauna similar to those in the Sierra de Santa Rosa
(Flores, 1929). At Cerro Pozo Cerna, about 40 km west of Sierra
de Santa Rosa, late Oxfordian—early Kimmeridgian corals and
molluscs were identified in the upper part of a 2-km-thick se-
quence of clastic rocks (Beauvais and Stump, 1976).

Rare Middle Jurassic plutonic rocks have been reported
from the Seri terrane (Anderson and Silver, 1979). These are
interpreted as cogenetic and coeval with Middleto Late Juras-
sic granitoids in northern Sonora (North America) and thus part
of the Jurassic arc of southwestern North Americathat probably
hosted sinistral displacement on the Mojave-Sonora Megashear
(Anderson and Silver, 1979; Tosdal and others, 1990a).

Diverse post-Jurassic magmatic rocks crop out in the Seri
terrane (Fig. 16; Table 12). Early Cretaceous intermediate vol-
canic rocks are present in westernmost Sonora, and Late Cre-
taceous to Paleogene granitoids crop out in central Sonora and
northeastern Bgja California (e.g., Roldan-Quintana, 1991). Pre-

batholithic andesitic to rhyolitic lavas and tuffsin central Sonora
probably were erupted in the Late Cretaceous to Paleogene
(Roldén-Quintana, 1989). Oligocene silicic ignimbrites and ba-
saltic andesites (e.g., Cocheme and Demant, 1991) are part of the
"upper volcanic supergroup” of McDowell and Keizer (1977).
Neogene calc-akalic volcanic rocks along the west coast of
Sonora, the east coast of northern Baja California, and on islands
inthe Gulf of Californiaare remnants of a Neogene magmatic
arc that also is preserved in Bgja California Sur and Nayarit
(Gastil and others, 1979). Neogene bimodal volcanic rocksin
southern Sonora are inferred to be related to Basin and Range
extension (Morales and others, 1990).

Nonmarine conglomerate and sandstone and mafic agglom-
erate and lavas of the Neogene Baucarit Formation accumulated
in small basins along active normal faults throughout central
Sonora (King, 1939; Hardy, 1981; Roldin-Quintana, 1982,
1989). K-Ar dating of volcanic rocks indicates that coarse clastic
debris of the Baucarit Formation was deposited from late Oligo-
cene to middle Miocene time (about 27 to 10 Ma), coincident
with Basin and Range faulting in the region (McDowell and
Roldan-Quintana, 1991; Bartolini and others, 1992) (Table 12).
late Cenozoic marine clastic strata that record marine deposi-
tion in the subsiding Gulf of Californiarift basin were deposited
asfar north as Isla Tiburén by 13 Ma (Smith and others, 1985;
Neuhaus and others, 1988).

Other structural and geophysical data. Much or all of
the Seri terrane apparently underwent east-west shortening in
Late Cretaceous time, though in many regions this deformation is
masked by Tertiary volcanic rocks and extensional features.
North-south—striking folds and thrust faults of probable Late Cre-
taceous age were mapped throughout central Sonora by King
(1939). In several ranges south of Caborca, east-vergent thrusting
of Jurassic strata and Precambrian basement occurred prior to the
intrusion of dikesin the Late Cretaceous or Paleogene (Hardy,
1981). In northeastern Bgja Cdlifornia, isoclinal overturned and
recumbent folds indicate roughly north-south Late Cretaceous
Paleogene(?) shortening (Siem and Gastil, 1990).

Mid- to late Tertiary extensional deformation in the Seri
terraneis temporally and kinematically similar to deformation in
the southwestern United States (e.g., Reynolds and others, 1988)
and in the North America terrane in Mexico. Mid-Tertiary to
active metamorphic core complexes have been recognized in the
Sierra Mazatan, about 80 km east of Hermosillo, where ductilely
deformed lower plate orthogneiss of Paleogene age (Table 12) is
separated from upper plate Mississippian strata by mylonite
(Davis and others, 1981), inthe Sierra El Mayor at 32°N in
northeastern Baja California, where shallowly dipping detach-
ment faults that separate ductilely deformed footwall gneisses
from brittlely extended Upper Miocene—Pleistocene rocks indi-
cate west-northwest—east-southeast to northwest-southeast ex-
tension (Siem and Gastil, 1990, 1991), and at several points along
the main Gulf of California escarpment between 31° and 29°N
(Bryant and others, 1985; Gastil and Fenby, 1991). Tilting and
high-angle normal faulting indicating east-northeast—west-south-
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Sample System Mineral* Date Referencest Comments
(Ma)
Precambrian rocks
Crystalline rocks, northwestern Sonora U-Pb zr 1,800-1,725 1 Unpublished data
Calc-alkalic plutons, northwestern Sonora U-Pb zr 1,750-1,710 2
Layered gneiss, northwestern Sonora U-Pb zr 1,660 C 15 2 Metamorphic ages
Anorogenic granitoids, southwestern Sonora  U-Pb zr -1,450 3 Unpublished data
Precambrian rocks in Caborca-Bamori area, northwestern Sonora |
Rhyodacite U-Pb zr 1,755 E20 3 Crystallization age
Granite gneiss U-Pb zr 1,745 E20 3 Intrusion age
Pegmatites K-Ar wm 1,703 C 50 4 Accompanied regional intrusion
K-Ar wm 1,684 C 50 4 and metamorphism about 1,675
U-Pb r 1,680 C 20 3 Ma
U-Pb zr 1,635 C 20 3
Schist intruded by pegmatite K-Ar wm 1,684 C 50 4
Rb-Sr wm 1,570 5
Amphibolite K-Ar wm 1,654 5
Aibé granite U-Pb zr 1,110 10 6
Rb-Sr Id 710 ¢100 4
Mesozoic and Cenozoic magmatic rocks 3
El Capitan orthogneiss at San Luis, NW Sonora U-Pb zr 170E 3 7
Andesite, western Sonora K-Ar P 143E 3 8 Source: G. Salas
Rhyolite, western Sonora U-Pb zr 142E 2 7
Metarhyolite, western Sonora U-Pb zr 128C 2 7
Granitoids, western Sonora U-Pb Zr 100-82 7 Several plutons
Granitoids, northeastern Baja U-Pb zr 100-75 9 Many samples
Quartz monzonite, Caborca K-Ar b 87E 6 4
Andesite, western Sonora K-Ar h 87E 2 8 Source: G. Salas
Granodiorite, Caborca K-Ar h 81C 2 10 Inferred to postdate thrusting
K-Ar b 79E 2 10
Quartz monzonite, Caborca K-Ar b 72E 3 11
Granite, central Sonora K-Ar b 70E 2 12 Source: G. Gastil
Granodiorite, west-central Sonora K-Ar b 65E 1 13 Associated with W deposits
Granodiorite, southeastern Sonora K-Ar h 63E 1 13 Associated with W deposits
““Arf" Ar b 54 C 1 13
K-Ar b 53E 1 13
Granite, Barita de Sonora U-Pb zr 62E 1 14 Source: R. E. Zartman
Mafic volcanic rocks, central Sonora K-Ar wr 62E 1 15 Lower volcanic complex
Granitoids, south-central Sonora K-Ar b, wm, 59-54 16 7 samples; associated with
h, wr Cu deposits; St/ Sr;
0.7064-0.7079 (4 samples)
Granitoids, southeastern Sonora Rb-Sr wr 50C5 13 5-pt. isochron; ~Sr/ "Sr;: 0.7058
Granitoids, central Sonora U-Pb zr 58E 3 17
U-Pb zr 57E 3 17
Granites, central Sonora K-Ar h 57,52 12 Source: D. Mead
Quartz vein, northwestern Sonora K-Ar b 54E 1 13 Associated with W deposits
Granite, northwestern Sonora K-Ar wm 53E 2 11
Granodionite, east-central Sonora K-Ar 50 18 Source: Damon and others
Granodiorite, west-central Sonora “ArfAr b 48C 1 13 Associated with W deposits
Rb-Sr 47 C 2 13 4-pt.isochron; ~~Sr Sr: 0.7068
K-Ar b 42E 1 13
Pegmatite, central Sonora K-Ar 42 18 Source: Damon and others
Andesite, central Sonora K-Ar 33 19 Below Baucarit Formation
Silicic volcanic rocks, eastern Sonora K-Ar p, b 30-27 20 4 samples
Ignimbrite, central Sonora K-Ar p 27E 1 15 At base of Baucarit Formation
Mafic volcanic rocks, eastern Sonora K-Ar p 23E 1 20
Volcanic rocks, Sonora and Baja K-Ar p, wr, b, h, kf 23-4 21 33 samples
Mafic volcanic rocks, central Sonora K-Ar wr 22E 1 22 At base of Baucarit Formation
Basalt, central Sonora K-Ar wr 14 15 Within Baucarit Formation
Calcic latite, central Sonora K-Ar 16,14 19
Rhyolite, central Sonora K-Ar kf 14 15 Overlies Baucarit Formation
Ignimbrite, central Sonora K-Ar 13,12 19 2 samples
Latite, southern Sonora K-Ar p -10 23 Part of bimodal suite

*Mineral abbreviations: b = biotite; h = hornblende; kf= potassium feldspar; p = plagioclase; wm = white mica; wr = whole rock; zr = zircon.
t1 = Anderson and Silver, 1979; 2 = Anderson and Silver, 1977a; 3= Anderson and Silver, 1981; 4 = Damon and others, 1962; 5 = Livingston and
Damon, 1968; 6 = Anderson and others, 1979; 7 = Anderson and others, 1969; 8 = Roldan-Quintana, 1986; 9 = Silver and others, 1979; 10 =
DeJong and others, 1988; 11 = Fries and Rincén-Orta, 1965; 12 = Rolddn-Quintana, 1989; 13= Mead and others, 1988; 14 = Stewsart and others,
1990; 15 = F. McDowell, 1991; 16 = Damon and others, 1983; 17 = Anderson and others, 1980; 18 = Aguirre and McDoweell, 1991; 19 = Bartolini
and others, 1992; 20 = Montigny and others, 1987; 21 = Gastil and others, 1979; 22 = Rolddn-Quintana, 1979; 23 = Morales and others 1990.
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west extension began by 17 Main parts of coastal Sonora (Gastil
and Krummenacher, 1977), 12 Main coastal northeastern Baja
Cdifornia (Dokkaand Merriam, 1982; Stock and Hodges, 1989,
1990; Stock, 1991), and 15 to 13 Maon Isla Tiburén (Neuhaus
and others, 1988). Late Cenozoic block faulting in central Sonora
is geometrically similar to late Miocene to Recent Basin and
Range extension in the southwestern United States (Roldéan-
Quintana and Gonzélez-Leon, 1979).

The least principal stress and extension direction around the
periphery of the gulf changed from east-northeast—west-south-
west to roughly northwest-southeast about 6 Ma, roughly coeval
with the initiation or acceleration of transtensional opening of the
modern gulf (Gastil and Krummenacher, 1977; Angelier and
others, 1981; Henry, 1989). Since about 5 Ma, the surface of the
eastern edge of the Baja continental block has been uplifted about
1to 3 km, resulting in detachment and eastward translation of
elevated continental crustal walls of the Gulf of California (Fenby
and Gastil, 1991; Gastil and Fenby, 1991; Siem and Gastil, 1990,
1991). Pliocene to Holocene faulting appears to more active on
the west side of the gulf, where it includes normal, dextral, and
right-oblique faults with complex geometry and interaction
(Stock, 1991; Mueller and Rockwell, 1991).

A paleomagnetic pole determined from the EI Antimonio
Formation in western Sonora overlaps two poles from coeva
rocks of southwestern North America, including the correlative
Luning Formation, at the 95% confidence level (Cohen and oth-
ers, 1986). The clustering of the polesis significantly improved at
the 95% confidence level by restoring 800 km of Late Jurassic
sinistral displacement on the Mojave-Sonora Megashear, which
separates the Seri terrane from North America (p. 79).

Paleomagnetic data suggest that the entire Bgja California
peninsula, including part of the Seri terrane and the Y uma and
Cochimi terranes, was translated 10° + 5° northward and rotated
about 25° clockwise between mid-Cretaceous and early Miocene
time (see Y umaterrane). However, no paleomagnetic data are
available for metamorphosed rocks of the Seri terranein
northeastern Baja.

Tahué terrane

The Tahué terrane in western Mexico is bounded on al sides
by inferred contacts (Fig. 3). Its main components are mid-Paleo-
zoic metasedimentary rocks of unknown origin that were accreted
to North America by Late Jurassic time, and Jurassic to Cenozoic
volcanic and plutonic rocks that formed within the magmatic arc
along the western margin of North America. The Tahué terrane
includes part of the Guerrero terrane of Campa-Uranga and
Coney (1983) and Coney and Campa-Uranga (1987).

The oldest known rocks in the Tahué terrane are late
Paleozoic chert, shale, micrite, quartzite, and overlying flyschin
northern Sinal oa that have probable or possible correlatives
throughout Sinaloa and southern Sonora (Fig. 17) (Carrillo-
Martinez, 1971; Malpica, 1972). Fossilsinclude Early Missis-
sippian to Late Pennsylvanian fusulinids and mid-Pennsylvanian

to Early Permian conodonts (Carrillo-Martinez, 1971; Gastil
and others, 1991). Probable correlatives include greenschist-facies
metamorphic rocks in northern Sinaloa near El Fuerte derived
from argillite, siliceous and andesitic flows and pyroclastic rocks,
and rare limestone and chert (Mullan, 1978). Possible correla
tives include greenschist- to amphibolite-facies metamorphic rocks
in southern Sinaloa near Mazatlan, which were derived from
flysch, conglomerate, thin limestone, and minor volcanic rocks
(Henry and Frederikson, 1987) and which contain plant remains
indicative of amaximum age of Carboniferous (R. Rodriguez, in
Mullan, 1978).

The age and nature of basement to the Carboniferous rocks
are problematic. Amphibolite-facies gneiss of probable Triassic
age (Table 13) crops out near but not in contact with the proba-
ble Carboniferous rocks near El Fuerte (Fig. 17) (Mullan, 1978).
The metasedimentary rocks near Mazatlan overlie and may have
been deposited nonconformably on pre-Cretaceous quartz dio-
ritic gneiss (Henry and Fredrikson, 1987). The tectonic signifi-
cance and relation between the two gneiss outcrops are unknown.
Low initial " Sr/”"Sr ratiosin Cretaceous and Tertiary plutons
(Table 13) imply that the Tahué terrane is not underlain by thick,
old continental crust but instead by transitional crust, perhaps
including gneissic rocks such as those near El Fuerte and Maza-
tlan (Fig. 17), or even by oceanic crust.

Sparsely distributed Late Jurassic to Early Cretaceous(?)
magmatic arc rocks in northern and central Sinaloa probably
were emplaced within an arc that developed on the western edge
of North America. The carapace of the arc (Borahui Complex)
consists of athick (up to 8 km) sequence of metabasites derived
from andesitic to basaltic flows, tuffs, and volcaniclastic rocks
that locally unconformably overlie Carboniferous strata and meta-
morphosed correlatives (Mullan, 1978; Servais and others, 1982,
1986). Sparse outcrops of mafic and ultramafic plutonic rocks
may represent the roots of the arc (Servais and others, 1982).
Greenschi st-facies metamorphism probably occurred in the Late
Cretaceous (see below). The magmatic arc rocks are conformably
overlain by and locally overthrust to the northeast or east-
northeast by the Bacurato Formation, which consists of isocli-
nally folded greenschists derived from calcareous and tuffaceous
sandstone, tuff, chert, and pelagic limestone grading upward to
reefal limestones containing poorly preserved Aptian to Ceno-
manian fossils (Bonneau, 1969; Holguin-Q., 1978; Mullan, 1978;
Servais and others, 1982, 1986).

The arc and its sedimentary cover are structurally overlain
by thrust sheets consisting of weakly metamorphosed to unmeta-
morphosed dunite, serpentinite, pyroxenite, massive and layered
gabbro, diabase dikes, pillow basalt, limestone, chert, and tuff
that are interpreted as an ophialitic assemblage (Ortega-Gutiérrez
and others, 1979; Servais and others, 1982, 1986). The tectonic
setting of the ophiolite may have been a backarc basin east of the
Early Cretaceous magmatic arc (Fig. 17), as suggested by Ortega
Gutierrez and others (1979), or aforearc basin west of the arc, as
suggested by Servais and others (1982, 1986). The latter interpre-
tation may be supported by limited structural datathat imply
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Figure 17. Schematic tectonostratigraphic section of Tahué terrane. Mesozoic and Cenozoic rocks are
oriented west to east rather than northwest to southeast.

eastward tectonic transport (Servais and others, 1982). Contrac-
tional deformation and greenschist metamorphism of the
Jurassic-Cretaceous(?) arc, thrusting of the partly conformable
Bacurato Formation and the ophiolite assemblage eastward to
northeastward onto the arc, and mylonitization along some
thrusts are inferred to have occurred during Late Cretaceous to
Eocene time (Servais and others, 1982, 1986).

Two classes of Late Cretaceous to Tertiary intrusive rocks
have been identified in the Tahué terrane (Henry, 1975; Henry
and Fredrikson, 1987). Weakly foliated and lineated tonalites
and granodiorites older than about 85 Ma that crop out within 50
km of the coast in Sinaloa are interpreted as syntectonic rocks
intruded during regional compression. Undeformed, more felsic
granitoids younger than about 85 Mathat crop out throughout
the terrane are interpreted as posttectonic intrusives. The ages of
the granitoids decrease eastward (Henry, 1975). A similar range
of Late Cretaceous to mid-Tertiary ages was reported from grani-
toids in southwestern Chihuahua near the Sinaloa border by
Bagby (1979).

In southern Sinaloa and perhaps throughout the Tahué ter-
rane, intrusion of Late Cretaceous—Pal eogene granitic rocks
was broadly synchronous with the accumulation of andesitic
to rhyolitic tuffs, flows, volcaniclastic sedimentary rocks, and
hypabyssal intrusives of the "lower volcanic complex” of
McDowell and Keizer (1977) (Table 13) (Henry, 1975; Henry
and Fredrikson, 1987). The Cretaceous to Eocene volcanic rocks
of the lower volcanic complex, granitoids, and prebatholithic
rocks are overlain unconformably by more than 1 km of mid-
Tertiary silicic volcanic rocks of the "upper volcanic supergroup”
of McDowell and Keizer (1977) and by mid-Tertiary basaltic
andesites (Henry, 1975; McDowell and Clabaugh, 1979; Cam-

eron and others, 1989). Y ounger rocks include Miocene to
Pliocene silicic to mafic dikes, domes, and volcanic rocks, Mio-
ceneto Quaternary alluvia and fluvia sedimentary rocks, and
Quaternary basalt (Table 13).

On the west side of the Sierra Madre Occidental, fault
geometry and stress orientation determined from fault-striae rela
tions indicate that north-northwest—striking normal faults formed
in response to east-northeast—west-southwest least principal stress
by about 32 Ma (Henry, 1989; Henry and others, 1991). How-
ever, most faulting and tilting of Cenozoic stratain this region
probably began after about 17 Ma. Total extension in southern
Sinaloais 20 to 50%, depending on the deep geometry of major
normal faults. Many northwest-striking faults near the eastern
margin of the Gulf of California are recently or currently active
and probably accommodate transtensional Pacific—North Amer-
icarelative plate motion (Bryant and others, 1985; Henry, 1989;
Stock and Hodges, 1989).

Paleomagnetic studies indicate that the upper volcanic se-
quence of the Sierra Madre Occidental probably has undergone
negligible trandation and rotation (Nairn and others, 1975; Hag-
strum and others, 1987). Another study interpreted 10 + 10 of
northward trandlation and 25° + 15° clockwise rotation of the
lower volcanic sequence during the Late Cretaceous and Pal eo-
gene (Bobier and Robin, 1983), but this interpretation probably is
invalid because the authors did not apply a structural correction
to rocks that dip as much as 55° (C. Henry, personal communica
tion, 1991).

Tarahumara terrane

The only outcrops of pre-Mesozoic rocks in the Tarahumara
terrane are low-grade metasedimentary rocks near Boquillas,
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TABLE 13. TAHUE TERRANE RADIOMETRIC DATA

Sample System Mineral* Date Refersncest Comments
(Ma)

Pre-batholithic rocks

Gneiss, El Fuerte U-Pb zr Triassic 1 Upper intercept; unpublished data
Gabbros, Mazatlan K-Ar 139 C 3, 2 Intrude Miss(?) or Jurassic(?)
134 ¢ 3 metasedimentary rocks
Amphibolite, southern Sinaloa K-Ar 94C 1 3 Late reheating?
Cretaceous and Cenozoic magmatic rocks
Quartz diorite (Recodo), southern Sinaloa U-Pb zr 102C 2 3 Syntectonic intrusion
Other quartz diorite, southern Sinaloa K-Ar 98-87 6 samples; syntectonic
K-Ar 99-61 3 7 samples
Granitoids, northern Sinaloa K-Ar 93-90 3 3 samples; syntectonic
Granitic dike, northern Sinaloa K-Ar 88C 2 4 Assoriated with Cu-W deposits;
K-Ar kf 77C 1 4 “*8r/ Sr;:0.7039
Quartz diorite, southern Sinaloa K-Ar 83C2 3 Posttectonic
K-Ar 82C 1 3
Granitic dike, northern Sinaloa K-Ar kf 78 C 2 4 Associated with Cu-W deposits
Granodiorites, southern Sinaloa K-Ar 75-73 3 3samples;
K-Ar 75-63 3 posttectonic
Granodiorite and quartz diorite, S Sinaloa K-Ar 71-62 3 4 samples
K-Ar 70-52 3 8 samples
Quartz monzonite, northern Sinaloa K-Ar 68 C 2 3 Post-tectonic
K-Ar 66 C 1 3
Granodiorite, southern Sinaloa U-Pb zr 67C 1 3
(San Ignacio) K-Ar 65-63 3 6 samples
K-Ar 65-52 3 8 samples
Rhyolite, southwestern Chihuahua K-Ar 65C 1
Mineralized breccia, N Sinaloa-NW Durango  K-Ar wm 63C 1 4 Associated with Cu deposits;
“*Sr/" Sr: 0.7050
Granitoids, NC Sinaloa and SW Chihuahua K-Ar 60-59 4 4 samples;, associated with
Cu; Srf"Sr; 0.7047-0.7050
(2 samples)
Granodiorite, southern Sinaloa K-Ar 60C 1 4 Associated with Cu deposits;
K-Ar kf 53C 1 4 *7Sr/"Sr;: 0.7042
Granodiorite, central Sinaloa K-Ar 50C 1 4 Associated with Cu deposits;
K-Ar 58C 1 4 875r/%%Sr; 0.7052
Granitoids, northern Sinaloa K-Ar 58-51 6 3 samples
Granodiorite, northern Sinaloa K-Ar 57C 1 4 Associated with Cu deposits;
K-Ar 55¢C 1 4 ""Srf"Sr;: 0.7063
Granitoids, northern Sinaloa K-Ar 56-54 4 4 samples; associated with
Cu; ~Srf"Sr; 0.7063-0.7048
(3 samples)
Granitoids, southern Sinaloa K-Ar 56-50 3 5 samples
K-Ar 55-47 3 9 samples
Quartz monzodiorite, southern Sonora “CAr/ Ar 56C 1 7 Associated with W deposits
K-Ar 53C 1 7
Rb-Sr 48C 1 7 6-pt isochron; ~Sr Sr: 0.7057
K-Ar 48 + 1 7
“CAr/ ®Ar 47C 1 7
Granodiorite, southern Sonora K-Ar 54C 1 7 Associated with W deposits
Dacite, southwestern Chihuahua K-Ar 52C 1 5
Granodiofites, northern Sinaloa K-Ar wm 52C 1 4 Hydrothermal Cu;
and southwestern Chihuahua K-Ar wm 49¢C 1 4 “’8r/ Sr;:0.7036
Granodiorite, central Sinaloa K-Ar 49 Source: Clark and others
Granodiorite, southwestern Chihuahua K-Ar 48C 1 4 *’Sr/" Sr:0.7048
Granodiorite, southern Sinaloa U-Pb zr 48C 1 3
(Candelero) K-Ar 47-45 3 3 samples
K-Ar 46-31 3 6 samples
Granitoids, southern Sinaloa K-Ar 46,44 3
K-Ar 48-34 3 6 samples
Granodiorite, western Durango K-Ar 46 C 1 9
Mineralized breccia K-Ar wm 46 C 1 4 Associated with Cu deposits
Andesite, western Durango K-Ar a, ¢, wr 44C 1 9 3 samples
Quartz diorite dike, southern Sinaloa K-Ar 32C 1 3
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TABLE 13. TAHUE TERRANE RADIOMETRIC DATA (continued)

Sample System Mineral* Date Referencest Comments
(Ma)
Andesite dike, southern Sinaloa K-Ar 30E 1 3
Silicic tuffs and K-Ar b, kf, 29-22 10 12 samples
flows, southern Sinaloa K-Ar b, p 28-17 3 5 samples
Andesite, northern Jalisco K-Ar 24E 1 11
Silicic tuff, northern Jalisco K-Ar 21A 1 11
Quartz diorite, southern Sinaloa U-Pb zr 20E 1 3
(Colegio) K-Ar -19.5 3
K-Ar -19 3
Basalt, southern Sinaloa K-Ar wr 2E 1 12
Basalt, northern Sinaloa K-Ar 0.7 13

*Mineral abbreviations: a = adularia; b = biotite; ¢ = celadonite; h = homblende; kf = potassium feldspar; p = plagioclase; wm = white mica;

wr = whole rock; zr = zircon.

11 =T. H. Anderson, personal communication; 2 = Henry and Fredrikson, 1987; 3 = Henry, 1975; 4 = Damon and others, 1983; 5 = Shafiqul-
lah and others, 1983; 6 = Henry, 1974; 7 = Mead and others, 1988; 8 = Aguirre and McDowell, 1991; 9 =*Loucks and others, 1988; 10 =
McDowell and Keizer, 1977; 11 = Scheubel and others, 1988; 12 = Henry and Fredrikson, 1987; 13 = Clark, 1976.

northern Coahuila, that probably were metamorphosed in the
late Paleozoic (Table 14) (Flawn and others, 1961). These rocks
strongly resemble the Ouachita orogenic belt in the Marathon
region of west Texas in terms of lithology, deformation style and
intensity, and age (Flawn and Maxwell, 1958), and probably are
the southern continuation of that belt. We interpret the Tara-
humara terrane as deformed basinal sedimentary rocks that were
obducted onto the North American shelf during the Pennsylva
nian-Permian collision of North America and Gondwana; the
Coahuiltecano terrane is inferred to be a remnant of Gondwana
(Fig. 18).

Gravity studies indicate that a negative anomaly associated
with the frontal zone of the Ouachita orogenic belt in west Texas
continues about 200 km southward to south-southwestward into
northeastern Mexico (Handschy and others, 1987), and we have
tentatively drawn the boundaries of the Tarahumara terrane near
the boundaries of this anomaly. The Tarahumara—North America
boundary corresponds very closely with the southeastern edge of
buried Grenville lithosphere of North America as mapped using
initial lead isotopic ratios of Tertiary igneous rocks in northern
Chihuahua and western Texas (James and Henry, 1993). In
terms of the findings of James and Henry, the Tarahumara ter-

rane includestheir central province and that part of the
southeastern province not underlain by Phanerozoic continental
crust accreted during the Ouachita orogeny. The isotopic data
can beinterpreted to indicate a minimum of 40 km of thrust
displacement of the Tarahumara terrane northwestward onto the
North America shelf.

Late Permian, Triassic, and Early Jurassic sedimentary
rocks are absent from the Tarahumara terrane. Late Jurassic
and Cretaceous siliciclastic sedimentary rocks, carbonates, and
evaporites accumulated in the roughly north-south—trending Chi-
huahua Trough, overlapping the Tarahumara and Coahuiltecano
terranes and North America (Navarro-G. and Tovar-R., 1974;
Padillay Sanchez, 1986). All Cretaceous and older rocksin the
Tarahumara terrane were affected by the Laramide orogeny in
the latest Cretaceous and Paleogene (Fig. 18) (Navarro-G. and
Tovar-R., 1974; Padillay Sanchez, 1986). Subduction-related
calc-alkalic Cenozoic volcanic rocks in eastern Chihuahua,
though not physically contiguous with the mid-Tertiary Sierra
Madre Occidental province, probably are part of the province
based on age and composition data (McDowell and Clabaugh,
1979). On average, they are more akalic than rocks farther west
in the province (Barker, 1979).

TABLE 14. TARAHUMARA TERRANE RADIOMETRIC DATA

Sample System Mineral* Date Referencest Comments
(Ma)
Greenschist, Sierra del Carmen, K-Ar wm 268 A5 1
northern Coahuila K-Ar wm 271 A5 1
Rb-Sr wr, wm 275 A 20 1 Isochron age

*Mineral abbreviations: wm = white mica; wr = whole rock.
1 = Denison and others, 1969
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Figure 18. Schematic east-west structure section of Tarahumaraterrane
and adjacent terranes. SMO(T) indicates Tertiary volcanic rocks of
SierraMadre Occidental. Laramide deformation in Mesozoic rocksis
schematic and simplified.

Tepehuano terrane

The pre—L ate Jurassic geology of the Tepehuano terrane is
poorly understood due to widespread L ate Jurassic, Creta
ceous, and Cenozoic cover. | sotopic datafrom xenolithsin
Quaternary volcanic rocks imply that theterraneis partly under-
lain by Proterozoic continental crust. Sparse, widely separated
outcrops beneath younger cover strata are deformed, poorly
dated metaigneous and metasedimentary rocks that appear to
reflect the development of part of the Jurassic Cordilleran mag-
matic arc, one or more subduction complexes(?) that include
fragments of Paleozoic rocks, and one or more backarc basins,
including mafic crust and siliciclastic fill. Theinternal structure of
the Tepehuano terraneis simplified in Figure 19 because geologic
and tectonic relations among many rock units still are not under-
stood, but large Jurassic and Early Cretaceous horizontal contrac-
tionsin al units probably are related to attachment of the terrane
to the continent. The Tepehuano terrane includes the Parral and
Sombrerete terranesand parts of the Cortes, Guerrero, and Sierra
Madre terranes of Coney and Campa-Uranga (1987). Theterrane
roughly corresponds to the Mesa Central or Altiplano geomor-
phologic province.

Proterozoic xenoliths. Sm-Nd studies of granulite gneiss
xenoliths from Quaternary volcanic rocks indicate that the Tepe-
huano terrane is underlain by Proterozoic continental crust (Fig.
19; Table 15). Samples with 1,720- to 1,520-Ma model ages prob-
ably represent mixing of roughly 10 to 30% recycled older crust
and 70 to 90% newly derived mantle material of Grenville age
(~1,00C Ma); samples with 1,050- to 660-Ma model ages proba-
bly represent mixing during Phanerozoic orogenesis of uncertain
age (Ruiz and others, 1988b). Preliminary 207Pb/206Pb Uates
(Table 15), Pbisotopic ratios, and the geographic provinciality of
fundamental differencesin elemental abundances, particularly of

Sr and Nd, suggest that the lower crust comprises a heterogeneous
assemblage of Proterozoic, Paleozoic, and perhaps Mesozoic
rocks (J. Luhr, persona communication, 1992).

Pre-Oxfordian outcrops. Severa sparsely distributed
pre—L ate Jurassic units crop out in northernmost Zacatacas
(COrdoba, 1965; Anderson and others, 1991), southernmost
Coahuila (Ledezma-Guerrero, 1967; Mayer-Perez Rul, 1967),
and eastern Durango (Pantoja-Alor, 1963). Structurally lowest
(Fig. 19) isthe Taray Formation, a strongly deformed assemblage
of weakly metamorphosed deep-water flysch and olistostromal
mélange containing blocks of chert, volcanic rocks, limestone
with Paleozoic fossils, silicified serpentinite, and enigmatic
dolomite-magnetite rock, which has been interpreted as asubduc-
tion complex (Ortega-Gutierrez, 1984b; Anderson and others,
1990; Klein and others, 1990). Axial surfaces and bedding hom-
oclines strike northeast-southwest, and matrix foliation dips south-
east (Anderson and others, 1990). The depositional age of the
Taray Formation must be younger than the Paleozoic age of
some enclosed blocks, but the ages of most enclosed blocks and
the age and cause of penetrative deformation are unknown (T. H.
Anderson, personal communication, 1990).

The Taray Formation is overlain structuraly or locally un-
conformably(?) by as much as 3 km of weakly metamorphosed,
strongly deformed calc-alkalic volcanic and volcaniclastic rocks
of the Rodeo Formation and Nam Formation. Earlier workers
interpreted partly nonmarineair-fall tuff, tuffaceous siltstone, and
pyroclastic-flow tuff of the Nazas Formation to be younger than
underlying feldspar porphyry and volcaniclastic rocks of the
Rodeo Formation (e.g., Pantoja-Alor, 1963; Cérdoba, 1965), but
new dataimply that the two may interfmger laterally as contem-
poraneous distal and proximal components of a Mesozoic
volcanic arc (Jones and others, 1990). Deformed quartz por-
phyry of the Caopas Schist, which abuts and may be gradational
with volcanic rocks of the Rodeo Formation, may have been a
cogenetic, subvolcanic pluton in that arc (Jones and others, 1990;
Anderson and others, 1991). The Nazas Formation probably
includes volcanic and volcaniclastic rocksin northern San Luis
Potosi that contain palmate fern fronds of probable Early or
Middle Jurassic age (Maher and others, 1991). The Caopas
Schist and Rodeo Formation have yielded Late Triassic and Ju-
rassic radiometric dates, whereas the Nazas Formation yielded a
single Middle Triassic date (Table 15). Most workers reconciled
the inferred younger stratigraphic position of the Nazas Forma-
tion with available radiometric dates by rejecting dates from the
CaopasSchist and Rodeo Formation, and by correlating the Nazas
Formation with nonmarine strata of the Upper Triassic Huizachal
Formation in the Guachichil terrane (Pantoja-Alor, 1963; Lopez-
Ramos, 1985; Salvador, 1987; Mitre-Salazar and others, 1991; Z.
de Cserna, personal communication, 1990). However, in view of
the obvious dissimilarities between the calc-alkalic volcanogenic
rocks of the Nazas Formation and the dominantly nonmarine to
shallow marine clastic rocks of the Huizachal Formation, it seems
appropriate to discontinue the proposed correlation of the two
units. We consider it more likely that the single radiometric date
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Figure 19. Composite tectonostratigraphic section and northeast-southwest structure section of Tepe-
huano terrane. Laramide deformation in Mesozoic rocks is depicted schematically. Relation of

Zacatecas and Taray Formationsis uncertain.

from the Nazas Formation is suspect, and that the Caopas,
Rodeo, and Nazas Formations are parts of a Late Triassic to
Jurassic volcanic arc (Anderson and others, 1991), hereafter
termed the CRN arc, that was built on continental crust (Fig. 19).
Jurassic plutonic rocks also crop out 400 km to the west-
northwest in southern Chihuahua (Table 15).

The CRN arc was penetratively deformed (northwest-
striking foliation and axial surfaces) and juxtaposed with the
underlying Taray Formation prior to intrusion of a 160-Ma
quartz porphyry (Table 15) (Anderson and others, 1990). The
final stage of deformation may have been coeva with the deposi-
tion of Oxfordian limestone (Anderson and others, 1991). Lara
mide deformation of this region rooted into a detachment within
the Oxfordian strata and did not affect the Taray Formation and
CRN arc (Fig. 19) (Anderson and others, 1990, 1991).

In central and southeastern Zacatecas and western San Luis
Potosi, the lower Carnian (Upper Triassic) Zacatecas Formation
consists of isolated outcrops of strongly foliated, isoclinally
folded marine sandstone, shale, conglomerate, and limestone that
were metamorphosed under greenschist-facies conditions; inter-
calated greenstones are interpreted to derive from either inter-
bedded volcanic rocks or younger intrusives (de Cserna, 1976;
Mejia-Dautt and others, 1980; Ranson and others, 1982;
Cuevas-Pérez, 1983; Laopez-Ramos, 1985, p. 412-415; Servais
and others, 1986). Adjacent outcrops of less-deformed pillow
lavas, graywacke and shale, chert, tuff, and limestone previously
were grouped with the Triassic Zacatecas Formation and inter-
preted as accreted oceanic crust (de Cserna, 1976). Later workers
discovered Late Jurassic anmonitesin the clastic rocks and
pre-Vaanginian radiolarians in the chert, and now these rocks
generally are termed the Chilitos Formation or subdivided into

the Vadecafias, Plateros, and Chilitos Formations, and are in-
ferred to overlie the Zacatecas Formation along an obscure con-
tact (Cuevas-Pérez, 1983, 1985; Macdonald and others, 1986;
Servais and others, 1986). The marine Zacatecas Formation may
have been deposited on continental basement and graded east-
ward into, or been coeval with, nonmarine strata of the Huizachal
Formation in the Guachichil terrane, but thereis no field evi-
dence for such an inference. Apparently, the Zacatecas Forma-
tion underwent an episode of penetrative deformation and
metamorphism in the Early to Middle Jurassic, probably in a
tectonically active environment that was dissimilar to the tectonic
setting of both the coeval Huizachal Formation and the younger
Chilitos Formation. We tentatively interpret the Zacatecas For-
mation as the upper levels of oceanic crust and overlying sedi-
mentary cover that were deformed and metamorphosed during
Jurassic accretion to North America, and suggest that they may
be grossly correlative, in terms of depositional setting and tectonic
environment, with the Taray Formation in northern Zacatecas
(Fig. 19). The overlying Late Jurassic rocks probably were depos-
ited in a Late Jurassic to Early Cretaceous backarc basin that may
have continued south into Guangjuato.

Controversia, structurally complex metamorphic rocks of
probable late Paleozoic to Jurassic age crop out in the vicinity
of SantaMaria del Oro, northern Durango (Fig. 2; not shownin
Fig. 19). Some workers recognize three units that they consider
part of the upper Paleozoic Gran Tesoro Formation (Zaldivar-
Ruiz and Gardufio-M., 1984; Cérdoba and Silva-Mora, 1989),
whereas other workers recognize at |east two fault-bounded units
of pre-Late Jurassic age (Pacheco-G. and others, 1984;
Aranda-Garcia and others, 1988). The structurally lowest unit is
muscovite-rich schist that contains greenschist- and amphibolite-
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TABLE 15. TEPEHUANO TERRANE RADIOMETRIC DATA
Sample System Mineral* Date Referencest Comments
(Ma)
Pre-Cretaceous rocks
Lower crustal xenoliths Sm-Nd 1,720-1,520 1 Model ages
Lower crustal xenoliths Sm-Nd 1,050-660 1 Model ages
Lower crustal xenolith “Pbl " "Pb 1,100 2 Source: S. Bowring and others
Lower crustal xenoliths 207ph 2%6pp 1,071, 485, 3
39,26 3
Muscovite-amphibole schist, K-Ar 326 C 26 4 Metamorphic age
Santa Maria del Oro, Durango K-Ar 311 5 Source: P. Damon
Nazas Formation 230 ¢ 20 6
Metarhyolite, northern Zacatecas Rb-Sr wr 220 ¢ 30 7 Caopas (Rodeo?) Formation
Metarhyolite, northern Zacatecas Rb-Sr wr 200 ¢ 60 7 Caopas (Rodeo?) Formation
Volcanic-metamorphic rocks in well, SW Coahuila ~ Rb-Sr 199 8
Quartz monzonite, southern Chihula K-Ar h 198 ¢ 7 9
Metarhyolite, northern Zacatecas Rb-Sr wr 195 ¢ 20 7 Caopas (Roseo?) Formation
Metased rocks (Nazas?) in well in N Durango  K-Ar 168 8
Quartz porphyry U-Pb zr 757 134; 10 Discordia intercepts;
158 C 4 supersedes 165-Ma date in
Jones and others, 1990;
intrudes Taray, Nazas
Tonalite, Guanajuato K-Ar wr 157¢ 9 11
Metarhyolite, northern Zacatecas Rb-Sr wr 156 C 40 7 Caopas (Roseo?) Formation
Quartz diorite, southern Chihuahua K-Ar h 155E 3 9
Diorite, southern Chihuahua K-Ar h 149E 3 9
Metarhyolite, northern Zacatecas Rb-Sr wr 141 G 40 12 Caopas (Roseo?) Formation
Cretaceous-Cenozoic magmatic rocks
Diorite, Guanajuato K-Ar h 122E 6 11
Basalt, Guanajuato K-Ar wr 108¢C 6 11
Granite stock, northern Zacatecas K-Ar 90 ¢ 2 13 Source: P. Damon;
““Arf"Ar b 38¢C2 13 associated with F deposit
Diorite stock, east-central Durango K-Ar h 87¢C2 14
Andesite dikes, northern Durango K-Ar 80,70 4
Diorite, northern Zacatecas K-Ar wm 75 C 2, 15 2 samples
74 C 2
Greenschist, northern Zacatecas K-Ar wm 75C 2 15 2 samples;
73¢C 2 Metamorphic ages
Dacite stock, west-central Zacatecas K-Ar kf 54E 1 16 "’Sr/"8r,: 0.7052
Andesite, central Durango K-Ar p 53E 1 17
Silicic tuff, east-central Durango K-Ar b, kf 52E 2 14 2 samples
Silicic tuff, northern Durango K-Ar 51 18 In Aguirre and McDowell, 1991
Andesite, east-central Durango K-Ar p 49E 3 14
Silicic pyroclastic rocks, SC Zacatecas K-Ar b 47 19 Source: P. Damon
Granodiorite, east-central Durango K-Ar h A47E 1 18 In Aguirre and McDowell, 1991
Granodiorite, west-central Zacatecas K-Ar b 46E 1 16 Associated with Cu deposits
Andesite domes, east-central Durango K-Ar b, h 45 + 1 14 2 samples
Silicic tuffs, east-central Durango K-Ar p. kf, b 43E 2 14 6 samples
Rhyolitic tuff, northern Durango K-Ar wr 43E 1 13 Associated with Hg deposits
“Arf Ar b 40C 1
Silicic tuff, northern Durango K-Ar 42 18 In Aguirre and McDowell, 1991
Granodiorite, northern Zacatecas K-Ar b 42E 1 7
Rhyolite, southern Chihuahua K-Ar kf 42E 1 20
Andesite, east-central Durango K-Ar p 41 + 2 14 2 samples
Silicic tuff, south-central Zacatecas K-Ar kf 37 19 Source: P. Damon
Volcanic rocks, skam K-Ar WI, wm 37-28 20 3 samples
Silicic tuff and lava, northern Zacatecas K-Ar wr, p, kf 38-28 13 3 samples; associated with
Hg deposits
Rhyolite stock, east-central Durango K-Ar h 36E 1 18
Rhyolitic tuff, northern Durango K-Ar wr 36C 1 13 Associated with Hg deposits
Granodiorite, San Luis Potosi ““Arf"Ar b 36C 1 13 Associated with Sb?
Rhyolite dome, east-central Durango K-Ar p 34E 1 14
Quartz latite, east-central Durango K-Ar b 34¢ 1 21 Source: F. Felder
Rhyolite dikes, east-central Durango K-Ar b 34 C2 21 Source F. Felder
Andesite, southern Chihuahua K-Ar wr, kf 33,31 22
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TABLE 15. TEPEHUANO TERRANE RADIOMETRIC DATA (continued)

Sample System Mineral* Date Referencest Comments
(Ma)
Silicic tuffs and lavas, central Durango K-Ar b, kf, p, wr 33-30 17 23 samples
Rhyolitic tuff, eastern Durango K-Ar wr, kf 31-30 13 2 samples; associated with Sn
Rhyolite, San Luis Potosi K-Ar wr, kf 31-27 13 4 samples; associated with F
Rhyolite, central Durango K-Ar wr 31¢C 1 13
Granite stock, east-central Durango K-Ar b 30E 1 18
Silicic dome/tuff, east-central Durango K-Ar p, kf 30E 2 14 8 samples
Silicic tuff, northern Zacatecas K-Ar wr, p, kf 30-24 13 3 samples; associated with Sn
““Ar/ " Ar b 32¢C 1
Silicic tuff and lava, central Zacatecas K-Ar wr, p, kf 30-21 13 4 samples; associated with Hg
““Ar/°Ar wr 26 13 deposits
Granite stock, northern San Luis Potosi ““Ar/"Ar b, wm 29-28 13 3 samples; associated with Sn
Rhyolite, southern Chihuahua K-Ar wr 25 22
Alkalic basalts, southwestern Chihuahua K-Ar 24,21 23 Contemporaneous with Basin and
Range faulting
Alkalic mafic lavas, east-central Durango K-Ar 22¢ 2 14 4 samples
Alkalic basalts, San Luis Potosi-Zacatecas K-Ar 14-11 24 3 samples
Mafic volcanic rocks and dikes, C Durango K-Ar p, h 13-12 17

*Mineral abbreviations: b = biotite; h = homblende; kf = potassium feldspar; p = plagioclase; wm = white mica; wr = whole rock: zr =zircon.

11 = Ruiz and others, 1988b; 2 = Ruiz and others, 1990; 3 = J. Luhr and others, unpublished data; 4 = Araujo and Arenas, 1986; 5 = Pacheco
and others, 1984; 6 = Blickwede, 1981; 7 = Fries and Rincén-Orta, 1965; 8 = Wilson, 1990; 9 = Damon and others, 1981; 10 = T. H. Ander-
son, unpublished data, personal communication, 1990; 11 = Monod and others, 1990; 12 = Denison and others, 1969; 13 = Tuta and others,
1988; 14 = Aguirre and McDowell, 1991; 15 = Ranson and others, 1982; 16 = Damon and others, 1983; 17 = McDowell and Keizer, 1977;
18 = Clark and others, 1980; 19 = Ponce and Clark, 1988; 20 = Shafiquallah and others, 1983; 21 = Gilmer and others, 1988; 22 = Grant and

Ruiz, 1988; 23 = Cameron and others, 1980; 24 = Luhr and others, 1991.

facies assemblages (chlorite, garnet, cordierite), displays a
penetrative northwest-striking foliation, islocally blastomylonitic,
and has yielded late Paleozoic K-Ar dates (Table 15). A struc-
turally intermegdiate unit consists, according to conflicting reports,
of either crenulated phyllite or metaandesite. The structurally
highest unit consists of strongly deformed black slate containing
early Mesozoic, probably Early Jurassic, palynomorphs and
blocks of quartzite, Carboniferous limestone, tuff, and other sed-
imentary rocks. | solated outcrops of basaltic to andesitic pillow
lavas may be interbeds in the slate, olistoliths within the dlate, or
fault-bounded units unrelated to the Gran Tesoro Formation.
Zaldivar-Ruiz and Gardufio-M. (1984) and Cdrdoba and Silva-
Mora (1989) considered all these rocks to be part of the Gran
Tesoro Formation, which they inferred to be upper Paleozoic
despite the presence of early Mesozoic fossilsin the date.
Pacheco-G. and others (1984) and Aranda-Garcia and others
(1988) restricted use of the term Gran Tesoro Formation to the
upper and perhaps middle units, which they considered a tecton-
ized olistostrome, and recognized a fault between these units and
the more strongly deformed and metamorphosed |ate Paleozoic
schist. All units are intruded by quartz diorites that yielded Late
Jurassic K-Ar datesin southern Chihuahua (Table 15), are over-
lain with uncertain relation by the Nazas Formation, and are
overlain unconformably by L ate Jurassic to Early Cretaceous
marine strata correlative with rocks in eastern Mexico (Aranda-
Garcia and others, 1987; Contreras y Montero and others, 1988).

A variety of Mesozoic rocks crop out near the cities of
Guanajuato and Le6n, Guangjuato (Fig. 2). The structurally

lowest rocks are strongly deformed greenschists of the Arperos
Formation (also known in part or whole as Esperanza Formation
or El Maguey Formation), which were derived from volcaniclas-
tic flysch, tuff, chert, and limestone and shale that have been
assigned probable Triassic or Jurassic ages and tentatively corre-
lated with the Triassic Zacatecas Formation in the northern part
of the terrane (e.g., Servais and others, 1982; de Cserna, 1989).
However, recently reported radiolarians of probable Early Creta-
ceous age (Dévila-Alcocer and Martinez-Reyes, 1987) indicate
that the entire assemblage probably is post-Jurassic. In adjacent
Jalisco, 25 km north of Leén, the Arperos Formation is overlain
unconformably by Albian carbonates including oolitic grain-
stone, reefstone, marly limestone, cal careous sandstone, and marl
(Chiodi and others, 1988) interpreted as the western continuation
of platform carbonates of the Gulf of Mexico sequence in eastern
Mexico (see below).

South and east of Leon, the Arperos Formation is struc-
turally overlain by faulted dlabs of mafic and ultramafic igneous
rocks interpreted by Servais and others (1982) as an ophiolitic
complex and by Monod and others (1990) as the disrupted re-
mains of a once-complete oceanic island arc. Constituent rock
typesinclude massive and pillow basalts, at least partly of Early
Cretaceous age; a diabase dike complex; distinct sheets of Early
Cretaceous diorite and Jurassic(?) tonalite, each intruded by
mefic dikes; partly serpentinized massive and layered gabbro; and
serpentinized harzburgite, wehrlite, and pyroxenite (Table 15).
The mafic and ultramafic rocks and the underlying Arperos For-
mation are strongly foliated and locally lineated, and contain kine-
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matic indicators that record tectonic transport to the north to
north-northeast. These rocks are inferred to be oceanic island arc
tholeiites on the basis of trace element data (Ortiz and others,
1991, Lapierre and others, 1992), but we consider theisland arc
interpretation unlikely because the trace element data also show
affinitieswith N-MORB (e.g., Sun, 1980) and because, in terms
of lithology and structure, the igneous assemblage closely resem-
bles Mesozoic ophiolites scattered throughout western Mexico.
We follow Servais and others (1982) in interpreting the mafic
and ultramafic rocks as Late Jurassic(?)—Early Cretaceous
oceanic crust of a backarc basin, presumably the same basin
inferred to the north in Zacatecas (see above), that was shortened
and thrusted north-northeastward onto volcaniclastic backarc
basin fill (Arperos Formation) prior to deposition of Albian plat-
form limestone. The thrust sheet of Jurassic(?) tonalite presuma-
bly was derived from the Jurassic magmatic arc in southwestern
Mexico, the original extent and present disposition of which are
not well known.

In west-central Queretaro, strongly deformed, low-grade
metasedimentary rocks of the Chilar Formation are lithologically
and structurally similar to the Zacatecas Formation 300 km to
the northwest. At least one episode of strong pre-Laramide de-
formation is documented. These rocks were provisionaly inferred
to be Paleozoic(?) or Triassic(?) by Lépez-Ramos (1985,
p. 443-446) and L ate Jurassic(?) by Coney and Campa-
Uranga (1987), who assigned them to the Toliman terrane. No
direct radiometric or paleontologic data are available concerning
the ages of protolith and metamorphism.

Late Jurassic to Recent rocks. Oxfordian to early
Kimmeridgian carbonate and fine-grained clastic rocks that crop
out throughout the northern Tepehuano terrane contain megafos-
sils of both Tethyan and Boredl affinity (Buitron, 1984; Aranda-
Garcia and others, 1987; Salvador, 1987; Contrerasy Montero
and others, 1988). These strata are laterally continuous with coe-
val stratain the Guachichil and Coahuiltecano terranes; local
formation names include Zuloaga, Novillo, Santiago, and La
Gloria (Imlay, 1936; 1938; Heim, 1940; Canti-Chapa, 1979).
Coevdl, correlative stratain the U.S. Gulf Coast region include
the Smackover Formation (e.g., Imlay, 1943). Overlap by these
strata indicates that the Tepehuano, Guachichil, and Coahuilte-
cano terranes were amal gamated within the continental platform
of Mexico by Late Jurassic time (Mitre-Salazar and others,
1991). Later fault displacements (Longoria, 1988) have been of
insufficient magnitude to obscure regional facies patterns.

Late Jurassic to Late Cretaceous platform stratain the
Tepehuano terrane are dominated by carbonates and local evap-
orites, but also include interbedded shale and flysch derived
chiefly from the magmatic arc to the west (Fig. 19), with a
marked increase in the abundance of clastic rocksin the late
Cenomanian (Tardy and Maury, 1973; de Cserna, 1976; Cuevas-
Pérez, 1983; Mitre-Salazar and others, 1991). Cretaceous plat-
form limestone and shale crop out in the western part of the
terrane (Chiodi and others, 1988).

Cretaceous and ol der rocks are intruded by widely distrib-

uted Paleogene granitoids (Table 15) and intermediate hypabys-
sal rocks (INEGI, 1980; Damon and others, 1983; Lépez-Ramos,
1985, p. 426-427).

Rocks deformed during Laramide shortening are unconform-
ably overlain by sparse outcrops of Paleogene nonmarine
conglomerate and sandstone that probably were deposited in al-
luvial fans at the feet of fault blocks elevated during regional
extension (Aranda-Garcia and others, 1989). In northwestern
Guangjuato, vertebrate fossils are late Eocene to early Oligo-
cene, subordinate interbeds of basalt and andesite are present, and
clasts were derived chiefly from silicic to intermediate volcanic
rocks aswell as from granitoids (increasing upsection) and Early
Cretaceous limestone (Edwards, 1955). On the outskirts of
Zacatecas city, conglomerate derived from mixed igneous and
sedimentary sources unconformably overlies the Zacatecas For-
mation and Chilitos Formation (Edwards, 1955) and is overlain
conformably by ignimbrite from an Oligocene caldera (Ponce
and Clark, 1988). Near Durango city, conglomerate is derived
chiefly from carbonates and clastic rocks, and is overlain by
andesite that yielded a K-Ar date of —52 Ma (Table 15), imply-
ing a Paleocene—early Eocene age for the conglomerate (Cér-
doba, 1988).

Tertiary magmatic rocks (Table 15) include Paleogene gran-
itoids, Paleogene andesitic lava, tuff, and hypabyssal intrusives of
the "lower volcanic complex" of McDowell and Keizer (1977),
and mid-Tertiary silicic ignimbrites and basaltic andesites of the
"upper volcanic supergroup” of McDowell and Keizer (1977)
(Swanson and others, 1978; Cérdoba, 1988; Cameron and oth-
ers, 1989; McDowell and others, 1990; Wark and others, 1990).
Late Cenozoic rocks include Miocene-Pliocene alkali basalts
and basanites that were erupted during Basin and Range exten-
sion (Table 15), Neogene and Quaternary fluvial sedimentary
rocks, and Quaternary basalts containing crustal and mantle xe-
noliths (Luhr and others, 1990; Heinrich and Besch, 1992).

Structural and geophysical data. The Tepehuano terrane
underwent an unresolved amount of north- to northeast-vergent
Laramide shortening in the latest Cretaceous and Paleogene
(Pantoja-Alor, 1963; Ledezma-Guerrero, 1967,1981; Enciso de
laVega, 1968; INEGI, 1980). Laramide deformation affected
rocks at least as far south as 24°N (Ledezma-Guerrero, 1981) and
at least as far west as 104°30'W, where pre-Tertiary rocks are
covered by Tertiary volcanics of the SierraMadre Occidental
(Pantoja-Alor, 1963).

Regional stresses changed from east-northeast—west-south-
west compression to east-northeast—west-southwest tension about
30 Ma, initiating block tilting, diking, and veining. High-angle
normal faulting generally ascribed to Basin and Range deforma-
tion and associated basaltic volcanism were underway by 24 Ma
and continue at present (Table 15) (Aguirre-Diaz and McDowell,
1988; Grant and Ruiz, 1988; Cérdoba and Silva-Mora, 1989;
Henry and others, 1991; Henry and Aranda-Gémez, 1992). On
the basis of structural analysis of faults, fractures, and lineaments,
Aranda-Gémez and others (1989) concluded that the southern
part of the Mesa Central of Mexico (i.e., southern Tepehuano
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terrane) experienced distinct episodes of northeast-southwest and
northwest-southeast tension during the Cenozoic. The relative
ages of these episodes are not yet understood.

A paleomagnetic pole determined from the Nam Forma-
tion south of Torreén, Coahuila overlaps two poles from coeva
rocks of southwestern North America at the 95% confidence level
(Nairn, 1976; Cohen and others, 1986). The clustering of the
polesis significantly improved at the 95% confidence level by
restoring 800 km of Late Jurassic sinistral displacement on the
Mojave-Sonora Megashear, which separates the Tepehuano ter-
rane from North America (p. 79).

Yuma composite terrane

The Y uma compositeterrane of Baja California (and south-
ern California) consists of a Jurassic-Cretaceous volcanic arc sub-
terrane to the west and a Triassic-Jurassic basinal subterrane to
the east (Fig. 20). The subterranes were amalgamated during the
Early Cretaceous and intruded by the Peninsular Ranges batho-
lith during the Early and Late Cretaceous. The Y uma composite
terrane corresponds to the Alisitos terrane of Campa-Urangaand
Coney (1983) and to the Santa Ana terrane of southern Califor-
nia (Howell and others, 1985; Coney and Campa-Uranga, 1987).

The western (arc) subterrane. The western (arc) subter-
rane is known by different names on opposite sides of the east-
west Agua Blanca fault near latitude 31°N (Fig. 3). To the north,
volcanic rocks between the Agua Blanca fault and southern Cali-
fornia generally have been correlated with the Upper Jurassic-
Lower Cretaceous Santiago Peak Formation of southern
California (Larsen, 1948; Hawkins, 1970). To the south, the
western subterrane is known as the Alisitos Formation, which is

at least partly of Early Cretaceous age. Recent studies seem to
show that a perceived age difference between the Santiago Peak
and Alisitos Formationsis imaginary, that the Agua Blanca fault
does not mark amajor division of the arc subterrane, and that the
two formations are correlative parts of the same Late Jurassic
to chiefly Early Cretaceous volcanic arc that was the extrusive
equivalent of the older part of the Peninsular Ranges batholith
(see below). In the following paragraphs, we summarize charac-
teristics of the Santiago Peak and Alisitos Formations and de-
scribe other volcanic rocks from the western (arc) subterrane that
are not clearly part of the Santiago Peak-Alisitos association.

The Santiago Peak Formation consists predominantly of
calc-alkalic and tholeiitic, andesitic to rhyolitic massive flows,
tuff, agglomerate, and breccia, with minor amounts of basalt and
volcaniclastic rocks (Larsen, 1948; Adams, 1979; Balch and oth-
ers, 1984; Buesch, 1984). On the basis of Tithonian bivalves,
belemnites, radiolarians, and trace fossils in the volcaniclastic
rocks (Fife and others, 1967; Jones and others, 1983), the Santi-
ago Peak Formation iswidely inferred to be Upper Jurassic.
However, recent U-Pb zircon studies of massive flows and brec-
cias have yielded Early Cretaceous dates (Table 16), implying
that the more abundant volcanic rocks in the Santiago Peak
Formation are Early Cretaceous and thus coeval with the older
part of the Peninsular Ranges batholith (Kimbrough and others,
1990; Herzig and Kimbrough, 1991). A 122-Madate from sev-
era granite clasts isamaximum age for part of the volcanic
brecciain the Santiago Peak Formation (D. Kimbrough, personal
communication, 1990).

The Alisitos Formation isathick (>6 km) sequence of
calc-alkalic rhyoalitic to andesitic flows, pyroclastic rocks, and
breccias with thin interbeds of volcaniclastic sandstone and shale
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TABLE 16. YUMA TERRANE RADIOMETRIC DATA

Sample System Mineral* Date Referencest Comments
(Ma)
Volcanic arc (western) subterrane
Andesite beneath Alisitos Formation at U-Pb zZr 155 1 Unpublished data
Arroyo Calamajué
Santiago Peak Formation ~*Pb/""Pb zr 130E 5 2
Santiago Peak Formation U-Pb zr 120 2
Santiago Peak Formation U-Pb zr 114 2
Santiago Peak Formation U-Pb zr 107 2
Siliceous volcanic rocks (Alisitos Formation?) Rb-Sr wr 103E 4 3,1
at Arroyo Calamajué U-Pb zr -122
Greenschist-facies andesite near Loreto K-Ar 92¢C 2 1 Minimum age
Peninsular Ranges Batholith
S-type granitoids in eastem subterrane U-Pb Zr 1,600; 4 Discordia intercepts
156 C 12
Rb-Sr wr 168 C 12 4 5 samples
Tonalite near Loreto K-Ar 144 C 9 5
Western part of batholith U-Pb zr 140-105 6,7 Unpublished data
Eastern part of batholith U-Pb zr 105-80 6
Gabbro K-Ar 126 C 4 5
Hypabyssal volcanic rock U-Pb 2r 127 C 5 5 Source: L Silver
Granodiorite near El Arco K-Ar 117¢C 4 8
K-Ar 110¢ 3 8
Granodiorite near El Arco K-Ar 115¢ 3 8
K-Ar 111 ¢ 3 8
Copper porphyry K-Ar kf 107 ¢C 3 8
Granitoidsnear El Arco K-Ar wr 107-99 9 3 samples
Quartz monzonite near 27E30N K-Ar 93C 2 10
Granodiorite near Loreto K-Ar 87¢C 2 11
Upper Cenozoic volcanic rocks
Rhyolite tuff, Baja California Sur K-Ar b, kf, wr 28-23 12,13 7 samples
Basalt near 25EN K-Ar 28E 1 12
Volcanic rocks, Baja California K-Ar p, wr, h, kf, b 25-10 14,12 78 samples; mainly calc-alkalic
13,15
Volcanic rocks, Baja California K-Ar wr, p, kf 12-1 12,13,15 30 samples; alkaline and tholeiitic

*Mineral abbreviations: b = biotite; h = homblende; kf = potassium feldspar; p = plagioclase; wr = whole rock; zr = zircon.

11 = Gastil and others, 1991; 2 = Kimbrough and others, 1990; 3 = Griffith, 1987; 4 = Todd and others, 1991; 5 = Gastil and others, 1978; 6 =
Silver and others, 1979; 7 = Silver and Chappell, 1988; 8 = Barthelmy, 1979; 9 = Damon and others, 1983; 10 = Schmidt, 1975; 11 = McLean,
1988; 12 = Gastil and others, 1979; 13 = Hausback, 1984; 14 = Gastil and Krummenacher, 1977; 15 = Sawlan and Smith, 1984.

and reef limestone (Santillin and Barrera, 1930; Allison, 1955;
Gastil and others, 1975, 1981; Almazan-Vazquez, 19883, b).
Some limestones contain Aptian-Albian fauna, but much of the
formation is unfossiliferous and of unknown age. The Alisitos
Formation crops out as far south as latitude 28°N (Rangin, 1978;
Barthelmy, 1979) and is known from the subsurface beneath the
eastern margin of the Vizcaino desert (-27°50'N); similar rocks
of unknown age crop out near Loreto (McLean, 1988). The
Alisitos Formation probably is correlative with the Early Cre-
taceous part of the Santiago Peak Formation (Kimbrough and
others, 1990).

Other Mesozoic igneous rocks reported from the western
(arc) subterrane of the Y umaterrane have uncertain origins and
relation to the Santiago Peak and Alisitos Formations. The Alisi-
tos Formation overlies Late Jurassic andesite and basalt (Table
16) at Arroyo Calamajué (Fig. 2). Initia reports of Late Trias-
sic or Early Jurassic clastic and volcanic rocks beneath the

Alisitos Formation near Rancho San José (Fig. 2) (Minch, 1969)
were based on incorrect fossi| identification; the rocks are Cre-
taceous and probably part of the Alisitos (J. Minch, personal
communication, 1991; Strand and others, 1991). Weakly meta-
morphosed L ate Cretaceous andesite and vol caniclastic rocks
northwest of Loreto (Fig. 2) probably are ayounger part of the
Alisitos Formation, although they also resemble Late Creta-
ceous rocks in the Tahué terrane (Gastil and others, 1981). North
of El Arco (Fig. 2), gabbro, diorite, serpentinite, pyroxenite, and
pillow basalt of unknown age are faulted against metavolcanic
and metasedimentary rocks of possible Cretaceous age (Rangin,
1978; Barthelmy, 1979). It has been speculated that these rocks
represent a disrupted ophiolite and adjacent or overlying sedi-
mentary rocks that were intercalated within numerous thrust
sheets during mid-Cretaceous contraction (see below) (Rangin,
1978; Radelli, 1989), but few data are available concerning their
age, origin, and structural evolution.
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The eastern (basinal) subterrane. The eastern (basinal)
subterrane is considered by many workers to be divisible into an
older unit north of the Agua Blanca fault and a younger unit
south of the fault. To the north, undated siliciclastic flysch be-
tween the Agua Blanca fault and southern California generally
has been correlated with the Triassic(?)-Jurassic Bedford Canyon
Formation, the Late Triassic(?) Frenchman Valley Formation,
and the Triassic(?) Julian Schist of southern California (Gastil
and others, 1975, 1981; Criscione and others, 1978; Todd and
others, 1988; Reed, 1989). The Triassic-Jurassic age of the silici-
clastic Bedford Canyon Formation is based on olistostromal
Middle to Late Jurassic limestone clasts (Moran, 1976) and
Rb-Sr studies of sedimentary rocks that yield isochron ages of
about 230 and 175 Ma (Criscione and others, 1978). The Juras-
sic faunainclude several ammonite species that have affinities
southward rather than northward (Imlay, 1963, 1964). On the
basis of lithologic similarity to part of the Franciscan Complex,
the protoliths of the Bedford Canyon Formation and, by ana ogy,
of the Frenchman Valley Formation and the Julian Schist, have
been interpreted as trench or trench-slope deposits (Moran, 1976;
Criscione and others, 1978); forearc basin and even backarc ba-
sin environments also are possible (Todd and others, 1988).
Recent work has shown that the eastern subterrane is intruded by
strongly deformed S-type granitoids as old as Middle Jurassic
(Fig. 20), but the regiona extent of these plutonsis not yet certain
(Todd and others, 1991). The following geologic history can be
deduced for the Julian Schist at itstype locality near Julian:
deposition of afine- to coarse-grained siliciclastic protolithin
uncertain tectonic setting; intrusion by thin pegmatite veins, per-
haps in association with intrusion of Jurassic S-type granitoids;
Early Cretaceous penetrative deformation and metamorphism;
and Early Cretaceous intrusion by the Peninsular Ranges
batholith.

To the south, the eastern (basinal) subterrane includes un-
named flysch units at several isolated localities. Near 30°00'N, a
6-km-thick greenschist- and amphibolite-facies flysch unit that in-
cludes rare quartzite conglomerate and andesite contains proba-
ble Aptian-Albian fauna (Gastil and others, 1981; Phillips, 1984)
and has been interpreted as a backarc sequence (Gastil and oth-
ers, 1986b). Near 30°30'N, flysch of unknown age contains rare
interbeds of rhyolite and andesite (Gastil and Miller, 1984). At
Arroyo Calamajué, broken formation derived from metamor-
phosed flysch of unknown age may be correlative with the Cre-
taceous flysch farther north (Gastil and Miller, 1983; Griffith,
1987). North of El Arco, prebatholithic metamorphosed clastic
rocks crop out to the northeast of probable Alisitos rocks (Bar-
thelmy, 1979; Radelli, 1989).

Relation of subterranes. Contact relations between the
eastern and western subterranes are complex. Locally, volcanic
rocks of the Santiago Peak Formation (western subterrane) un-
conformably overlie deformed, metamorphosed, and uplifted
flysch of the eastern subterrane. However, field relations and
geochemical and geophysical studiesindicate that in most areas
the eastern (basinal) subterrane overlies the western (arc) subter-

rane along a steeply east-dipping suture that probably formed
during late Early Cretaceous collision of the arc subterrane with
the marginal basin subterrane and continental rocks of the Seri
terrane farther east. In southern California and much of northern
Baja California, this suture is obscured by the younger (Late
Cretaceous) part of the Peninsular Ranges batholith (Fig. 20), as
well as by Late Cretaceous and Cenozoic cover. North of the
Agua Blanca fault, the position of the sutureisinferred from
geochemical and geophysical studies, and U-Pb dating of tectonic
and posttectonic plutonsindicates collision during the Early Cre-
taceous (Todd and others, 1988). South of the Agua Blancafaullt,
the suture crops out in several locations; locally, the western
subterrane is juxtaposed directly with the Seri terrane, i.e., the
eastern Y uma subterrane is absent. Steeply plunging lineations,
asymmetric kinematic indicators, and the inferred depth of crustal
exposure indicate thrust or reverse displacement; U-Pb dating
of syntectonic and posttectonic plutons indicates that collision,
southwest-northeast contraction, and upper greenschist— to lower
amphibolite—facies metamorphism occurred between about 105
and 95 Ma (Griffith, 1987; Griffith and Goetz, 1987; Goetz and
others, 1988; Radelli, 1989; Windh and others, 1989). Y ounger
episodes of west-vergent thrusting and mylonitization (-80 Ma)
and uplift dong normal faults (-62 Ma) that affected the eastern
(marginal basin) subterrane and adjacent Seri terrane have been
recognized along the East Peninsular Ranges fault zone in Alta
California (Dokka, 1984; Todd and others, 1988; Goodwin and
Renne, 1991), but similar deformation in Baja California has not
been recognized.

Peninsular Ranges batholith. Plutons of the Peninsular
Ranges batholith intruded the Y uma terrane during Cretaceous
time. This batholith is a composite of a 140- to 105-Ma (U-Pb)
western part and a 105- to 80-Ma (U-Pb) eastern part that
youngs to the east (Fig. 20; Table 16). The older part of the
batholith is cogenetic with, and intrudes, Santiago Peak-Alisitos
volcanic rocks of the western subterrane. The younger part of the
batholith intrudes both subterranes of the Y umaterrane, the su-
ture between them, and the older part of the batholith. Near the
U.S.-México border, the older part of the batholith is more petro-
logically diverse and has lower initial 8/Sr/8°Sr ratios, lower
8 "0 values, and less fractionated rare earth element (REE) pat-
terns than the younger part (Silver and others, 1979; Hill and
others, 1986; Gromet and Silver, 1987). Sr, Nd, and Pb isotopic
systems have mantle valuesin the west but are progressively more
evolved to the east (Silver and Chappell, 1988). The western part
of the batholith istypical of primitive island arcs built on oceanic
lithosphere; the entire batholith appears to be an example of the
formation of continental crust in an area previously devoid of
continental lithosphere (Silver and Chappell, 1988).

The boundary between the older and younger parts of the
batholith is nearly coincident with regional featuresincluding a
magnetite-ilmenite line, a boundary between |-type and S-type
granitoids, a sharp gravity gradient, alinear magnetic anomaly
(Todd and Shaw, 1985; Gastil and others, 1986a; Jachens and
others, 1986, 1991), and the suture between the eastern and
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western subterranes (Fig. 20). Petrographic and structural obser-
vations in penetratively deformed plutons as young as 100 Ma are
interpreted to indicate syntectonic intrusion of the older part of
the batholith (Todd and others, 1988). Continuous exposures of
the Peninsular Ranges batholith are found as far south as El Arco
(28°N), but isolated outcrops have been discovered on the east
coast of Baja California Sur as far south as 26°N (Table 16), and
diorite and gneissic xenoliths have been collected in Tertiary
basalt at latitude 26°20'N (Demant, 1981; Hausback, 1984;
Lépez-Ramos, 1985, p. 28; McLean and others, 1987; McLean,
1988). Positive gravity anomalies associated with the batholith
continue at least as far south as 26°N (see below).
Postbatholithic rocks. Along the west coast of northern
Baja California, Late Cretaceous to Eocene postbatholithic ma-
rine clastic strata rest nonconformably on, and probably were
derived from, the Alisitos Formation and Peninsular Ranges bath-
olith (Gastil and others, 1975; Bottjer and Link, 1984). Cre-
taceous strata contain abundant Coralliochama Orcutti, a warm-
water rudist absent from Cretaceous rocks of the Great Valley
Group in Cdlifornia (D. Bottjer, personal communication, 1992).
Some postbatholithic rocks in northern Bgja California were de-
posited in tectonically active basins of uncertain tectonic setting
(Boehlke and Abbott, 1986; Cunningham and Abbott, 1986).
Eocene sedimentary rocksin the northern Y uma terrane indicate
bypassing of the eroded Peninsular Ranges batholith and volcanic
arc and tapping of source terranes in Sonora (Baffling and Abbott,
1983). Middle Miocene basalts, tuffs, and fluvial and shallow
marine clastic rocks along the coast between Ensenada and San
Diego were derived from western volcanic and Franciscan sources
that subsequently were submerged or displaced (Ashby, 1989).
Posthatholithic L ate Cretaceous and Paleogene clastic
rocksin Baja California Sur probably were derived from the
southward continuation of the Peninsular Ranges batholith,
which crops out locally on the eastern coast. Latest Creta-
ceous and Paleogene marine clastic rocks containing benthic and
planktonic forams and minor tuff (e.g., Bateque and Tepetate
Formations) crop out in the eastern Vizcaino Peninsula and aong
the Pacific coast east of Isla Magdalena (Heim, 1922; Mina,
1957; Fulwider, 1976; Hausback, 1984; Lopez-Ramos, 1985;
McLean and others, 1987; Squires and Demetrion, 1989, 1990a,
b). Wellsin these regions and in the northern Bahia Sebastian
Vizcaino have penetrated L ate Cretaceous to Eocene marine
clastic rocks and minor tuff (Mina, 1957; Lépez-Ramos, 1985,
p. 30-32, 50-52). The Late Cretaceous strata are similar to the
Valle Formation in the western part of the Vizcaino Peninsula
(Cochimi terrane), implying Late Cretaceous overlap of aburied
northwest-trending Yuma-Cochimi fault boundary (p. xx). Eo-
cene nonmarine rocks near Loreto probably are more proximal
lateral equivalents of the shallow marine strata (McLean, 1988).
Late Cenozoic vokanism, sedimentation, and faulting.
Late Oligocene to early Miocene(?) (Table 16) shallow marine
clastic rocks and subordinate tuffs and flows of the San Gregorio
Formation (also called El Cien Formation or Monterrey Forma:
tion) in central Baja Caifornia Sur contain commercially viable

phosphorite deposits (Hausback, 1984; Alatorre, 1988; Grimm
and others, 1991). The Middle to upper Miocene Salada Forma:
tion, which crops out in the Magdalena plain in southwestern
Baja California Sur, isathin (<100 m) sequence of richly fossilif-
erous marine sandstone, conglomerate, siltstone, and mudstone
deposited in a shallow embayment (Smith, 1992). Miocene calc-
akalic andesites and vol caniclastic rocks (Comondi Formation)
in Baja California Sur and southern Baja Cdlifornia, and correla
tive rocks in the Seri terrane in northeastern Baja California, are
remnants of achain of coalescing stratovol canoes that was active
24.t0 11 Ma (Gastil and others, 1979; Sawlan and Smith, 1984;
Sawlan, 1991). Vent-facies rocks of the axial core of this calc-
akalic arc are exposed on the eastern margin of Bajafrom 29° to
25°N (Hausback, 1984). The waning stage of orogenic magma-
tism was contemporaneous with akalic and tholeiitic volcanism
that started by about 13 Main eastern Bgja Californiaand within
the developing Gulf of Californiarift (Hausback, 1984; Sawlan
and Smith, 1984; Sawlan, 1991). The geol ogic-tectonic map of
Baja California compiled by Fenby and Gastil (1991) depicts all
sedimentary and volcanic rocks of Oligocene and younger age.

The eastern Bgja Cdifornia peninsula, including the eastern
Y uma, western Seri, and eastern Perici terranes, has undergone
extension with or without dextral slip since at least the Middle
Miocene (Angelier and others, 1981; Dokka and Merriam, 1982;
Hausback, 1984; Stock and Hodges, 1989, 1990). The least prin-
cipal stress and extension directions changed from east-
northeast—west-southwest to northwest-southeast about 6 Ma,
roughly coeval with theinitiation or acceleration of transtensional
opening of the modern Gulf of California. Since about 5 Ma, the
surface of the eastern edge of the Bgja continental block has been
uplifted about 1 to 3 km, resulting in detachment and eastward
translation of elevated continental crustal walls of the Gulf of
California (Fenby and Gastil, 1991; Gastil and Fenby, 1991).
Pliocene to Holocene faulting in eastern Baja Californiaincludes
dextral slip on northwest-striking strike-dlip faults, down-to-the-
gulf normal faulting, and oblique-dlip faulting (e.g., Umhoefer
and others, 1991). The geologic-tectonic map of Bgja California
compiled by Fenby and Gastil (1991) depicts al faults on which
displacement is interpreted to be Oligocene and younger.

Geophysical data. A positive low-pass filtered gravity
anomaly trends south-southeast from the peninsular rangesin
BajaCaliforniato at least 26°N in Bgja California Sur (Couch
and others, 1991). Gravity models interpret this anomaly to indi-
cate southeastward continuation of the Cretaceous batholith in
the subsurface.

Paleomagnetic investigations of rocks of different age, li-
thology, and magnetic character in the Y umaterrane have yielded
Cretaceous and Paleogene pal eol atitudes that are significantly
shallower than expected for stable North America. Calculated
relative paleolatitudes, i.e., the implied northward latitudinal dis-
placement of specific localities relative to North America since
rocks at those localities were magnetized, include 12.3° + 7.4°,
13.2° + 6.8°, and 4.6° £ 6.0° for Cretaceous plutons (Teissere
and Beck, 1973; Hagstrum and others, 1985); 15.0° + 3.8° and
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18.2° £+ 6.7° for Late Cretaceous sedimentary rocks (Fry and
others, 1985; Filmer and Kirschvink, 1989); and about 5° + 5°
for Paleogene sedimentary rocks (Flynn and others, 1989). These
and other results from correlative rocks in southern California
(summarized in Lund and Bottjer, 1991 and Lund and others,
1991) imply at least 10° and perhaps as much as 20° of north-
ward trandation and 25° to 45° of clockwise rotation of Baja
with respect to stable North America between about 90 and 40
Ma. These data are discussed more fully on pages 80-81.

Zapoteco terrane

The Zapoteco terrane is afragment of Proterozoic continen-
tal crust consisting mainly of crystalline basement rocks of Gren-
ville age overlain nonconformably by rare cratonal Paleozoic
strata. On the basis of petrologic, geochronologic, and paleomag-
netic data we infer that the Precambrian and early Paleozoic
rocks of the Zapoteco terrane formed part of the Grenville prov-
ince of southeastern Canada; however, other interpretations are
permissible. The Zapoteco terrane probably was displaced to the
south of the southern margin of North America during the Pa-
leozoic, and by the latest Paleozoic it hosted a magmatic arc
within or west of the western margin of Pangea. The Zapoteco
terrane corresponds to the Oaxaca terrane of Campa-Uranga and
Coney (1983) and Coney and Campa-Uranga (1987).

Oaxacan Complex. The oldest unit in the Zapoteco ter-
rane is the Oaxacan Complex (Fig. 21), an assemblage of meta-
anorthosite, quartzofel dspathic orthogneiss, paragneiss, calcsili-
cate metasedimentary rocks, and charnockite that was formed by
Grenvillian metamorphism of miogeoclinal or continental rift
deposits and plutonic rocks (Ortega-Gutierez, 19814, b, 1984a).
The protoliths experienced peak granulite-facies metamorphic
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temperatures of 710° + 50°C and pressures of approximately 7
kbar (Moraand others, 1986). Metamorphism probably occurred
between 1,100 and 1,000 Ma, and dlightly younger Sm-Nd cool-
ing ages (Table 17) probably postdate peak metamorphism (Pat-
chett and Ruiz, 1987). There are no radiometric data to support
speculative Archean to Middle Proterozoic ages (e.g., Bazan,
1987). Fold axes and lineations in the Oaxacan Complex plunge
gently to the north-northwest, and mesoscopic folds record east-
west shortening (Ortega-Gutierez, 1981b).

Paleozoic to Cenozoic rocks. The Oaxacan Complex is
overlain nonconformably by thin-bedded shale, sandstone, lime-
stone, and conglomerate of the Tifiu Formation, which contains
early Tremadocian (earliest Ordovician) trilobite taxa that
resembl e those in Early Ordovician rocksin South America,
southeastern Canada, and northwestern Europe, and that are dis-
similar to those of southwestern North America (Pantoja-Alor
and Robison, 1967). Y ounger Paleozoic strata include Carbonif-
erous marine sandstone and shale of the Santiago and | xtaltepec
Formations, and continental sandstone, siltstone, and conglomer-
ate of the Matzitzi Formation of Pennsylvanian and probable
Permian age; depositional environments of these rocks are not yet
certain (Pantoja-Alor and Robison, 1967; Robison and Pantoja
Alor, 1968). The Matzitzi Formation is the oldest unmetamor-
phosed stratigraphic unit that physically overlaps the fault contact
between Zapoteco and Mixteco terranes.

Near Caltepec, Puebla, the Oaxacan Complex isintruded by
cataclastic granitoids that are correlated with the Devonian Es-
peranza granitoids in the Mixteco terrane (F. Ortega-Gutiérrez,
unpublished data). The granitoids become more strongly mylo-
nitic closer to the contact of the Zapoteco terrane with the Mix-
teco terrane, implying syntectonic intrusion of the two terranes
during the Early to Middle Devonian. The Oaxacan Complex aso
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Figure 21. Schematic tectonostratigraphic section of Zapoteco terrane. Upper Devonian rocks at
western margin overlap Mixteco and Zapoteco terranes.
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TABLE 17. ZAPOTECO TERRANE RADIOMETRIC DATA

Sample System Mineral* Date Referencest Comments
(Ma)
Oaxacan Complex
Paragneiss U-Pb Zr 1,168 (180; 1 Discordia intercepts
747 (830

Gneiss and syntectonic pegmatite U-Pb Zr 1,080 O10 2
Gneiss U-Pb Zr 1,050 620 3
Paragneiss U-Pb Zr 1,020 4 Slightly discordant
Posttectonic pegmatites U-Pb zr 975 010 2

U-Pb zr 960 015 3 Concordant age
Gneiss Sm-Nd 960, 940 5 Cooling ages
Pegmatite K-Ar 950 030 6

K-Ar 930 030 6

K-Ar 906 030 7

Rb-Sr 870 O35 7

Rb-Sr kf 770 035 7

Rb-Sr 770 020 7

K-Ar 680 ©020 7
Other rocks
Granite Rb-Sr 272 O8 8 81/ "Sr: 0.7047
Ignimbrite K-Ar 170 1 9

*Mineral abbreviations: b = biotite; g = garnet; kf = potassium feldspar; zr = zircon.
t1=Robinson, 1991; 2 = Anderson and Silver, 1971; 3 = Ortega-Gutiérrez and others, 1977; 4 = Robinson and others, 1989; & = Patchett
and Ruiz, 1987; 6 = Fries and others, 1962a; 7 = Fries and Rincén-Orta, 1965; 8 = Ruiz-Castellanos, 1979; 9 = Ferrusqufa-Villafranca, 1976.

isintruded by asmall, undeformed Early Permian granitoid
(Table 17).

Much of the Zapoteco terrane is overlain by Mesozoic and
Cenozoic rocks that are very similar to those in the Mixteco
terrane. These rocks include Late Jurassic to Early Cretaceous
shallow-water and nonmarine clastic rocks with minor limestone
and coal, mid-Cretaceous carbonates, Campanian-Maastrichtian
conglomerate and sandstone derived from the Juchatengo subter-
rane of the Mixteco terrane, Paleogene red beds and volcanic
rocks, mid-Tertiary andesite, and Neogene calc-alkalic volcano-
genic rocks (Fig. 21, Table 17) (Carfantan, 1986; Ortega-
Gutiérrez and others, 1990). Neogene nonmarine strata and
volcanic rocks were deposited in elongate north-north-
west—striking grabens that formed from about 19 to 12 Ma along
the Oaxaca fault at the eastern margin of the Zapoteco terrane
(Ferrusquia-Villafranca and McDowell, 1988; Centeno-Garcia
and others, 1990). The geometry and timing of extension may indi-
cate that the Basin and Range province continued south of the
TMVB in the Middle Miocene (Henry and Aranda-Gémez, 1992).

Geophysical data. The paleopole of primary magnetiza-
tion in the Oaxacan Complex is>40° from the Grenville Loop of
the North America polar wander path; this has been intepreted to
indicate a position near Quebec during Grenvillian time (Ballard
and others, 1989). Paleozoic cover of the Zapoteco terrane was
remagnetized between Late Permian and Jurassic time, possibly
by Permo-Triassic intrusions, and may have rotated counter-
clockwise as much as 28° with respect to the adjacent Mixteco
terrane (McCabe and others, 1988). Paleomagnetic arguments for
Jurassic to Early Cretaceous southward displacement of the Mix-

teco terrane with respect to cratonal North America (Urrutia
Fucugauchi and others, 1987; Ortega-Guerrero and Urrutia-
Fucugauchi, 1989) also must apply to the attached Zapoteco
terrane.

TERRANE BOUNDARIES

In this section, we discuss the rationale for distinction of
terranes and for the delineation of terrane boundaries shown in
Figure 3, and we summarize available data concerning the orien-
tation, nature, and kinematic history of terrane boundaries. Be-
cause much of Mexico is covered by Cretaceous and Cenozoic
rocks, and because major displacement on most terrane-bounding
faultsis Jurassic or older, few terrane-bounding faults crop out at
the surface, particularly in northern and central Mexico. Never-
theless, the surface trace of most faults can be determined to
within 10 to 200 km based on scattered exposures of basement
rocks and geophysical and isotopic data. The straight dashed lines
shown in Figure 3 are not meant to imply vertical faults; as
discussed in this section, the subsurface orientation of most faults
is unknown. As noted elsewhere, many of these terranes probably
are composite, and future work may lead to partitioning into
smaller terranes or subterranes.

Boundaries of Tarahumara terrane
The eastern and western boundaries of the Tarahumara ter-

rane are not exposed. The western boundary isinferred to be a
major southeast-dipping suture, probably of Pennsylvanian-
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Permian (Ouachitan) age, at which deformed basinal sedimen-
tary rocks of the Tarahumaraterrane (i.e., Ouachita orogenic
belt) were thrust at least 40 km onto continental margin sedimen-
tary rocks of the Pedregosa Basin and North American shelf
(Walper and Rowett, 1972; King, 1975; Armin, 1987; Handschy
and others, 1987; James and Henry, 1993). On the east, the
Tarahumaraterrane is bounded by the Coahuiltecano terrane,
which consists of metamorphic rocks that probably are part of
stranded South American (Gondwanan) continental crust. Be-
cause of the dearth of pre-Jurassic outcropsin thisregion, it is
impossible to ascertain the location and nature of the Tara-
humara-Coahuiltecano contact, but we speculate that itisa
southeast-dipping fault at which the Tarahumaraterrane was
overthrust by forearc and/or arc rocks of Gondwana. The south-
ern boundary of the Tarahumaraterrane is the Mojave-Sonora
Megashear (see below), which may have truncated a southward
continuation of the Tarahumara/Ouachita orogenic belt into cen-
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tral Mexico. In Part 2 we propose an alternate view in which the
Tarahumara terrane never extended farther south than it does
currently, and in which the megashear separates it from unrelated
accreted terranes to the south.

Southern boundary of North America, Tarahumara, and
Coahuiltecano terranes (Mojave-Sonora Megashear)

The Mojave-Sonora Megashear (MSM) of the southwestern
United States and northwestern Mexico is a controversia sinistra
fault system inferred to be the site of 700 to 800 km of Late
Jurassic displacement, based on the truncation of Precambrian
basement rocks, the offset of latest Precambrian to early
Paleozoic sedimentary rocks, the offset of Triassic sedimentary
rocks, and the offset of a Jurassic volcanic arc in northern Mexico
(Fig. 22) (Silver and Anderson, 1974, 1983; Stewart and others,
1984; 1990; Anderson and others, 1990). The MSM probably is
avertical fault or fault system, but it is difficult to prove this

Inferred trace of
M ojave-Sonora M egashear

Figure 22. Trace of the proposed Mojave-Sonora Megashear in northern Mexico. Lighter dot pattern
indicates 1,800- to 1,700-Ma basement province; heavier dot pattern, 1,700- to 1,600-Ma basement
province (both from Anderson and Silver, 1979); brick pattern, uppermost Proterozoic to Cambrian
shelf strata (from Stewart and others, 1984); v pattern, Jurassic volcanic arc (from Anderson and Silver,
1979, and other sources asin text). Abbreviations: C, Caborca; Q, Quitovac; SB, San Bernardino

Mountains area; SJ, San Julian uplift.
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because along most of itslength it is obscured by younger sedi-
mentary rocks and modified by younger structural features. In
Part 2, we discuss at length the case against and, in our opinion,
the stronger case for large displacement on the MSM (p. 78).

Eastern and southern boundaries of Seri terrane

The boundary between the Seri and Tahué terranes at |ati-
tude 28°N separates outcrops and inferred subcrops of Precam-
brian basement in the Seri terrane to the north from Mississippian
and inferred late Paleozoic basement rocks of the Tahué terrane
to the south. Initial 8Sr/®Sr values of Late Cretaceous—Paleo-
gene volcanic rocks are 0.7064 to 0.7080 north of the boundary
but only 0.7036 to 0.7063 south of the boundary (Tables 10, 11),
suggesting that sialic Precambrian crust underlies the Seri terrane
but not the Tahué terrane (Damon and others, 1983). The
inferred boundary a so marks the southern edge of the outcrop
area of the Upper Triassic—Lower Jurassic Barranca Group in the
Seri terrane. The orientation of and history of displacement on
the inferred fault boundary are unknown, but displacement appar-
ently has been negligible since the emplacement of overlapping
Early Cretaceous volcanic rocks.

In southern Baja California, the Seri terrane istectonically
interleaved with the western (arc) subterrane of the Yumaterrane
(eastern Y uma subterrane is absent) within a 5-km-wide, steeply
east-dipping suture zone (Griffith, 1987; Griffith and Goetz,
1987; Goetz and others, 1988). Juxtaposition was latest Early
Cretaceous (106 to 97 Ma), based on U-Pb ages of deformed and
undeformed plutonsin and near the suture.

The nature of the Seri-Yuma contact in southern Cali-
fornia and northern Baja California, where Mesozoic basinal
rocks of the eastern Y uma subterrane intervene between the
Seri terrane and the western (arc) Y uma subterrane, is enigmatic.
The Seri-eastern Y uma boundary isintruded by numerous
plutons and has not been studied in detail, although some screens
between plutons appear to be transitional in lithology and
age between the Paleozoic miogeoclinal strata of the Seri
terrane and the Mesozoic basinal strata of the eastern Yuma
subterrane (Todd and others, 1988). We provisionally infer a
prebatholithic fault boundary between the two rock units, but
if further work demonstrates that the contact is depositional, then
the Mesozoic basinal strata should be considered a subterrane of
the Seri terrane rather than of the Y umaterrane. The bound-
ary between the eastern and western Y uma subterranesisin-
ferred to be a steeply east-dipping suture zone of Early Creta
ceous age on the basis of geologic, geophysical, and geochemical
discontinuities (Todd and Shaw, 1985; Todd and others, 1988)
and thus is geometrically similar to and may be related to the
Seri-Yuma suture in southern Baja California.

Cochimi-Yuma boundary

The boundary between Cretaceous arc and forearc basin
rocks of the Yumaterrane and arc rocks and blueschists of the
Cochimi terrane is not exposed, but its position in the subsurface
is known within afew tens of kilometers from the distribution of

outcrops and subcrops and from distinctive gravity anomalies.
The boundary probably lies west of PEMEX well Totoaba-1 in
Bahia Sebastian Vizcaino (Fig. 2), which penetrated mid-Creta-
ceous flysch of the Valle Formation and bottomed in andesite that
may be correlative with the Alisitos Formation of the Y umater-
rane (L6pez-Ramos, 1985, p. 52). The boundary must be east of
exposures of the Cochimi terrane on the Vizcaino Peninsula at
28° to 27°N and on |sla Santa Margarita and I1sla Magdalena at
25° to 24°N (Fig. 2). The terrane boundary probably strikes
north-northwest between these two outcrop areas but is buried
beneath late Cenozoic sedimentary rocks of the Pacific continental
shelf. Gravity studies have measured a north-northwest—trending,
low-pass filtered, positive gravity anomaly above the Pacific shelf
south of about 30°N, indicating that submerged areas of the
terrane probably are underlain by comparatively dense rocks simi-
lar to the ophioalitic, arc, and blueschist rocks known from
outcrops of the terrane (Couch and others, 1991).

The current proximity of basement rocks of marked differ-
encesin lithology and metamorphic and structura history implies
that the boundary between the Y uma and Cochimi terranes must
be amgjor fault zone. The nature and the orientation of the fault
or faults are unknown, but possibilities include east- or west-
vergent thrust faults related to accretion, and younger strike-slip
faults. The age of juxtaposition of the two terranes is post-Jurassic
and pre—latest Cretaceous. By the earliest Cretaceous, arc subter-
ranes of the Cochimi terrane had collided with continental North
America, but it is not certain that they were originally juxtaposed
with the central Y umaterrane because paleomagnetic studies
infer that both the Yumaand Cochimi terranes were south of
their present |atitude prior to the Eocene (p. 80). Available data
are too meager to assess possible postcollisional strike-dip dis-
placement between the two terranes. Major displacement may
have ceased by the Late Cretaceous because the boundary appar-
ently is overlapped by widespread L ate Cretaceous to Eocene
marine strata that have been mapped and drilled in the eastern
Vizcaino region and the Iray-Magdalena basin (LOpez-Ramos,
1985, p. 50-52). Alternatively, the boundary may have under-
gone significant Cenozoic displacement that juxtaposed strata
deposited in similar, although distant, depositional environments.

Yuma-Tahué boundary (pre-Gulf of California)

Prior to the opening of the Gulf of California, the Yuma
terrane in southern Bgja California was adjacent to the Tahué
terrane. Relations between the Y uma terrane and Tahué terrane
were obliterated by late Cenozoic magmatism and the opening of
the Gulf of California. Weinfer that the pre-gulf boundary con-
sists of or included the fault or faults at which Bgja California,
including the Y umaterrane and the western part of the Seri
terrane, was trandlated northward with respect to North America
in the Late Cretaceous and Cenozoic.

Boundaries of Pericii terrane

The"LaPaz fault" at the western margin of the Pericii
terrane probably includes structures related to several episodes of
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displacement. Over the past several million years, this fault has
been characterized by down-to-the-west normal displacement,
probably associated with the opening of the Gulf of California
(Curray and Moore, 1984). Holocene displacement is indicated
by visible scarps along the fault trace (A. Carrillo-Chavez, unpub-
lished data). Normal slip during the Miocene may have been
accompanied by asinistral (Hausback, 1984) or dextral (Sedlock
and Hamilton, 1991) component of strike-dlip displacement.
Basement rocks of the Perici terrane have uncertain relation to
buried basement rocks west of the fault that provisionally are
assigned to the Yumaterrane, but early Tertiary strike-slip dis-
placement inferred between the two terranes implies that the
buried boundary between them is subvertical.

Prior to the opening of the Gulf of California, the Perict,
western Nahuatl, and southern Tahué terranes were mutually
adjacent. The original boundaries among these terranes have been
obscured by late Cenozoic strike-dlip faulting, opening of the Gulf
of Cdifornia, and volcanism in the Trans-Mexican Volcanic Belt.
Nevertheless, the protoliths of prebatholithic rocksin the three
terranes are quite similar and may indicate common parentage
(Henry, 1986). Metamorphic rocks of the Perici terrane were
derived from clastic rocks and carbonates at least as old as
Triassic, and probably Paleozoic. The lithology and age of these
rocks are very similar to those of the Paleozoic rocks of the Tahué
terrane. The host rocks for granitoidsin the western Nahuatl
terrane are interbedded andesite, metagraywacke, and marble of
possible Jurassic and Cretaceous age. These rocks are similar to
the Cretaceous marble and volcanic rocks of the Tahué terrane
and were correlated with these rocks by Henry and Fredrikson
(1987). These relations may indicate that the Perici and Tahué
terranes were part of the same parent Paleozoic terrane, and that
the western Nahuatl, Tahué, and (presumably) Perici terranes
were part of the same composite terrane by the late Mesozoic.

Tahué-Tepehuano boundary

Thick volcanic rocks of the Sierra Madre Occidental
completely obscure the location, nature, and orientation of the
contact between the Tahué and Tepehuano terranes. Mitre-
Salazar and others (1991) inferred that the two terranes were
juxtaposed in the Late Cretaceous, based on differences between
arc-derived Cretaceous rocks in the Tahué terrane and basinal
(carbonates and marine clastic) rocks in the Tepehuano terrane.
An aternate explanation is that Jurassic closure of an intervening
ocean basin resulted in collision of the two terranes and the
cessation of magmatism in the Tepehuano terrane. In other
words, the stratigraphic differences between the Tahué and Tepe-
huano terranes in Cretaceous time may simply reflect differences
between adjacent arc and backarc environments.

Tepehuano-Guachichil boundary

The Tepehuano-Guachichil terrane boundary is an inferred
fault, called the San Tiburcio lineament by Mitre-Salazar (1989)
and Mitre-Salazar and others (1991), that is overlapped by late

Mesozoic strata. The boundary is defined by the eastern outcrop
limit of Triassic(?)-Jurassic magmatic arc rocks (Caopas Schist,
Rodeo and Nazas Formations) and Late Triassic marine strata
(Zacatecas Formation), and by the western outcrop and subcrop
limit of nonmarine strata of the Upper Triassic to Lower Jurassic
Huizachal Formation (Lopez-Ramos, 1985). We do not accept
proposed correlations of the Huizachal Formation with either the
Nazas Formation or Zacatecas Formation. We suggest that the
San Tiburcio lineament is a southeastward splay of the Mojave-
Sonora Megashear (p. 79) with Late Jurassic dextral slip of un-
known magnitude. The San Tiburcio lineament may have been
reactivated during Laramide orogenesis (Mitre-Salazar, 1989).

Guachichil-Maya boundary

Basement rocks along this boundary are obscured by late
M esozoic-Cenozoic sedimentation, Laramide folding and thrust-
ing, and Cenozoic volcanism, but abundant well logs and samples
indicate that a subvertical boundary separates widespread Permo-
Triassic plutonic rocks to the east (Maya terrane) from Precam-
brian gneiss and Paleozoic schist and sedimentary rocksto the
west (Guachichil terrane) (Lépez-Ramos, 1972). This steeply
dipping boundary is afault or fault zone that strikes about N20OW
and appears to be offset by east-northeast—striking high-angle(?)
faults east of Tuxpan, Veracruz. Schist and gneissin some wellsin
the Maya terrane probably represent country rocks metamor-
phosed by the Permo-Triassic intrusions, asindicated by cooling
ages from some samples (Table 7). The boundary is placed at the
western limit of Permo-Triassic plutonic rocks, which do not crop
out in the Guachichil terrane. We propose that reported tonalite
or dioritein afew wells in the Guachichil terrane instead may be
gneissic basement; the ambiguity inherent in identifying basement
on the basis of small samples of drill core was discussed by
Lépez-Ramos (1972).

Several interpretations of the nature, timing, and kinematics
of displacement on the buried fault boundary between the Gua
chichil and Mayaterranes have been proposed. First, the bound-
ary may be ahigh-angle dextral fault system that accommodated
southward displacement of the Y ucatan block of the Maya ter-
rane during the Jurassic opening of the Gulf of Mexico (Padillay
Sanchez, 1986). Second, it may consist of thrust and reverse faults
that were produced during Triassic collision events, with Y ucatan
displacement accommodated on the offshore (intra-Maya ter-
rane) Golden Lane-Tamaulipas fault zone (e.g., Pindell, 1985).
Third, as discussed in Part 2, it may have been a high-angle
sinistral fault system that was a strand of the Jurassic Mojave-
Sonora Megashear (p. 79).

Trans-Mexican Vokanic Belt

Late Cenozoic volcanic rocks mask the identity of and
relations among older rocks in the Trans-Mexican Volcanic Belt
(TMVB) in southern Mexico (Figs. 1,3). Boreholesin the Mexico
basin (“la cuenca de Mexico") between Cuernavaca and Pachuca
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have penetrated Tertiary volcanic and continental clastic rocks,
L ate Cretaceous limestone, shale, and sandstone, Early Cre-
taceous marine limestone, and underlying anhydrite (Mooser and
others, 1974; de Cserna and others, 1987). Spectra analysis of
regional aeromagnetic datain the western part of the TMVB has
been used to infer that the Cenozoic volcanic rocks are underlain
by Cretaceous-Tertiary granitic basement west of Guadalgjara
and by older(?) crystalline basement east of Guadalgjara
(Campos-Enriques and others, 1990). Although insufficient data
are available to map terrane boundaries through the volcanic
cover, it islikely that the TMVB coincides with amajor fault or
fault zone that forms the southern boundary of the Tahué, Tepe-
huano, and Guachichil terranes, and the northern boundary of the
Nahuatl, Mixteco, Zapoteco, and Cuicateco terranes (Fig. 3).
Anderson and Schmidt (1983) invoked several hundred kilome-
ters of Jurassic sinistral dlip on thisinferred fault, whereas Gastil
and Jensky (1973) inferred several hundred kilometers of dextral
dip of latest Cretaceous and earliest Tertiary age. We are unable
to document geologic evidence for the older, sinistral event, but
restoration of the postulated younger, dextral event aligns the
Cretaceous batholiths of the Tahué, Pericii, and Nahuat! terranes
and various mineralization beltsin central and southern Mexico
(Gastil and Jensky, 1973; Clark and others, 1982).

Eastern boundary of Nahuatl terrane

The location of the fault boundary between the Nahuatl
terrane and the Mixteco terrane is controversial. At its western-
most exposure, the Acatlan Complex of the Mixteco terraneis
faulted westward above Cretaceous carbonates along the Papa-
lutlareverse fault. The basement and parent terrane of these car-
bonates are unknown. If the carbonates are underlain by Acatlan
Complex, they are part of the Mixteco terrane and the Mixteco-
Nahuatl terrane boundary is west of the carbonates. However,
suitable major faults are not exposed in this area. Alternatively,
the carbonates may mark an eastward facies change from the
Cretaceous marine siliciclastic and volcanic rocks that comprise
most of the Nahuatl terrane, in which case the carbonates are part
of the Nahuatl terrane and the Papalutla fault is the Mixteco-
Nahuatl terrane boundary. A third possibility isthat the Creta-
ceous carbonates overlap and completely obscure the original
Mixteco-Nahuatl terrane boundary. Currently, we cannot deter-
mine which of these possibilitiesis the most likely.

The fault boundary between the Nahuatl terrane and the
Chatino terrane has been completely obliterated by intrusion of
Tertiary granitoids east of Zihuatanejo and Petatldn, Guerrero.
The granitoids have yielded a 33 £ 8-Ma three-point Rb-Sr
isochron (Gonzalez-Partida and others, 1989), and U-Pb studies
of the plutons are in progress (K. Robinson, personal communi-
cation, 1991).

Zapoteco-Mixteco boundary

Basement rocks of the Zapoteco and Mixteco terranes
(Oaxacan Complex and Acatlan Complex, respectively) are di-
rectly juxtaposed at the subvertical to northeast-dipping Caltepec

fault zone 140 km north of the city of Oaxaca (Ortega-Gutiérrez,
1980). The 300- to 400-m-wide fault zone contains cataclastic
and mylonitic rocks derived from Precambrian granulitic gneiss
of the Oaxacan Complex and gneissic granitoids of the Acatlin
Complex and is overlain unconformably by the Pennsylvanian-
Permian Matzitzi Formation (Fig. 12). Basement rocks of the two
terranes probably were sutured by the Middle Devonian, based
on the syntectonic(?) intrusion of both terranes by the Early to
Middle Devonian Esperanza granitoids, the Early to Middle
Devonian age of penetrative deformation and high-temperature
metamorphism of the Acatlan Complex, and the presence of
clasts derived from basement rocks of both terranes in the Upper
Devonian Tecomate Formation of the Mixteco terrane (Ortega-
Gutiérrez, 1978b, 19814, b; Ortega-Gutiérrez and others, 1990;
Yaiiez and others, 1991).

Northern boundary of Chatino terrane

From west to east along its northern boundary, the Chatino
terraneisin fault contact with the Nahuatl, Mixteco, Zapoteco,
and Cuicateco terranes. This contrasts with the relations shown
by Campa-Uranga and Coney (1983) and Coney and Campa-
Uranga (1987), who placed a narrow western arm of the Cui-
cateco (their Juérez) terrane between the Chatino and Zapoteco
(their Xolapa and Oaxaca) terranes. The Chatino-Nahuat! con-
tact and many reaches of the Chatino-Mixteco and Chatino-
Zapoteco contacts are obliterated by Cenozoic plutons. Where
the contact has escaped later intrusion, it crops out as a major
mylonitic fault zone known by different fault names on opposite
sides of a cross-cutting Cenozoic high-angle fault that causes the
sharp bend in the boundary (Fig. 3). The contact with the Cui-
cateco terrane and the eastern part of the Zapoteco terraneis
called the Chacalapa fault zone, and the contact with the Mixteco
terrane and the western part of the Zapoteco terraneis called the
Juchatengo fault zone (Ortega-Gutierrez and others, 1990).

The south-dipping, 2- to 5-km-thick Chacalapa fault zone
consists of mylonite and ultramylonite derived from both the
Zapoteco and Chatino terranes, and metamorphosed mid-
Cretaceous limestone from the Zapoteco terrane (Ortega-
Gutiérrez, 1978b; Ortega-Gutiérrez and others, 1990; F. Ortega-
Gutiérrez and R. Corona-Esquivel, unpublished data). Blasto-
mylonitic granite with a shallowly east-southeast—plunging
lineation yielded a poorly constrained Rb-Sr whole-rock isochron
age of about 110 Ma (Ortega-Gutierrez and others, 1990).
Within several hundred meters of the Chacalapa fault zone, Pre-
cambrian granulites of the Zapoteco terrane contain retrograde
amphibolite-facies assemblages similar to prograde amphibolite-
facies assemblages in the Chatino terrane, implying synkinematic
metamorphism. The Chacalapa fault zone is interpreted as the site
of Late Cretaceous thrusting of the Chatino terrane over the
Zapoteco terrane, based on structural analysis, the presence near
the fault zone of fault-bounded synorogenic strata of Campanian-
Santoniar age, and the Tertiary age of nearby posttectonic strata
(Carfantan, 1981; Gragjales-Nishimura, 1988; Ortega-Gutiérrez
and others, 1990).
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Near Juchatengo (97°W), the Juchatengo fault zoneis
about 100 to 200 m thick and consists of north- to northeast-
dipping mylonite, ultramylonite, and cataclasite (Ratschbacher
and others, 1991) probably derived from the Chatino terrane and
the Juchatengo subterrane of the Mixteco terrane. Shear criteria
and quartz c-axes indicate top-to-the-north motion during low-
grade metamorphism; the interior of the mylonite zone is hy-
drothermally altered. Footwall gneiss and migmatite of the
Chatino terrane display evidence for coaxia north-south stretch-
ing. Hanging-wall Cretaceous(?) sedimentary and volcanic rocks,
assigned to the Juarez terrane by Ratschbacher and others (1991)
but here interpreted to overlie the Juchatengo subterrane of the
Mixteco terrane, display evidence for brittle north-south
extension.

At Tierra Colorada, 50 km northeast of Acapulco, the Ju-
chatengo fault zone is about 1 km thick and consists of mylonite,
ultramylonite, and cataclasite derived from migmatite of the Cha-
tino terrane and mid-Cretaceous carbonates of the Mixteco ter-
rane (Ratschbacher and others, 1991). Shear criteria and
fault-striae solutions indicate top-to-the-northwest ductile flow in
response to northwest-southeast extension. Mylonitic fabrics and
faultsin the hanging wall display a component of |eft-lateral
strike-dlip motion, indicating that displacement probably wasleft-
normal. Hanging-wall rocks are intruded by the Tierra Colorada
pluton, which yielded a 60-Ma Rb-Sr date (Table 8). According
to Ratschbacher and others (1991), a contact aureole indicates
that this pluton also intrudes the mylonites and thus constrains
ductile deformation to prior to 60 Ma. However, these workers
also noted (p. 1235) that the contact aureoleis faulted "with a
deformation geometry consistent with that of the mylonite zone,"
indicating "continued uplift in the Tertiary." An alternate inter-
pretation of this area, based on unpublished mapping, kinematic
analysis of structuresin the fault zone, and a synthesis of regional
radiometric data, is that the Tierra Colorada pluton intruded the
hanging wall about 60 Ma and was juxtaposed with mylonites of
the Juchatengo fault zone during early Tertiary tectonic exhuma
tion, extension, and mylonitization of the Chatino terrane from
beneath the Mixteco and Zapoteco terranes (Robinson and
others, 1989, 1990; Robinson, 1991; G. Gastil and K. Robinson,
personal communication, 1991).

Clearly, the kinematics and age of the Juchatengo and Cha
calapa fault zones are unresolved problems in need of additional
study. There is disagreement on the dip of the mylonite zone (S or
N), the type of faulting (thrusting or |eft-oblique extension), and
the timing of deformation (Cretaceous or early Tertiary).

Perhaps all observations can be reconciled by atwo-stage
history involving Mesozoic thrusting and Paleogene left-oblique
extension. During stage one, northward thrusting of the Chatino
terrane on a south-dipping fault or faults (shown in Fig. 5) caused
amphibolite-facies metamorphism of both hanging wall and
footwall and produced athick south-dipping zone of cataclastic
rocks. Thrusting may have started during the Jurassic(?) and
Early Cretaceous, asindicated by Rb-Sr and U-Pb dates from
gneissic granitoids of the Xolapa Complex in the Chatino terrane

(Table 1), and may have continued into the L ate Cretaceous, as
indicated by the Campanian-Santonian age of synorogenic strata
(Ortega-Gutierrez and others, 1990). During stage two (not
shown in Fig. 5), left-oblique transtension produced north-
dipping mylonites with normal fault geometry, tectonic thinning
of the hanging-wall section, exhumation of the Xolapa Complex
footwall, and an undetermined amount of |eft-lateral displace-
ment along the northern boundary of the Chatino terrane (Robin-
son and others, 1989; 1990; Ratschbacher and others, 1991,
Robinson, 1991). L eft-oblique transtension probably occurred
during the Paleogene or possibly the late Late Cretaceous. It
began later than about 80 Ma, the youngest metamorphic age
from deformed orthogneiss and migmatite, and may have been
active until about 30 Ma, the oldest intrusion age of undeformed
granitoids that cut mylonites east of Zihuatanejo and Petatlan,
Guerrero (Table 9). Complex relations like those at Tierra Color-
ada may indicate protracted, possibly episodic, extension, mylo-
nitization, and tectonic exhumation of the Chatino terrane.

Boundaries of Cuicateco terrane

The Mesozoic oceanic rocks of the Cuicateco terrane are
easily distinguished from Precambrian and Paleozoic continental
rocks of the bounding Maya and Zapoteco terranes. Along its
western margin, the Cuicateco terrane is overthrust by the Za-
poteca terrane along the shallowly southwest-dipping Juarez su-
ture, which contains mylonitic rocks derived from the Zapoteco
terrane and from granitoids inferred to be a subterrane of the
Cuicateco terrane (Ortega-Gutierrez and others, 1990). The
Cui cateco-Zapoteco boundary has been modified by Cenozoic
normal and right-lateral displacement on several strands of the
high-angle Oaxacafault (Centeno-Garcia and others, 1990).
Along its eastern margin, the Cuicateco terrane is thrust eastward
over Paleozoic(?) metamorphic rocks and Jurassic red beds of the
Mayaterrane along the Vista Hermosa fault. Thrusting on these
bounding faults, internal deformation of the Cuicateco terrane,
and internal deformation of the adjacent Maya terrane probably
occurred more or less synchronously during L ate Cretaceous time
and terminated prior to the deposition of a Cenozoic overlap
assemblage, although structural and stratigraphic relations near
the city of Oaxacaindicate pre—Early Cretaceous displacement
on the Cuicateco-Zapoteco boundary (F. Ortega-Gutierrez and
others, unpublished data).

Maya-Chortisboundary

We have placed the boundary between the southern Maya
terrane and Chortis terrane along the Motagua fault in central
Guatemala, one of three east-west—striking faults that probably
form the boundary between the North America and Caribbean
plates (Molnar and Sykes, 1969; Dengo, 1972; Malfait and
Dinkelman, 1972; Muehlberger and Ritchie, 1975; Schwartz and
others, 1979). As discussed in Part 2, the southern boundary of
the Maya terrane was the site of latest Cretaceous arc collision,
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northward obduction of Early Cretaceous oceanic crust, and
hundreds to thousands of kilometers of postcollisional sinistral
displacement. Cumulative displacement on the Polochic fault is
controversial (Deaton and Burkart, 1984a; T. Anderson and oth-
ers, 1985, 1986; Dengo, 1986; Burkart and others, 1987), but
carefully documented offset of major anticlinoria, belts of Pb-Zn
mineralization, conglomerate clasts and their source, the Miocene
volcanic belt, stratigraphic contacts, and granitoids indicates
about 130 km of Cenozoic sinistral slip (Deaton and Burkart,
1984a; Burkart and others, 1987). Cumulative sinistral displace-
ment on the Motagua fault is unknown, but interpretations of
geophysical data from the Cayman Trough and Y ucatan basin
and plate tectonic reconstructions imply a minimum of 1,100 km
and perhaps more than 2,500 km of latest Cretaceous and Ce-
nozoic slip (Macdonald and Holcombe, 1978; Pindell and
Dewey, 1982; Burke and others, 1984; Rosencrantz and Sclater,
1986; Pindell and others, 1988; Rosencrantz and others, 1988;
Pindell and Barrett, 1990; Rosencrantz, 1990).

PART 2. TECTONIC EVOLUTION
OF MEXICO

Richard L. Sedlock, Robert C. Speed, and
Fernando Ortega-Gutiérrez

INTRODUCTION

In Part 2 of this volume, we develop a comprehensive
model of the tectonic evolution of Mexico since the mid-
Proterozoic. In Part 1, we delineated and described the terranes
that comprise Mexico and northern Central America; here, we
propose a plausible tectonic evolution of Mexico that accounts
for the geologic history of each tenane and for the displacement,
attachment, and redistribution of the terranes. Our fundamen-
tal premiseisthat most of Mexico is a conglomeration of terranes
accreted to the southern margin of North America during Phan-
erozoic time. Some aspects of our model of the paleogeographic
reconstruction of Mexico are modified after ideasin the H-1 and
H-3 Ocean-Continent Transects completed for the DNAG
program (Ortega-Gutierrez and others, 1990; Mitre-Salazar and
others, 1991).

Previous models divided the country into afew simplified
continental blocks and focused chiefly on Mesozoic displace-
ments during the breakup of Pangea and on the evolution of the
Gulf of Mexico and Caribbean plate (Walper, 1980; Pindell and
Dewey, 1982; Anderson and Schmidt, 1983; Coney, 1983; Pin-
dell and others, 1988). Papers of regional scope by Moran-
Zenteno (INEGI, 1985) and de Cserna (1989) summarized
the geology of Mexico in the context of geographic and morpho-
tectonic provinces but eschewed tenane analysis. Campa-Uranga
and Coney (1983) and Coney and Campa-Uranga (1987) di-
vided Mexico into tectonostratigraphic terranes but did not ad-
dress their tectonic evolution. The concept of terranesis absent
from the schematic syntheses of the Jurassic to Tertiary tectonic

evolution of Mexico by Tardy and others (1986) and Servais and
others (1986), which instead infer large-scale continuity of arcs,
backarc basins, and forearc basins beneath Cenozoic and |ate
Mesozoic cover.

PREMISES AND OTHER CONSTRAINTS

Investigations of the geology of Mexico are handicapped by
sparse basement outcrop, limited availability of many studies, and
insufficient radiometric dating. Kinematic analysis of terranes
aso is complicated by the gaping hole in our knowledge of
Proterozoic, Paleozoic, and early Mesozoic plate motions and
plate boundaries in the region, and by poorly constrained late
Mesozoic mations of dl plate pairs except North America—South
America. These obstacles inhibit the testing of the many, to some
extent irreconcilable, hypotheses that have been proposed for
different aspects of the tectonic evolution of Mexico. To maintain
internal consistency in our tectonic model, we base our recon-
struction on numerous formal premises and less formal con-
straints as discussed below. Many premises and constraints are
straightforward and conventional, but others address pivotal but
poorly understood aspects of the geology of Mexico.

Reference frame and time scale

In this study, we adopt the North American continent as the
kinematic reference frame to which we will relate motions within
Mexico. Because the position and orientation of North America
are not completely established for the Phanerozoic, we have
omitted north arrows and latitude references on our paleogeo-
graphic reconstruction. The term Proterozoic North America
denotes contiguous Proterozoic and older crystalline continental
crust at the onset of the Phanerozoic. We use the DNAG time
scale (Palmer, 1983).

Southern margin of Proterozoic North America

Premise 1: The southern margin of Proterozoic North America, whichis
well established in the southern Appalachians and Great Basin, extends
no more than afew hundred kilometers south of the frontal trace of the
Ouachita orogenic belt.

The gross shape of Proterozoic North America was created
in the latest Proterozoic and early Paleozoic by rifting and drifting
of an originally larger continent (Fig. 23), producing well-docu-
mented passive continental margins at the eastern margin north of
Georgia (Rankin, 1975; Thomas, 1977, 1991) and at the western
margin of the continent north of southern California (Stewart,
1972; Stewart and Poole, 1974; Bond and Kominz, 1984).

It is difficult to pinpoint the location and nature of the
southern margin of Proterozoic North America between the
southern Appalachians and southern California due to virtualy
continuous sedimentary and volcanic cover strata of Mesozoic
and Cenozoic age. Indirect evidence is recognized in the Ouachita
orogenic belt (Fig. 24), where allochthonous off-shelf early Pa-
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EARLY-MIDDLE PALEOZOIC

Figure 23. Inferred distribution of craton, shelf, and off-shelf (basinal)
depositional environments at southern margin of North America during
early to middle Paleozoic time. Modern political boundaries shown for
reference.

southern North America

Figure 24. Ouachita orogenic belt in south-central United States and its
probable continuation into north-central Mexico (Tarahumaraterrane).
Also shown are location of foreland basins (dot pattern) and uplifts and
Pedregosa forebulge (vertically lined) caused by the collision of Gond-
wana and North America. Modified after Ross (1986), Armin (1987),
and Viele and Thomas (1989). Abbreviations. DB, Delaware basin;
DRU, Devils River uplift; FWB, Fort Worth basin; LU, Llano uplift;
M, Marathon region; MB, Midland basin; PB, Pedregosa basin; PF,
Pedregosa forebulge.

leozoic strata were thrust onto early Paleozoic platformal cover
of North Americain the late Paeozoic (Premise 5). Passive-mar-
gin facies that might represent the precollision southern margin of
Proterozoic North America are not exposed in the Ouachitaoro-
genic belt, but the existence of such rocksisinferred on the basis
of Cambrian carbonate boulders in Pennsylvanian conglomerate
in the Haymond Formation of the Marathon Mountains (Fig. 23)
(Palmer and others, 1984). The passive-margin sequence may
have been completely buried by far-traveled Ouachitan thrust

sheets(Viele, 19793, b; Lillie and others, 1983) or may have been
anomalously narrow due to transform-dominated, as opposed to
rift-dominated, rifting of long reaches of the southern margin of
Proterozoic North America (Cebull and others, 1976; Thomas,
1977, 1985, 1989, 1991). In any event, it is highly likely that the
Ouachita orogenic belt structurally overlies the southern margin
of Proterozoic North America, based on seismic profiling, the
large dimensions of the belt, and the emplacement of the belt onto
continental platform strata (Keller and others, 19893, b).

Premise 2: The Ouachita orogenic belt, and thus the southern margin
of Proterozoic North America, continues south along the Chihuahua-
Coahuila border but cannot be demonstrated south of those states
(Fig. 24).

Premise 3: The southern passive margin of Proterozoic North America
extended from the Chihuahua-Coahuila border region westward through
central Chihuahua and Sonora (Fig. 23).

The Ouachita orogenic belt does not crop out in Mexico
west or south of the Marathon region. Most workers have
projected the belt westward into central Chihuahua on the basis
of lithologic similaritiesin the two regions (Flawn and others,
1961), but recent gravity and lead isotope studies indicate that the
belt probably continues southward in the subsurface from the
Marathon region along the Chihuahua-Coahuila border (Hand-
schy and others, 1987; Aiken and others, 1988; James and
Henry, 1993). Basinal stratain central Chihuahuathat have been
interpreted as part of the Ouachita orogenic belt probably were
deposited on the subsiding late Paleozoic North America conti-
nent shelf (Bridges, 1964a; Mellor and Breyer, 1981; Handschy
and others, 1987). The original southwestward extent of the Oua
chita orogenic belt is difficult to ascertain (Premise 5), but geo-
logic and gravity dataindicate that it now extends no farther
south than the northern border of Durango (Fig. 24).

Two end-member alternatives have been proposed for the
location of the southern margin of Proterozoic North America
west of the Chihuahua-Coahuila border. According to the first
alternative, the margin continues westward across central Chi-
huahua to central Sonora, based on facies gradients in Paleozoic
platformal cover in the southwestern United States and Sonora
that indicate a nearly straight, east-west—trending, south-facing
passive margin across northwest Mexico (Stevens, 1982; Palmer
and others, 1984; Stewart, 1988). This model implies that oce-
anic lithosphere devel oped south of the continental marginin the
early Paleozoic. Steep facies gradients indicate that the continent-
ocean transition zone may have been narrow, little disrupted, and
nonsubsiding relative to typical rift margins (Thomas, 1985). The
cratonal-platformal aspect of early Paleozoic North American
stratain northern Mexico suggests that the motion of an outboard
oceanic plate or plates relative to North Americawas nearly pure
strike slip, probably not transtensional, and certainly not trans-
pressional. According to the second alternative, North American
basement continues southward into central Mexico (Guzman and
de Cserna, 1963; Shurbet and Cebull, 1980, 1987). Proponents of
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this aternative also infer late Precambrian to early Paleozoic
northwest-striking transform offset of the continental margin
(Cebull and others, 1976), as has been inferred in the Ouachitan
and Appalachian orogens (Thomas, 1977, 1991). The second
aternative is unattractive because the 70- to 80-km thickness of
the lithosphere in central Mexico isless than in cratonal areas of
North America, and because, in the late Paleozoic and early
Mesozoic, part and perhaps most of what is now central Mexico
was an oceanic realm that lay west of the western margin of
Pangea, with a clear history of arc magmatism and accretionary
tectonics.

Premise 4: In the latest Proterozoic, the passive margin of southwestern
North America stretched northward from Sonorainto southeastern Cali-
fornia and south-central Nevada (Fig. 23).

The late Proterozoic southern margin of North America
between central Chihuahua and Sonora (Premise 3) and east-
central Cdifornia and south-central Nevada (Stewart and Poole,
1974) is difficult to determine because of superposed sinistral and
dextral strike-dlip faulting of late Proterozoic(?), late Paleozoic,
Mesozoic, and Cenozoic age (Premises 11 through 13). North
American basement may have formed a southwest-trending
promontory between Chihuahua and central Californiain the late
Proterozoic (Dickinson, 1981). Following the reasoning in Prem-
ise 3, such a promontory must have been disrupted prior to the
late Paleozoic, producing (1) displaced terranes correlative with
southwestern North Americaor (2) alarge continental mass
with a paleomagnetic pole path that indicates past proximity to
southwestern North America. We find no evidence for either
product, although it is conceivable that the disrupted terranes or
continental mass may have been attached to northern South
Americain the late Paleozoic or Mesozoic, given the existence
there of basement rocks of Grenville age (Rowley and Pindell,
1989).

Facies distribution indicates that the trend of the western
margin of North America at the latitude of central and southern
Cdlifornia changed from north-south or northeast-southwest to
northwest-southeast by the Pennsylvanian and perhaps earlier
(Stevens and Stone, 1988; Stone and Stevens, 1988). Late Pa-
leozoic to possible early Mesozoic southeastward tranglation of a
narrow tract of latest Proterozoic to Cambrian platformal
rocks from southeastern California to northern Sonora (Premise
10) does not require pronounced southwestward bulging of the
continental margin and is consistent with the roughly linear
northwest trend shown in Figure 23.

Paleogeography of Pangea in the vicinity of Mexico

Premise 5: The supercontinent Pangea was formed by diachronous Penn-
sylvanian—Early Permian collision of Gondwana (Africa and South
America) with North America during the Alleghany orogeny in the
Appalachian region and the Ouachita orogeny in the southern United
States.

L ate Paleozoic deformation, metamorphism, and synoro-
genic sedimentation in the Appalachian and Ouachitan orogens
are widely ascribed to diachronous collision between Gondwana
and North America (Hatcher, 1972; King, 1975; Walper, 1980).
Reconstructions based on paleomagnetic, biostratigraphic, and
other geologic and geophysical evidence show that North Amer-
ica and South Americawerein close proximity as part of the
Pangea supercontinent during the Pennsylvanian, Permian, and
Triassic (Ross, 1979; Van der Voo and others, 1984; Scotese and
McKerrow, 1990).

Premise 6: Diachronous collision, or "zippering," of North America and
South Americaterminated in the Permian near the Chihuahua-Coahuila
border due to the unfavorable orientation of the margins of the colliding
plates and perhaps to the cessation of convergence.

The termination of the Ouachita orogenic belt (Tarahu-
maraterrane) near the Chihuahua-Coahuila border can be ex-
plained in several ways. First, the original southwestern contin-
uation of the belt may have been offset southeastward to Ciudad
Victoria, Tamaulipas (northern Guachichil terrane) by sinistral
dip on the Mojave-Sonora Megashear or other faults (Flawn and
others, 1961). This possibility is unlikely in light of recently
documented differences between Ouachitan rocksin west Texas
and contemporaneous rocks near Ciudad Victoria (Stewart,
1988). Second, the Ouachita orogenic belt may have continued
westward from the Chihuahua-Coahuila border region to
southern California, subparallel to the inferred southern margin
of Proterozoic North America (Premise 3), but later was
disrupted or obscured by tectonism and magmatism. This
aternative is awkward because it places Gondwanan crystalline
basement rocks directly west of a Permo-Triassic arc in eastern
Mexico that probably records eastward subduction of oceanic
lithosphere beneath the western margin of Pangea. A third
possibility, which we adopt here, isthat collision did not occur
south or west of the Chihuahua-Coahuila border, for either or
both of two reasons: (1) the orientation of the two continental
margins may have been unsuitable for collision, e.g., a
north-south western boundary of South America; and (2) the
convergence rate between North America and South America
may have slowed dramatically during the ongoing collision
between the two continents.

L ow-grade metasedimentary rocks underlying the Coahuil-
tecano terrane, metamorphic country rocks of the Permo-Triassic
batholith in the Coahuiltecano and northern Maya terranes, and
metamorphic basement rocks underlying the Y ucatan platform
areinterpreted here as remnants of Gondwanan continental crust.

Origin of Grenville basement in Mexico

Premise 7: Precambrian rocks of Grenville agein Mexico and central
Cuba were derived from and are allochthonous with respect to the North
American Grenville province.
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High-grade metasedimentary and metaigneous rocks of the
Grenville province rim eastern and southern Proterozoic North
America, probably underlie the Ouachita orogenic belt, and are
inferred to extend southwestward into northern Mexico (Fig. 25).
Ages of intrusion and metamorphism of rocks in the Llano uplift
of central Texas range from 1,305 to 1,091 Ma (Walker, 1992),
and rocks in this age range crop out or have been penetrated by
wellsin central and northern Chihuahua. Outcrops and xenoliths
of basement rocks that have been correlated with the Grenville
province are known from several disunct terranes in central and
southern Mexico and from central Cuba (Renne and others,
1989).

Basement rocks with lithology, history, and age similar to the
Grenville province have been recognized in northern South
America (Kroonenberg, 1982; Priem and others, 1989), but to
date there are no strong arguments in favor of their possible
original contiguity with and subsequent separation from the
Grenville province in North America. We adopt Premise 7 be-
cause evidence is lacking for pre—Ilate Paleozoic contiguity of
North America and South America, and thus for original conti-
guity and perhaps continuity of the Grenville province and
Grenville-like rocks in South America.

The outcrops of Grenville rocksin eastern and southern
Mexico are commonly interpreted as culminations of continuous
Grenvillian basement in eastern and central Mexico (de Cserna,
1971; Lépez-Infanzdn, 1986; Ruiz and others, 1988b). We sug-
gest that such continuity of basement is very unlikely because the
western edge of the Maya terrane probably was amajor kine-
matic boundary in late Paleozoic to mid-Jurassic time, separating
relatively rigid continental crust of the Maya terrane to the east
from tectonically active, kinematically distinct terranes to the
west (pp. 94-103). Our preferred alternate interpretation is that
exposures of Grenville rocks are discrete, fault-bounded frag-
ments of basement derived from the North American Grenville
province, that much or most of Mexico is underlain by basement
blocks of not only Grenville but also younger (early and middle
Paleozoic) age, and that the basement blocks are allochthonous
with respect to North America and to one another. The
interpretation of the basement of central Mexico as a heterogene-
ous assemblage of rocks of diverse age and composition is sup-
ported by recent Pb, Sr, and Nd isotopic studies.

Permian-Triassic arc in eastern Mexico

Premise 8: In the Late Permian and Triassic, a continental magmatic arc
developed at the western margin of central Pangea near what
is now eastern Mexico.

Late Permian and Triassic magmatic arc rocks are present
in aroughly linear swath that extends from Coahuila (Coahuilte-
cano terrane) to Chiapas (Maya terrane) in eastern Mexico; these
rocks probably were emplaced into continental crust (Lépez-
Ramos, 1972, 1985; Damon and others, 1981; Lépez-Infanzén,
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Figure 25. Precambrian domains in southern North America, modified
after Anderson and Silver (1979), Bickford and others (1986), and
Hoffman (1989). Horizontal lines indicate 2,000- to 1,800-Ma provinces;
circle pattern, 1,300- to 1,000-Ma Grenville province; irregular dot pat-
tern, 1,100-Marift.

1986; Wilson, 1990). Remnants of the arc crop out near Valle
San Marcos (242 + 2 Ma granodiorite, Rb-Sr), Potrero de
la Mula (213 + 14 Mal-type granite, Rb-Sr), and Las Delicias
(210 = 4 Ma granodiorite, K-Ar) in the Coahuiltecano terrane;
they crop out in the Chiapas Massif (-260 to 220 Ma, K-Ar),
Maya Mountains of Belize (237 to 226 Ma, K-Ar), and Guate-
mala (227 Ma, Rb-Sr, and 238, 213, and 212 Ma, ~Ar/~ Ar
cooling ages) in the southern part of the Maya terrane; and they
have been penetrated by numerous petroleum wells in the states of
Veracruz, Nuevo Leon, and Tamaulipasin the Gulf coastal plain
(-27510 210 Ma, K-Ar).

Global and regional reconstructions indicate that this arc
probably formed on the western margin of Pangea above an
east-dipping subduction zone that consumed oceanic lithosphere
of aplate or plates west of Pangea, and that the Mexican reach of
the arc was roughly coeval with adjacent reaches of continental
magmatic arc in the southwestern United States and northwestern
South America (Dickinson, 1981; Scotese and McKerrow,
1990). In the southwestern United States, Permo-Triassic arc
rocks include Permian volcanic rocks as old as 283 Ma (U-Ph),
Late Permian to Early Triassic granitoids, and Early Triassic
volcaniclastic rocks that contain clasts of the granitoids in the
northwestern Mojave Desert and Death Valley (Carr and others,
1984; Walker, 1988; Snow and others, 1991; Barth and others,
1992). In northwestern South America, Permo-Triassic mag-
matic rocks crop out in the Cordillera de Mérida in northwestern
Venezuela, the Sierra Nevada de Santa Marta in northern Co-
lombia, and the Cordillera Central and Cordillera Oriental in
central Colombia (Shagam and others, 1984; Restrepo and Tous-
saint, 1988; Case and others, 1990); in the eastern Cordillera of
Peru (Cobbing and Pitcher, 1983); and in Chile north of about
28°S (Farrar and others, 1970; McBride and others, 1976; Hal-
pern, 1978; Aguirre, 1983).
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The Mexican reach of the Permo-Triassic continental arc
may have been partially disrupted by later tectonism but is pre-
sumed to initially have been laterally continuous with the reach in
northwestern South America (p. 99). The discontinuity between
the northern end of the Mexican reach of the arc and the southern
end of the U.S. reach in the Mojave-Death Valley region proba-
bly reflects theinitial geometry of the plate boundary rather than
tectonic offset (p. 95).

Late Paleozoic-Cenozoic strike-dlip faulting

Premise 9: Since late Paleozoic time, the western margin of North Amer-
ica has been cut by sinistral and dextral strike-dlip fault systems that
accommodated the margin-parallel transport of tectonostratigraphic ter-
ranes. These fault systems probably extended south into Mexico and
perhaps into northwestern South America.

Paleomagnetic, biostratigraphic, and geologic data support
the widely held view that the western margin of North America,
at least at the | atitude of the United States and Canada, was the
site of margin-paralléel transport of tectonostratigraphic terranes
during much of Cenozoic, Mesozoic, and perhaps Paleozoic time
(e.g., Coney and others, 1980; Howell and others, 1985). Below,
we outline evidence for episodes of sinistral and dextral displace-
ment within and along the western margin of Mexico at different
times since the late Paleozoic.

Late Paleozoic-Early Triassic truncation of
southwestern United States

Premise 10: A fragment of southwestern North America was tectonically
removed from the continental margin in eastern California and translated
to the southeast during Pennsylvanian to Early Triassic time.

The distribution of cratonal, shelfal, and basinal rocksin
southeastern and east-central Californiaand western Nevadais
interpreted by many workers to indicate Pennsylvanian to Early
Triassic truncation of the southwestern margin of Proterozoic
North America at an enigmatic northwest-striking structure or
structures (Fig. 26). Displaced fragmentsinclude part of the
Roberts Mountain alochthon, which was accreted to western
North Americaduring the Antler orogeny, and latest Prot-
erozoic to early Paleozoic passive margin strata of North
America (Stevens and others, 1992). Proposed ages of displace-
ment are Late Permian to earliest Triassic (Hamilton, 1969;
Burchfiel and Davis, 1981), Pennsylvanian to Early Permian
(Stevens and Stone, 1988; Stone and Stevens, 1988; Stevens and
others, 1992), and both late Paleozoic and Early Triassic
(Walker, 1988). We propose that the displaced fragment of the
Roberts Mountain alochthon was translated southeastward
about 400 km to the Mojave region during the Pennsylvanian to
Early Permian at aleft-lateral fault or faults (Walker, 1988;
Stevens and others, 1992). To the southeast, thisleft-lateral fault

Mississippian

off-shelf

0 200 400 km
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Figure 26. Diagrams showing proposed late Paleozoic truncation of
southwestern margin of North America. Brick pattern indicates passive
margin facies; irregular dot pattern, accreted Roberts Mountain Alloch-
thon. Modified from Walker (1988).

or faults may be the Mojave-Sonora Megashear, in which case
about half of theinferred postulated displacement on the mega
shear is Paleozoic (Stevens and others, 1992). Alternatively, the
fault or faults may have been outboard of the future trace of a
Jurassic megashear (see discussion of Premise 11).

Late Jurassic Mojave-Sonora Megashear

Premise 11: The Mojave-Sonora Megashear in the southwestern United
States and northwestern Mexico accommodated about 700 to 800 km of
sinistral slip from 160 to 145 Ma, and was roughly coincident with the
Jurassic magmatic arc.

In Part 1 we identified the southern boundary of the North
America, Tarahumara, and Coahuiltecano terranes asthe
Mojave-Sonora Megashear (MSM), amajor |eft-lateral fault pos-
tulated to have been active in the Late Jurassic (Silver and And-
erson, 1974, 1983; Anderson and Silver, 1979). The MSM was
first recognized in Sonora on the basis of the truncation of the
northeast-southwest trend of 1,700- to 1,600-Ma basement rocks
by 1,800- to 1,700-Ma basement rocks, the juxtaposition of dis-
similar Mesozoic volcanic and sedimentary rocks as young as
Oxfordian, and penetrative deformation features in Proterozoic
and Mesozoic rocks near the proposed fault trace (Fig. 22). Oth-
er evidence for displacement along the MSM (Fig. 22) in-
cludes: (1) strong similarity between latest Proterozoic and
Cambrian shelfal rocks southwest of the fault near Caborca,
Sonora (Seri terrane) and rocks northeast of the fault in southern
Californiaand Nevada (Stewart and others, 1984); (2) strong
stratigraphic and sedimentologic similarity between Middle Or-
dovician quartzite in central Sonora(Seri terrane) and the Eureka
quartzite in southeastern California (Ketner, 1986); (3) about 800
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km sinistral offset of the western margin of the continent, as
inferred from the distribution of Paleozoic shelfa rocks between the
Mojave region and Caborca (Stewart and others, 1984, 1990);
(4) about 800 km of sinistral offset of Jurassic volcanic rocksin
northern Sonora (North America) and northern Zacatecas
(Tepehuano terrane) (Anderson and others, 1990); (5) probable
transpressive Late Jurassic deformation in Jurassic rocks in
northern Sonora and northern Zacatecas (Connors and Ander-
son, 1989; Anderson and others, 1991) and in northern Sonora
(Rodriguez-Castafieda, 1990); (6) outcrop of northwest-striking
mylonitic rocks with horizontal lineation near Quitovac in
northwestern Sonora (Connors and Anderson, 1989; Tosdal and
others, 1990b); (7) significant improvement of the clustering of
paleomagnetic poles of Late Triassic—Early Jurassic sedimen-
tary rocks on both sides of the MSM after restoration of 800 km
of sinistral slip (Cohen and others, 1986); and (8) strong strati-
graphic and faunal similarities between Late Triassic rocksin
Sonora and southwestern Nevada (Stanley and others, 1991).
I sotopic changes in Cenozoic basaltic andesites across the inferred
trace of the MSM are similar to, but more subtle than, changes
across other lithospheric boundaries in western North America;
sample coverage is insufficient to determine whether the
boundary is abrupt or gradational (Cameron and others, 1989).
Bouguer gravity anomalies in eastern Sonora and western Chi-
huahua show an east-west disturbance of a generally north-south
trend along the proposed trace of the megashear (Aiken and
others, 1988; Schellhorn and others, 1991).

There are two main arguments against major sinistral dis-
placement on the MSM. Differences in some lithologic character-
istics between shelfal and off-shelf rocks in Sonora and
time-equivalent rocks in southeastern California and southern
Nevada have been interpreted by some workers as sufficient evi-
dence that the two regions were not contiguous during deposi-
tion, that they formed more or lessin place, and that major
displacement on the MSM is not likely (Poole and Madrid, 1988;
Stewart and others, 1990). However, some of these differences
may be due to depositional lateral variation. The second argu-
ment against the megashear is based on the presence of cratonal-
platformal Paleozoic rocks at El Capitdn, northwestern Sonora,
and in the Gila Mountains, southwestern Arizona. Because these
areas are southwest of the proposed megashear and northwest of
the inferred continental margin near Caborca, it has been argued
that either the megashear lies to the south, passing westward from
Sonorato the Gulf of California, and that slip on the megashear is
Paleozoic (Stevens and others, 1992), or that the passive margin
was and is continuous and unbroken from Sonorato central
Cadlifornia (Leveille and Frost, 1984; Hamilton, 1987). Interpre-
tations stemming from the El Capitan—Gila Mountains outcrops
may be invalid if these cratonal-platformal rocks are alochtho-
nous and emplaced in their present position after displacement on
the MSM (L. T. Silver, oral presentation at U.S. Geological Sur-
vey workshop, January 1990).

Another point of contention concerning the megashear is
whether the age of the proposed displacement is Late Jurassic
or late Paleozoic. A Late Jurassic age iswidely cited, but
Stevens and others (1992) suggested that major sinistral dis-
placement on the MSM occurred in the late Paleozoic, syn-
chronous with truncation of the southwestern margin of the
continent. The MSM may have formed at or near the inherited
Proterozoic edge of North America. Reactivation of a Paleozoic
fault may account for Late Jurassic, possibly transpressional
deformation along the trace of the fault, so the argument for a
Late Jurassic age of displacement must rest on the improved
clustering of paleomagnetic poles and on the apparent offset of
Jurassic volcanic rocks and Triassic sedimentary rocks. The
proposed offset of the Jurassic arc does not specify a distinctive
piercing point, and the near coincidence of the trace of the MSM
and the apparent axis of the arc make it difficult to accurately
determine the offset. We consider sinistral displacement on the
MSM to be of Late Jurassic age, but available data also are
consistent with several hundred kilometers of |ate Paleozoic
sinistral displacement.

Along most of its proposed length, the MSM not only has
been covered by post-Jurassic strata but also has been modified
by post-Jurassic structures. In southern and central California,
Jurassic basins that may have formed at releasing steps or bends
in the megashear were strongly deformed in the Late Cretaceous
and Tertiary, obscuring the origina nature of the MSM (Harper
and others, 1985; Tosdal and others, 1990a). In Sonora, the mega
shear appears to have been overthrust in the Late Cretaceous
(DeJong and others, 1990). In the southwestern United States
and northwestern Mexico, the megashear may have been within
or near the Jurassic magmeatic arc at the western margin of North
America, but alternate models of its position in these regions
cannot be discounted (Stewart and others, 1984, 1990).

The trace of the MSM isfairly well defined in Sonora and
Chihuahua, but poorly defined in eastern Mexico. Elsewherein
Part 2, we advance the argument that the MSM branches into
several strands eastward from southeastern Chihuahua (Fig. 22).
From north to south, these branches include but are not limited
to afault along the southern boundary of the Coahuiltecano
terrane, a northwest-striking fault separating the northern and
southern Guachichil terranes, and the San Tiburcio lineament
between the Guachichil and Tepehuano terranes (Mitre-Salazar,
1989; Mitre-Salazar and others, 1991). The San Marcos fault in
the Coahuiltecano terrane (Fig. 3), which parallelsthe MSM and
was active in the Late Jurassic, may connect with the MSM to the
west, in Chihuahua. We emphasize that northward to eastward
overthrusting of all these strands by Jurassic and Cretaceous
strata during Laramide orogenesis has obscured the boundaries
between basement rocks of each pair of terranes. For example,
Upper Triassic to Lower Jurassic Huizachal Formation, charac-
teristic of the Guachichil terrane, is mapped as far north as Ga-
leana, Nuevo Leon (-24°30'N). Nevertheless, the likely position
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of the Guachichil-Coahuiltecano boundary, i.e., the megashear, is
several tens of kilometers south of Galeana, beneath nappes that
have transported the Huizachal Formation and other rocks of the
Guachichil terrane to the north and east.

Cretaceous trandlation of Baja Californic

Premise 12: A crustal fragment comprising most of the present Baja
California peninsula has been translated about 15 northward since
about 90 Ma.

One of the most controversial aspects of the tectonic evolu-
tion of Mexico is whether rocksin Baja California underwent
large amounts of margin-parallel transport during Mesozoic and
Tertiary obligue convergence. Paleomagnetic studies of rocks of
different age, lithology, and magnetic character have been inter-
preted to indicate that much or al of Baja California and adjacent
southern California has been trandated northward a minimum of
10° and perhaps as much as 20° since about 90 Ma (Hagstrum
and others, 1985, 1987; Lund and Bottjer, 1991; Lund and oth-
ers, 1991b). Most studies a so have recognized 25° to 45° of
concomitant clockwise rotation. The rocks that are affected in-
clude the Yumaterrane, that part of the Seri terranein Baja
Cdlifornia, the Cochimi terrane excepting blueschist-facies sub-
duction complex rocks, and rocksin southern California south of
the Transverse Ranges that appear to correlate with the Yuma
and Seri terranes. In the following discussion we refer to this
region as Baja or the Bgjablock; it is similar to the Peninsular
Ranges composite terrane of Bottjer and Link (1984) but does
not include the Perici terrane at the southern tip of the peninsula,
for which no paleomagnetic data are available. Although anom-
alously low paleolatitudes were reported in a study of volcanic
rocks on the eastern margin of the gulf (Bobier and Robin, 1983),
we do not consider thisregion part of the Bgja block because
these workers did not correct for structural tilt.

Paleomagnetic investigations of rocks of different age, li-
thology, and magnetic character throughout the Bgja block have
yielded Cretaceous and Paleogene pal eol atitudes that are signifi-
cantly shallower than would be expected if they had been part of
stable North America. Below we list some typical relative paleo-
latitudes, i.e., the northward latitudinal displacement of specific
localities relative to North America since rocks at those localities
were magnetized (Lund and Bottjer, 1991). Cretaceous plutons:
12.3° + 7.4° (Teissere and Beck, 1973), 13.2° + 6.8°, and 4.6° +
6.0° (Hagstrum and others, 1985); Triassic chert, limestone, pil-
low basalt, and sandstone; 18.0° + 11.3° (Hagstrum and others,
1985); Jurassic elastic sedimentary rocks: 15.1° £ 6.7° (Morris
and others, 1986); L ate Cretaceous sedimentary rocks. 18.2° +
6.7°,17.5° £ 6.7°, and 14.1° + 9.6° (Fry and others, 1985;
Morris and others, 1986), 15.0° + 3.8° (Filmer and Kirschvink,
1989), and 17.7° £ 6.9° (Smith and Busby-Spera, 1991); and
Paleogene sedimentary rocks: 15.0 * 9.8° (Morrisand others,
1986). Studies of Tertiary sedimentary and volcanic rocks indi-
cate no resolvable motion with respect to North America since

about 40 Ma (Hagstrum and others, 1987; Lund and others,
19914, b). Included within the values listed above is the widely
accepted 2° to 3° of northward displacement of Bgja California
during Late Cenozoic opening of the Gulf of California.

Paleomagnetic data from Baja, including studies listed above
and others summarized by Lund and Bottjer (1991) and Lund
and others (1991b), display an average range of relative paleo-
latitude values of about 12° to 15°. The dispersion of valuesis
not peculiar to Baja, and thus does not undermine the viability of
the paleomagnetic data base. For example, such dispersion is
characteristic of the paleomagnetic data base for cratonal North
America, where an individual site may yield arelative paeolati-
tude as much as 12° different from the average of many siteson
the craton (Lund and Bottjer, 1991). The importance of the Baja
data base is that the average Cretaceous and Paleogene relative
paleolatitudes of Baja are consistently lower than those of coeval
North America (Lund and Bottjer, 1991; Lund and others,
1991b), and it is on this basis that we premise 15° of northward
displacement of Baja since about 90 Ma.

Theinterpretation of Cretaceous and Paleogene northward
displacement of Baja has been countered by numerous paleo-
magnetic and geologic arguments (Beck, 1991; Butler and others,
1991, Gastil, 1991; Lund and others, 1991b): (1) relative paleo-
latitudes from Bagja are not statistically different from those of
North America; (2) results may be due to experimental error;
(3) results from the Peninsular Ranges batholith are due to tilting
of the batholith about a subhorizontal axis; (4) in sedimentary
rocks, the inclination may be flattened by compaction of incom-
pletely lithified sediment or by very strong anisotropy in strongly
magnetized rocks; (5) results are due to an irregularity in the
geomagnetic field during the Cretaceous and early Paleogene;
(6) results may reflect remagnetization; (7) no fault or faults have
been identified along which Baja may have been displaced; and
(8) correlations of geologic units between Bgja and Sonora, such
as Paleozoic sedimentary rocks and Cretaceous plutonic rocks,
alow little net displacement. Below, we sequentially address each
argument.

1. Recent studies of Late Cretaceous and early Paleogene
strata on North Americaand in the Baja block offer very strong
evidence that there are significant differences between data sets
from the two areas (Lund and others, 1991b).

2. In modern paleomagnetic studies, experimental error
ought to be random and less than about 20°, yet no Cretaceous
paleomagnetic poles from Bajafall within acircle of radius 20°
centered on the Cretaceous reference pole (Beck, 1991). Also,
modern magnetic cleaning methods ensure that large amounts of
present-day overprint are not present.

3. Enmassetilting of the Peninsular Ranges batholith asa
means of deriving anomalously low paleolatitudes is not sup-
ported by regional geologic relations or recent geobarometric
studies of the batholith itself. The western part of the batholith
apparently has not been tilted since at least the Turonian, based
on the ages of flat-lying overlying strata (Gastil, 1991). Using
amphibole barometry, Ague and Brandon (1992) defined pa-
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leohorizontal in the northern part of the batholith that differed
from arather conjectural one used by Butler and others (1991).
On the basis of the newly determined orientation of this surface,
Ague and Brandon calculated about 1,000 + 450 km of north-
ward displacement of Baja since the emplacement of the
batholith.

3. and 4. In order to explain all anomalous poles from Baja
by batholith tilting and sediment compaction, the direction and
amount of tilting must have produced paleomagnetic poles that
converged with those produced by flattening and perhaps rota-
tion in the sediments. Such a coincidence is possible but the
probability isvery small (Beck, 1991).

4. Inclination flattening of as much as 20° does not account
for the distribution of Cretaceous poles from Baja (Beck, 1991).
Likewise, studies of grain size versus magnetization in Cretaceous
siltstones and sandstones indicate that compaction is not the cause
of anomalously low inclinations (Smith and Busby-Spera, 1991).

5. Itisvery unlikely that the anomal ous paleomagnetic
poles from Baja are due to an irregularity of the Late Cretaceous
paleomagnetic field (Beck, 1991). No irregularities are apparent
in the Cretaceous paleomagnetic field over cratonal North Amer-
icaor over the world as awhole. Any irregularity somehow must
have been focused on the western edge of North America, main-
taining itself for at least 30 m.y. and tracking the leading edge of
the continent as it moved westward over hotspots.

6. Almost al paleomagnetic poles from Bgja are interpreted
as carrying a primary magnetization. Only afew of these poles
fall near the post-Cretaceous apparent polar wander path for
North America, indicating that undetected remagnetization of all
Baja poles has not occurred (Beck, 1991).

7. Possible locations of faults that may have accommodated
displacement of Baja are discussed by Gastil (1991). In this
volume, we adopt Gastil's Oaxaca-Baja Megashear 11, a
hypothetical fault or fault system that roughly coincides with the
Gulf of California. The trace of thisfault system apparently has
been obliterated by late Cenozoic stretching, extension, subsid-
ence, and sedimentation in the Gulf of California

8. Large displacement of Bgjaalong afault system in the
Gulf of California has been challenged on the basis of severa
geologic correlations across the gulf. However, regional geologic
relations and correlations, such as reefal limestonesin Cretaceous
arc rocks, high-grade metamorphism associated with arc magma-
tism (Gastil, 1991), and compositional and isotopic trends within
the Cretaceous batholith (Silver and others, 1979; Silver, 1986),
have proven to be inconclusive tests of the proposed displace-
ments. For example, we cannot dismiss the possibility that Cre-
taceous arc rocks in Baja correlate equally well with coeval arc
rocks farther south in Mexico, for which few comparable geo-
chemical data are available.

A stronger correlation across the Gulf of Californiaisthe
boundary between Paleozoic shelfal and Paleozoic basinal strata
(Stewart and others, 1990; Gastil and others, 1991). This correla
tion may be reconciled with Cretaceous-Pal eogene northward
displacement of Bajaonly if the Paleozoic rocksin Baja earlier

had been displaced southward from correlative rocks in Sonora.
In our reconstruction, we postulate a two-stage displacement his-
tory of Bgja Californiainvolving Permian-Jurassic southward
displacement and Cretaceous-Paleogene northward displace-
ment. Some critics may charge that such a scenario relies too
much on coincidence, but we counter that the perceived
coincidence is afunction of the timing of evolution relative to
plate tectonics: if humans as earth scientists had evolved 10 m.y.
in the future (assuming constant Pacific—North Americarelative
motion), the coincidence would not be an issue inasmuch as the
Paleozoic rocks in Baja and Sonora would not be adjacent. In
fact, much of western North America appears to have been af-
fected by southward displacement of terranesin the Triassic to
the mid-Cretaceous, followed by northward displacement in the
Late Cretaceous and Tertiary (Beck, 1989).

Other geologic evidence is consistent with Baja at the lati-
tude of southern Mexico in the mid-Mesozoic. Late Jurassic
granite clasts in Late Jurassic conglomerate of the Cochimi ter-
rane that contain mid-Proterozoic inherited or xenocrystic zircon
may have been derived from either mid-Proterozoic to Mesozoic
continental crust in southern Mexico or early Proterozoic crust
intruded by abundant mid-Proterozoic granitoids in northwestern
Mexico (Anderson and Silver, 1977a, b; Kimbrough and others,
1987). A southern source is tentatively inferred because most
granitoids in northwestern Mexico are slightly older and more
alkalic than the conglomerate clastsin the Cochimi terrane
(Kimbrough and others, 1987). Limestone blocksin flysch of the
eastern subtenane of the Y umaterrane contain Jurassic ammo-
nites that have stronger affinities to the south than to the north
(Imlay, 1963, 1964). L ate Cretaceous sedimentary rocksin
northern Baja contain abundant Coralliochama Orcutti rudists
that are absent from cooler water assemblages in the Great Valley
of California (D. Bottjer, personal communication, 1992) and are
consistent with, although not indicative of, a more southerly
position.

The view that the Bgja block and other Cordilleran blocks
or terranes were subjected to large displacements requires that
convergence between North America and subducting oceanic
lithosphere to the west was oblique, at times highly oblique, for
tens of millions of years (Beck, 1991). Plate motion calculations,
although rather speculative for times as old as the Mesozoic, seem
to support this conclusion. Another implication of the large dis-
placements is that terrane dispersion was not obstructed by a
continental buttress (Beck, 1991).

Cretaceous dlip in the TMVB

Premise 13: A fault zone in central Mexico now concealed by thick
volcanic rocks of the Trans-Mexican Vol canic Belt accommodated about
435 km of dextral dip since the mid-Cretaceous.

The late Cenozoic Trans-Mexican Volcanic Belt (TMVB) in
central Mexico may conceal a preexisting fault zone of uncertain
displacement history (Demant, 1978; Nixon, 1982). Gastil and
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Jensky (1973) inferred about 435 km of post—mid-Cretaceous
sip on adextra fault system in order to realign batholithic and
mineralization belts. Anderson and Schmidt (1983) proposed
about 300 km of Jurassic dip on asinistral fault system asa
geometric requirement of their kinematic model. We are unable
to assess the speculative sinistral offset in the Jurassic, but we
accept the proposed post—mid-Cretaceous dextral dlip.

Cenozoic trandlation of the Chords block/terrane

Premise 14: The Chortis block was trandated at least 1,000 km eastward
on asinistral fault system near the southern margin of Mexico since the
Eocene.

Proterozoic and Phanerozoic metamorphic basement rocks
with a predominant north-south structural grain appear to have
been truncated near the roughly east-west—trending Middle
Americatrench in southern Mexico (Figs. 3, 27) (de Cserna,
1967, 1971). Karig and others (1978) noted that this truncation
may have occurred during Tertiary sinistral displacement of the
Chortis block (Chortis terrane). Estimates of the amount and
timing of sinistral displacement of Chortis range from 1,000 to
2,000 km since the middle Eocene to 150 km during the late
Miocene (Burkart and others, 1987; Rosencrantz and others,
1988). The alternative of greater magnitude displacement is sup-
ported by the length of the truncated margin, based on length-dlip
magnitudes of modern faults, and the presence of awide belt of
highly deformed, locally mylonitic rocks in the Motagua fault
zone (Erikson, 1990). West-northwest—trending structuresin the
Chatino terrane may have been produced by Paleogene transten-
sion during eastward displacement of the Chortis block (Robin-
son and others, 1989, 1990; Robinson, 1991). The Cenozoic
evolution of the southern margin of Mexico is discussed further
on pages 109-112.

Truncation of structural trends in southern Mexico

Trans-Mexican Volcanic Belt

L

Figure 27. Apparent truncation of structural trends in metamorphic
basement in southern Mexico. Data from many sources, including
INEGI (1980) and de Cserna (1989). Abbreviations for tames: C,
Cuicateco; Ch, Chatino; M, Mixteco; N, Nahuatl; Z, Zapoteco.

Opening of the proto-Caribbean and Gulf of Mexico

Premise 15: The Gulf of Mexico formed when the Y ucatan block was
rifted from southern North Americain the late Middle Jurassic to Late
Jurassic.

Premise 16: An ocean basin formed near what is now the Caribbean Sea
when South America was rifted from southern North America during
Early Cretaceoustime.

Western Pangea underwent intracontinental extension and
rifting beginning in the Late Triassic. Late Triassic to Early
Jurassic red beds and volcanic rocks at the western and northern
margins of the Gulf of Mexico probably were deposited in
grabens produced during an early phase of brittle extension. In
Middle Jurassic time, extension was accommodated by ductile
stretching of continental lithosphere in the U.S. Gulf Coast region
and the northern margin of the Y ucatan block. Continued rifting
of Pangea caused latest Middle to Late Jurassic southward drift-
ing of Yucatan from the U.S. Gulf Coast, with contemporaneous
formation of oceanic lithosphere in the Gulf of Mexico, and Early
Cretaceous opening of a"proto-Caribbean" ocean basin between
the drifting North American and South American continents
(Schlager and others, 1984; Buffler and Sawyer, 1985; Pindell,
1985; Dunbar and Sawyer, 1987; Klitgord and Schouten, 1987;
Salvador, 1987; Pindell and others, 1988; Pindell and Barrett,
1990). Rifting and drifting of western Pangea s discussed further
on pages 96-98.

MESOZOIC AND CENOZOIC EVOLUTION OF
OCEANIC PLATESBORDERING MEXICO

In this section we summarize the constraints imposed on the
tectonic evolution of the Mexican region by studies of the oceanic
plates that once lay to the west and south.

Western México

Using linear velocities predicted by plate motion studies
based on global plate—hotspot circuits (Engebretson and others,
1985; DeMets and others, 1990) and on marine magnetic anom-
alies (Stock and Molnar, 1988; Stock and Hodges, 1989), we
have calculated the normal and tangential components of relative
motion between the North American plate and oceanic plates to
the west over the last 180 Ma (Table 18). Normal and tangential
components of relative velocity are shown for five sites on the
North American plate. On the basis of global reconstructions of
the orientation of the North American plate (e.g., Scotese and
others, 1988), we base our calculations on a north-south trend of
the plate boundary at the latitude of Mexico and southern Cali-
fornia prior to 161 Ma, aN20W trend between 161 and 85 Ma
(roughly parallel to the Sierra Nevada batholith), and a NAOW
trend since 85 Ma (parallel to the modern San Andreas fault
system in California). Geographic coordinates refer to a plate
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TABLE 18. CALCULATED MOTIONS OF OCEANIC PLATES RELATIVE TO NORTH AMERICA SINCE 180 Ma*
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*Rates in millimeters/year = kilometers/Ma; errors not shown. Norm, Tang = normal and tangential components of convergence; ¢ = exten-
sion; r = right-lateral; | = left-lateral. Velocities calculated using linear velocities and stage poles of Engebretson and others (1985), Pindell and

others (1988), Stock and Molnar (1988), Stock and Hodges (1989), and DeMets and others (1990).
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margin for which 300 km of post-5.5-Ma displacement has been
restored in the Gulf of California (Stock and Hodges, 1989; Sed-
lock and Hamilton, 1991). We premise that the Kula plate was
subducted beneath western Mexico with alarge component of
right obliquity in the Late Cretaceous, following the "southern
option" of Engebretson and others (1985). Alternatively, a differ-
ent, unnamed plate moving with alarge component of dextral
tangential motion relative to North America may have lain adja-
cent to Mexico in the Late Cretaceous (T. Atwater, D. Engebret-
son, presentations at U.S. Geological Survey, January 1990).
Uncertainties associated with the calculated ratesin Table 18 are
large, particularly for the Mesozoic, so we do not premise veloci-
tiesfor specific times or sitesin our reconstruction. Rather, we
regard the rates as a guide to the expected sense of obliquity and
the times of changes in relative motion, as has proven valuablein
geologic studies of the western United States, Canada, and Alaska
(e.g., Page and Engebretson, 1984). It should be noted that the
amount of tangential relative motion that was accommodated
in the forearc and arc of a particular subduction zone prob-
ably was significantly less than the values shown in Table 18;
in modern obliquely convergent marginstheratio islessthan 0.5
(Jarrard, 1986).

The following general history at Mexican latitudes (south of
32°N) may be inferred from Table 18. From 180 until 145 Ma,
rapid convergence of the Farallon and North America plates
included anormal component of <10 mm/yr and a sinistral
component of about 30 to 40 mm/yr. The component of sinistral
slip may have increased more markedly than shown during the
Late Jurassic (161 to 145 Ma) due to an increase in the north-
ward absolute motion of the North America plate (May and
Butler, 1986). Convergence slowed dramatically about 145 Ma,
although the sinistral component remained at about 35 mm/yr.
From 135 until 100 Ma, moderate convergence included a nor-
mal component of 60 mm/yr and atangential component that
changed from sinistral to dextral about 119 Ma. From 100 to 74
Ma at |atitudes south of about 23°N and until 85 Ma at latitudes
north of 23°N, the Farallon plate was subducted moderately
rapidly with adextral component of 35 to 55 mm/yr. About 85
Ma, spreading was initiated between the Farallon plate and the
newly formed Kula plate (and perhaps ancther, unidentified plate)
at the latitude of western Mexico (Kula plate labeled in right
column and outlined by heavy linesin Table 18). The Kula plate
was subducted beneath North Americarapidly and with alarge
dextral component until about 59 Ma (Woods and Davies, 1982;
Engebretson and others, 1985). Throughout the Late Cretaceous
and Paleogene, the Farallon plate was subducted nearly or-
thogonally beneath Mexico, with a minor component (0 to
40 mm/yr) of either dextral or sinistral motion. Ward (1991) sug-
gested that Farallon—North America motion 36 to 20 Maat the
latitude of northern Mexico (32° to 26°N) slowed greatly or ceased
due to the unsubductibility of very young Farallon lithosphere.

Subduction beneath western North America has been super-
seded by dextral shear along the lengthening Pacific—North
Americatransform plate boundary since the intersection of the

Pecific-Farallon spreading ridge with the trench about 25 Ma
(Atwater, 1970, 1989). Neogene and Quaternary Pacific—North
Americamotion at Mexican latitudes has been transtensional,
with large components of boundary—normal extension in early
Miocene and late Miocene time (Pacific plate labeled in right
column and outlined in heavy linesin Table 18). The dextral
tangential component of relative motion at Mexican latitudes was
markedly slower in the interval 20 to 11 Mathan at other times.
South of the transform margin, subduction of the southern part of
the old Farallon plate (now called the Cocos plate, labeled in
right column and outlined in heavy linesin Table 18) continues.
Models of the tectonic evolution of parts of the transform margin
are presented by Atwater (1970, 1989), Dickinson and Snyder
(1979), Lonsdale (1989, 1991), Lyle and Ness (1991), and Sed-
lock and Hamilton (1991).

Caribbean region

The Caribbean basin and the Gulf of Mexico formed in the
larger context of southeastward drift of South Americarelativeto
North America. Relative motion of South Americawasto the
southeast at about 30 mm/yr between the early Middle Jurassic
(about 180 to 175 Ma) and early Late Cretaceous (100 to 84 Ma)
and has been small and nonuniform since that time (Klitgord and
Schouten, 1987; Pindell and others, 1988; Pindell and Barrett,
1990). Although Mesozoic growth of the gap between the conti-
nentsiswell established, the processes of gap-filling by horizontal
stretching, sea-floor spreading, and terrane migration are not fully
understood. The Y ucatan platform withdrew to the southeast as
part of South America until the Late Jurassic. The kinematics of
Y ucatan displacement and, thus, of the evolution of the Gulf of
Mexico are uncertain, but the following sequence of eventsis
likely (Buffler and Sawyer, 1985; Dunbar and Sawyer, 1987;
Salvador, 1987; Winker and Buffler, 1988; R. Buffler, personal
communication, 1988): (1) Late Triassic(?) to Early Jurassic brit-
tle extension and graben formation, with unknown but probably
negligible cumulative displacement; (2) Middle Jurassic ductile
horizontal stretching of continental lithosphere in the gulf region,
with perhaps 600 km cumulative stretching in the direction of
North America—South America drifting; and (3) Late Jurassic
sea-floor spreading, with about 450 km of cumulative displace-
ment in the direction of North America—South America drifting.
Asaresult of this deformation, the continental crust at the north-
ern margin of the southern Maya terrane (Y ucatan platform) was
strongly stretched and intruded by dikes. When Y ucatan—North
Americarelative motion ceased near the end of the Jurassic, relict
South American crust of the Maya terrane became part of the
North American plate. South America began to drift away from
the southern margin of North America (Mayaterrane) in the
earliest Cretaceous, creating an intervening Caribbean ocean
basin. The Caribbean basin attained its current (maximum) di-
mensions by early Late Cretaceous time. A Jurassic seaway
between North America and South America, inferred on the basis
of faunal distributions, probably covered submerged pre-drift
Pangean continental crust.
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At least three hypotheses have been advanced to explain the
origin of the oceanic lithosphere that currently occupies the gap
between North Americaand South America. First, Caribbean
lithosphere may have formed in place during the Cretaceous drift-
ing of South America away from North America (Freeland and
Dietz, 1972; Salvador and Green, 1980; Klitgord and Schouten,
1986). Second, the Caribbean lithosphere may be Jurassic Faral-
lon plate that was inserted eastward into the growing gap between
the continents during the Early and early Late Cretaceous and
displaced progressively eastward during the Cenozoic (Malfait
and Dinkelman, 1972). Third, in-place Caribbean lithosphere
that formed during Cretaceous drifting was consumed beneath an
eastward-migrating salient of the Farallon plate that became
independent of the Farallon (Cocos) plate in the Tertiary (Pindell
and Dewey, 1982; Sykes and others, 1982; Burke and others,
1984; Pindell and others, 1988; Pindell and Barrett, 1990).

We employ the third hypothesis because it is most consistent
with up to 1,100 km of late Eocene(?) and younger sinistral
displacement on the Caribbean-North America plate boundary
in the Cayman Trough (Macdonald and Holcombe, 1978;
Rosencrantz and Sclater, 1986; Rosencrantz and others, 1988)
and with early Paleogene opening of the Y ucatan Basin (Rosen-
crantz, 1990). In most versions of the third hypothesis, an idand
arc terrane, speculatively identified as Cuba, Jamaica, or the
Nicaragua Rise, collided with the southern Maya terrane in the
latest Cretaceous and subsequently was translated eastward to
northeastward into the Caribbean basin (Pindell and Dewey,
1982; Burke and others, 1984; Pindell and others, 1988; Pindell
and Barrett, 1990). In an alternate model, the southern Maya
terrane collided with the northern, continental arc, margin of the
Chortis terrane, which subsequently underwent no more than a
few hundred kilometers of sinistral displacement in Guatemala
and severa hundred kilometers of net east-west extension during
the Cenozoic (Donnelly, 1989). Many important aspects of these
models may prove to be untestable becauseiit is so difficult to
determine the location of plate boundaries and the timing and
kinematics of displacement during the Jurassic to early Tertiary,
particularly in and near the western margin of the proto-
Caribbean basin—that is, south of Mexico.

RECONSTRUCTION OF THE TECTONIC
EVOLUTION OF MEXICO

Precambrian to Devonian

Early to middle Proterozoic basement The oldest rocks
in Mexico crop out in northwestern Sonora, south of the inferred
trace of the Mojave-Sonora Megashear, and are inferred to under-
liethe entire Seri terrane. Metasedimentary and metavolcanic
rocks were intruded by calc-alkalic plutons about 1,750to 1,710
Ma, and younger layered gneisses were deformed and metamor-
phosed about 1,685 to 1,645 Ma (Anderson and Silver, 1977b,
1981). These rocks were probably displaced southeastward by
the megashear from a northeast-trending belt of similar rocksin

the southwestern United States (Figs. 22, 25) (Anderson and Sil-
ver, 1979). Slightly younger (1,650-Ma metamorphic age) Proter-
o0zoic rocks crop out in northern Sonora north of the megashear
and are probably correlative with a northeast-trending belt of sim-
ilar rocks that includes the Pinal Schist in southern Arizona (And-
erson and Silver, 1977b, 1979, 1981). Both suites of metamorphic
rocks were intruded by plutons that probably are part of a belt of
anorogenic granitoids extending from southern Californiato the
midcontinent (e.g., Anderson, 1983) and by much less abundant
1,100-Ma granites (Anderson and Silver, 1977a, b, 1981).

Grenville basement The early to middle Proterozoic meta-
morphic rocks described above are bounded to the southeast by a
northeast-trending belt of rocks that have yielded Grenville
(1,300to 1,000 Ma) radiometric dates (Fig. 24) (Bickford, 1988).
The Grenville belt apparently continues southwestward from cen-
tral Texas to northern and central Chihuahua, where ~1,000-Ma
amphibalite dikes cut -1,300-Ma granite. Although some out-
crops are fault-bounded, we infer that the Grenville rocksin
Chihuahua are autochthonous or little displaced with respect to
the main Grenville belt. The original southwestward extent of
Grenville and older Proterozoic rocks is uncertain, but the appar-
ent termination of contiguous Precambrian basement at the lati-
tude of central or southern Chihuahua implies truncation of the
southern margin of North Americain this area by rifting or
strike-dlip faulting (Stewart, 1988). The timing of truncation is
bracketed by the youngest ages of Grenville rocks (about 1,000
Ma) and by the nonconformable deposition of latest Precam-
brian to Cambrian passive-margin facies on eroded crystalline
basement in the Seri terrane and southern North America (about
600 Ma). We infer that these truncated margins evolved into the
latest Precambrian to early Paleozoic west-trending (present
coordinates) passive margin in Chihuahua and Coahuila and the
northwest-trending passive margin between Sonora and eastern
California (Premises 3, 4; Fig. 23).

Basement rocks el sewhere in Mexico and in central Cuba
that have yielded Grenville radiometric dates include gneissin the
northern and southern Guachichil terrane, at least part of the
Acatlan Complex in the Mixteco terrane, the Oaxacan Complex
in the Zapoteco terrane, at least part of the Chuaciis Group in the
southern Maya terrane, and allochthonous metasedi mentary
rocksin central Cubathat have yielded K-Ar and “"Ar/""Ar
cooling ages on phlogopite of 950 to 900 Ma (Renne and others,
1989). Also, lower crustal xenoliths in the central Tepehuano
terrane contain some zircons of Grenville age and have yielded
207pb/ ™" "Pb ages of Grenville and younger age. Unambiguous
correlations between these rocks and those of the autochthonous
North American Grenville province have not been demonstrated,
but, like Stewart (1988), we infer that the former are allochtho-
nous fragments that were separated from the latter in the latest
Proterozoic (1,000 to 600 Ma). Some allochthons may have been
tectonically removed from the southwestern end of the North
American Grenville belt during latest Proterozoic truncation of
unknown sense and displacement. Other alochthons may be
parts of the Grenville belt in eastern North Americathat were
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displaced into the Iapetus ocean basin during latest Pre-
cambrian to Cambrian rifting and then southwestward during
Paleozoic (Acadian) strike-dlip faulting. Few distinctive fea-
tures tie the orphaned Grenville blocks to specific parts of
the Grenville province. We provisionally infer that most of
the allochthonous Grenville rocks, which are lithologically
similar to Grenville basement in Chihuahua and Texas,
were derived from the southern North American Grenville
province.

Pal eontol ogic and paleomagnetic data indicate that the
Oaxacan Complex of the Zapoteco terrane, athough grossly sim-
ilar to coeval rocksin Chihuahua and western Texas, did not
originate in the southern North American Grenville province.
Early Ordovician strata that unconformably overlie the Oaxa-
can Complex contain trilobites that are dissimilar to those of the
southwestern United States but have strong affinities with fauna
in Argentina, southeastern Canada, Scandinavia, and Great Bri-
tain (Robison and Pantoja-Alor, 1968; Whittington and Hughes,
1972). The paleopole to primary magnetization in the Oaxacan
Complex is>40 from the Grenvilleloop of the North American
polar wander path, which can be interpreted to show that these
rocks were adjacent to Grenville rocks near southeastern Canada
about 1,000 Ma (Ballard and others, 1989). According to the
PALEOMAP globd plate reconstruction, southeastern Canada
was contiguous with Scandinavia until the latest Proterozoic to
Cambrian opening of the Iapetus Ocean (Scotese and McKerrow,
1990; C. Scotese and others, unpublished data). The paleonto-
logic and paleomagnetic data are consistent with the following
tectonic history. The Oaxacan Complex formed adjacent to
Grenville rocks in southeastern Canada and southern Scandina-
viaabout 1,300 to 1,000 Ma (Fig. 28A). In the latest Proterozoic
to Cambrian, the Oaxacan Complex wasrifted away from south-
eastern Canada and either remained attached to Scandinavia or
was stranded as a microcontinent within the growing proto-
Tethys Ocean (Fig. 28B). Faunal similaritiesimply that the Oa
xacan Complex was not far from either Scandinavia or
southeastern Canada in the earliest Ordovician.

Alternatively, the evolution of the Zapoteco terrane can be
modeled by emphasizing the similarity of Early Ordovician
fauna above the Oaxacan Complex to coeval faunain Argentina.
The global plate reconstruction proposed in the SWEAT hy-
pothesis (Dalziel, 1991) places the North American Grenville
province adjacent to southern South America at the end of the
Proterozoic. The exact location of the Oaxacan Complex in this
reconstruction isimpossible to determine, but the dissimilarity of
the Early Ordovician trilobite fauna of the Zapoteco terrane to
coeval faunain the southwestern United States suggests that by
the early Paleozoic the Zapoteco terrane lay east of the Patagonia
assemblage, i.e., in aposition relative to North America similar to
that predicted by the southeastern Canada-Scandinavialink (Fig.
28; cf. Fig. 3 of Dalziel, 1991). Thus, according to either model,
the Zapoteco terrane probably lay east of the North American
Grenville belt in the early Paleozoic.

We propose that during Ordovician-Silurian diachronous

closure of the proto-Tethys Ocean, the Zapoteco microcontinent
was trandated westward and southward through proto-Tethys by
margin-parallel right-slip during late Taconian and/or Acadian
orogenesis. Platformal sedimentation probably occurred in the
open ocean southeast and perhaps well outboard of eastern North
America. In the Early to Middle Devonian, the Zapoteco terrane
collided with the Acatlan Complex (basement of the Mixteco ter-
rane), which consists of an ophiolite of unknown age that was ob-
ducted in the early or middle Paleozoic onto a subduction com-
plex containing sedimentary rocks derived from a Grenville-aged
source (Ortega-Gutierrez, 1981a, b; Robinson and others, 1989;
Y afiez and others, 1991). An Early to Middle Devonian age of
collision isindicated by the ages of metamorphism and deforma-
tion of the Acatldn Complex, the ages of granitic intrusion of base-
ment in both terranes, and the presence of clasts of both basement
terranesin Late Devonian marine stratain the Acatlan Complex
(Ortega-Gutiérrez, 1978b, 19814, b; Ortega-Gutiérrez and others,
1990; Y afiez and others, 1991). The collision probably occurred
at aboundary with a convergent component within the oceanic
realm south of eastern North America (Fig. 28C), but Paleozoic
plate configurations, boundaries, and relative motions are insuffi-
ciently known to specify the location, nature, and orientation of
that boundary. The collision has been interpreted to be a result of
Acadian orogenesis (Y afiez and others, 1991). Late Paleozoic
translation of the amalgamated terranes to a position west of
southwestern North America (Fig. 28D) is discussed below.

As postulated in Premise 7, we consider the exposures of
Grenville rocks in Chihuahua, eastern Mexico, and Oaxaca to be
discrete, fault-bounded fragments derived from the North
American Grenville province, rather than culminations of con-
tinuous Grenvillian basement in eastern and central Mexico.
Continuity of Grenville basement into central Mexico is consid-
ered unlikely because the western edge of the Mayaterrane
probably was a mgjor kinematic boundary in the late Paleozoic
to mid-Jurassic (pp. 94-103). Our hypothesisis that much or
most of Mexico is underlain by Grenville and Paleozoic basement
blocks of diverse origin, including those described above, and that
the basement blocks have been displaced with respect to North
Americaand to one another during the complex younger tectonic
history of the region.

Latest Proterozoic to early Paleozoic basement.
Outcrops or subcrops of igneous and metamorphic continental
basement in several parts of southern and eastern Mexico are
inferred to be of latest Proterozoic to early or middle Pa-
leozoic age (Fig. 29). The Las Ovejas Complex in the Chortis
terrane contains amphibolite, gneiss, and migmatite that yielded a
poor Rb-Sr isochron of 720 + 260 Ma (Horne and others, 1976).
M etasedimentary and metaplutonic rocks in the Chiapas Massif
in the southern Maya terrane were derived from protoliths of
probable Late Proterozoic to early Paleozoic age, and are over-
lain nonconformably by undeformed late Paleozoic strata. Deep
Sea Drilling Project cores obtained from the Catoche Knollsin
the Gulf of Mexico (Fig. 29) contain gneiss, amphibolite, and
phyllite that yielded early Paleozoic (-500 Ma) ages (Schlager
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Figure 28A-E. Interpreted evolution of the Oaxacan Complex of the Zapoteco terrane (bold x symbol),
in framework of reconstruction of Scotese and McKerrow (1990). Abbreviations: AF, Africa; BA,
Baltica; FL, Florida; NA, North America; SA, South America; SIB, Siberia. Amalgamation with
Acatldn Complex of the Mixteco terrane probably occurred in the Early to Middle Devonian. Location
and orientation of strike-slip faults (not shown) responsible for trandlation of Zapoteco terrane are

uncertain.

and others, 1984). Scant radiometric dates from schist, granite,
gneiss, quartzite, and rhyolite in wellsin the Coahuiltecano ter-
rane and the Y ucatan Peninsula (Mayaterrane) imply middle
Pal eozoic magmatism and metamorphism. We infer that all of
these rocks are relics of South American continental crust that
were stranded by Cretaceous drifting of South America away
from North America. We discuss the poorly constrained kinemat-
ics of these rocksin a section below.

Unmetamorphosed Silurian strata in the northern Guachi-
chil terrane contain schist clasts similar to the nearby Granjeno
Schigt, implying a pre-Silurian age for the schist. However, radi-
ometric dates from the Granjeno Schist imply late Paleozoic (330

to 260 Ma) metamorphism, suggesting to us that the schist clasts
were derived from a different source and that the Granjeno Schist
may be no older than Mississippian (p. 27).

Early Paleozoic sedimentary rocks. The passive margin
at the southern and southwestern edges of North America per-
sisted from latest Proterozoic to middle or late Paleozoic time and
probably was the site of deposition of cratonal and shelfal (“mio-
geoclinal”) strata. Basinal (“eugeoclinal”) rocks probably were
deposited in deeper water farther offshore to the south and west.

Cratonal strata were deposited on Proterozoic North Amer-
ican basement in northern Chihuahua and Sonora and the
southwestern United States from at least the Ordovician until the
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Precambrian to mid-Paleozoic
crystalline basement rocks

Figure 29. Outcrops and subcrops of upper Proterozoic to middle Paleozoic crystalline basement rocks
in Mexico and northern Central America. Irregular pattern indicates mid-Proterozoic rocks in Sonora;
filled diamonds, outcrops of Grenville rocks at Sierradel Cuervo (SdC), Ciudad Victoria (CV), Mo-
lango (M), and in Oaxacan Complex (OC); open diamonds, subcrops of Grenville rocks inferred from
wells (W) and xenoliths (X); dot pattern, outcrop of uppermost Proterozoic(?) to lower Paleozoic
basement rocks, including Acatlin Complex (AC) and Chiapas Massif (CM); filled triangle, lower
Paleozoic rocks at Catoche Knoll, DSDP Leg 77, Hole 538A; filled stars, outcrops of crystalline
basement rocks of probable mid-Paleozoic age at Ciudad Victoria (CV) and in Taxco region (TX);
open stars, subcrops from wells (W) of crystalline basement of possible but unproven mid-Paleozoic age.

Mississippian (Imlay, 1939; Greenwood and others, 1977). These
strata were mantled to the south and west by latest Proterozoic-
Devonian shallow-water shelfal stratain Sonora and Baja Cali-
fornia (Seri terrane) that strongly resemble coeval rocksin the
Death Valley and San Bernardino—western Mojave regions of
Cdlifornia. The shelfal rocks thicken away from the craton and
are overthrust by allochthonous siliceous and detrital basinal
rocks of Ordovician-Mississippian age (Seri terrane) that proba-
bly were deposited on Paleozoic proto-Pacific ocean floor an
unknown distance south or west of the edge of North America.
These early and middle Paleozoic deep-water rocks are similar in
some respects to those in the Roberts Mountain allochthon in
Nevada and, to alesser degree, rocks in the Ouachita orogenic
belt (Stewart, 1988; Stewart and others, 1990), but there are
significant differences in the timing of deformation and emplace-
ment over shelfal rocks (see below).

Early and middle Paleozoic shelfal rocksin the northern

Guachichil terrane are now faulted against Grenville gneissin a
structural position analogous to that of the Talladega slate in the
southern Appalachians (Tull and others, 1988), but initialy they
may have been deposited on the gneissin or outboard of an
unidentified sector of the passive southern margin of North
America

Devonian and Carboniferous

Deposition and deformation of shelfal and basinal
strata. Shelfal and basinal rocks were deposited in shelf, slope,
and ocean-floor environments south and west of the passive mar-
gin of southwestern North America during the Devonian and
Carboniferous (Fig. 23). We infer that late Paleozoic basinal
strata in the northern Tahué terrane, eastern Nahuat! terrane, and
possibly the Perict terrane were deposited on oceanic or transi-
tional crust at an indeterminate distance from North America.
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The Tahué terrane contains Carboniferous to Early Permian
clastic rocks, siliceous to intermediate volcanic rocks, chert, and
thin carbonates that are grossly similar to Paleozoic rocksin
northeastern Baja California (Lopez-Ramos, 1985, p. 9). Base-
ment beneath these stratais not exposed, but isotopic ratios of
younger plutonsimply alack of thick sialic continental crust
(Damon and others, 1983). In the Tierra Caliente Complex of the
eastern Nahuat! terrane, protoliths of metasedimentary and meta
igneous rocks appear to be Paleozoic, at least in part, and may
have been deposited on transitiona crust (Elias-Herrera, 1989).
In the Perici terrane, strongly deformed and metamorphosed
sedimentary protoliths deposited on unknown basement have
yielded |ate Paleozoic metamorphic dates. Because these terranes
probably arrived at the active margin of western Mexico later
than most terranes, we infer that they were in the northern proto-
Pacific basin in the Paleozoic (pp. 99-100).

The evolution of early to middle Paleozoic basind strata dif-
fered with position around the southern and western margins of
North America. In the Great Basin, basina strata were deformed
prior to and during the Devonian and thrust eastward onto shelfal
strata during two distinct events: the Late Devonian—Early Missis-
sippian Antler orogeny (Roberts Mountain allochthon) and the
Late Permian or Early Triassic Sonoma orogeny (Golcondaalloch-
thon) (Roberts and others, 1958). In the western Ouachitan oro-
gen, basina strata were deformed and incorporated into a growing
subduction complex at the southern margin of North America
during the Mississippian and thrust northward onto the North
American shelf during Pennsylvanian and earliest Permian time
(Viele and Thomas, 1989). In Sonora, they were internally de-
formed at an unknown location during the early Late Mississip-
pian and thrust northward(?) onto shelfal stratain Late Permian
to Middle Triassic time (Poole and Madrid, 1988; Stewart and
others, 1990). Because deformation in Sonora was west of the
Permo-Triassic arc at the western margin of Pangea, we infer that
it was not caused by collision of Gondwana but rather by accre-
tion of an unidentified island arc or microcontinent.

Magmatism, metamorphism, and tectonism. Several
fragments that contain continental basement of Grenville or
early to middle Paleozoic age experienced magmatism and re-
gional metamorphism during the Devonian and Carboniferous.
The Granjeno Schist probably was metamorphosed to greenschist
faciesin Mississippian time, prior to its faulting against Grenville
gneiss of the northern Guachichil terrane. Early Paleozoic gneiss
at Catoche Knollsin the Gulf of Mexico yielded a ©Ar/ ™~ Ar
plateau age (biotite) of 350 Mathat probably reflects a Mississip-
pian thermal overprint (Schlager and others, 1984). Wellsin the
Coahuiltecano terrane and Maya terrane penetrated Carbonifer-
ous granitic gneiss and metaandesite, respectively (Denison and
others, 1969; Marshall, 1984). Gneiss, schist, and low-grade
metamorphic rocks that are inferred to underlie the Coahuilte-
cano terrane probably were metamorphosed in the Devonian to
Carboniferous. Late Proterozoic(?) to mid-Pal eozoic basement
rocks of the Mayaterrane in Guatemala and Belize were intruded
by granitoids in the Mississippian and were locally overlain by

silicic lavas and pyroclastic rocksin the Late Pennsylvanian
and Early Permian. The Acatlin Complex in the Mixteco
terrane was intruded by the Esperanza granitoids, penetratively
deformed and metamorphosed in the Late Silurian to Middle
Devonian, and deformed and metamorphosed during the latest
Devonian to Carboniferous (Ortega-Gutiérrez, 19783, b; Yafiez
and others, 1991). L ate Proterozoic to mid-Paleozoic basement
rocksin the Chortis terrane were intruded by granitoidsin
the Pennsylvanian.

We infer that Paleozoic magmatism and metamorphism in
Mexican terranes probably were related to consumption of oce-
anic lithosphere at one or more subduction zones between
Gondwana and the passive southern margin of North America
(Fig. 30). Throughout early and middle Paleozoic time, Gond-
wana was an indeterminate distance south and east of North
America. Plate reconstructions indicate that northward motion of
Gondwana with respect to North America and the consumption
of intervening oceanic lithosphere was underway at least as early
as Devonian time (Scotese and McKerrow, 1990). Deep-water
strata deposited in the ocean basin between Gondwana and
southern North America were incorporated into a subduction
complex by Mississippian time, implying southward subduction
of oceanic lithosphere at atrench at the northern edge of Gond-
wana (Fig. 30) (Viele and Thomas, 1989).

The positions and displacements of Mexican basement
blocks with respect to Gondwana and North America cannot be
pinpointed with available data. Below we outline some schematic
tectonic histories that pertain only to those basement blocks that
were affected by middle to late Pal eozoic magmatism or meta-
morphism and thus, presumably, were not part of the passive
southern margin of North America. The few Mexican basement
blocks unaffected by Devonian-Carboniferous magmatism or
metamorphism, e.g., southern Guachichil terrane and northern
Guachichil terrane, may have been attached to North America.

1. Basement blocks were part of the forearc or arc along the
northern edge of Gondwana (label B in Fig. 30), where they were
intruded and metamorphosed during southward subduction of
oceanic lithosphere beneath Gondwana. Asintegra parts of the
northern edge of Gondwana, the blocks were penetratively de-
formed and accumulated thick synorogenic sediments during
late Paleozoic collision with southern North America.

2. Basement blocks were intruded and metamorphosed in
the Gondwana forearc or arc, as above, but were stripped from
northern Gondwana prior to late Paleozoic Ouachitan collision
and trandated westward or southwestward (present coordinates)
to an ocean basin south of the southwestern United States (west
of label A in Fig. 30), presumably due to diachronous oblique
convergence between Gondwana and North America.

3. Basement blocks were intruded or metamorphosed at
one or more cryptic subduction zones or collision zones north
of the mgjor subduction zone on the northern margin of Gond-
wana (label Cin Fig. 30). In the middle Paleozoic, the blocks
were isolated continental fragments embedded in oceanic or
transitional crust an unknown distance from each other and from
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Silurian

Figure 30. Schematic paleogeography of west-central Pangeain the Silurian, modified after Bally and
others (1989). Blocks A, B, and C are schematic and not directly representative of existing blocks (see
text). Stipple pattern indicates deposition of passive margin facies; v pattern, magmatic arcs at northern
margin of South America, in Avalon-Carolina (AV-C) terrane, and in block C; BA, Baltica; NA, North
America. Collision of Avalonia-Carolinaterrane may have been completed by Silurian time.

North Americaand Gondwana (labels A, C, AV-C in Fig. 30).
Trapped between the converging North America and Gondwana
plates, the blocks were deformed during accretion to Gondwana
or late Paleozoic Gondwana—North Americacollision. The
tectonic evolution of these blocks may resemble that of the Sa-
bine block (terrane) in the south-central United States (Viele and
Thomas, 1989; Mickus and Keller, 1992).

4. Basement blocks were intruded or metamorphosed at
one or more cryptic subduction zones or collision zones, as above,
but they escaped Ouachitan collision by southwestward tranda-
tion to the ocean basin south of the southwestern United States,
perhaps due to diachronous oblique convergence between North
Americaand Gondwana.

Interpreting the tectonic history of Mexican basement
blocksin terms of the above aternativesis frustrated by limited

outcrop, incomplete radiometric dating and structural analysis,
and complex Mesozoic tectonic overprints. Paleozoic plate kine-
matics cannot be determined because Paleozoic oceanic litho-
sphere, which must have bounded the basement blocks, has been
completely subducted or is masked by Mesozoic and Cenozoic
cover. Here, we speculate briefly on the Paleozoic tectonic history
of individua basement blocks.

The events leading to the Devonian amalgamation of the
Zapoteco and Mixteco terranes were discussed above. After de-
position of Late Devonian marine strata in the Mixteco terrane,
the amalgamated terranes were folded, weakly foliated, and
metamorphosed at high temperatures during the (Early?)
Carboniferous, probably during collision with a continental mass,
and unconformably overlain by little-deformed Carboniferous to
Permian(?) marine and continental strata. We interpret early(?)
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Carboniferous deformation and metamorphism of the amalga-
mated Zapoteco and Mixteco terranes as aresult of collision with
and incorporation into the Gondwanan forearc. The Zapoteco-
Mixteco composite terrane lacks deformation associated with late
Paleozoic Ouachitan continental collision, so we infer that it was
within the westernmost, west-facing part of the Gondwanan fore-
arc and was swept westward or northwestward into the proto-
Pacific ocean basin past the southern termination of the Tarahu-
mara-Ouachita orogenic belt. By the Permian, the composite ter-
rane lay west and perhaps north of modern Mexico (Fig. 28D).

Late Proterozoic rocks in the northern Guachichil ter-
rane, southern Guachichil terrane, and central Cuba may have
been rifted from the southern end of the Grenville belt in the
latest Proterozoic (p. 85). We propose that during Paleozoic time
these basement blocks occupied the ocean basin south of south-
western North America, an indeterminate distance south of the
continent, where Paleozoic shelfal stratain the northern
Guachichil terrane may have been deposited on Grenville gneiss.

Available data permit at least three interpretations of
the evolution of the Granjeno Schist of the northern Guachichil
terrane. First, the schist may be a metamorphosed subduction
complex that formed at a trench, either at the northern margin
of Gondwana or within the ocean basin between Gondwana
and North America. Serpentinite that structurally underlies
the schist may have been derived from either upper plate astheno-
sphere or subducted oceanic lithosphere. Second, protoliths of
the schist may have been deposited on the flank of a micro-
continental block in the ocean basin between Gondwana and
North America (label A in Fig. 30) and metamorphosed and
deformed during accretion of the block to the Gondwanan
forearc. The Granjeno Schist is now outboard (west) of the
Permo-Triassic arc that developed at the western margin of
Pangesa; in either case, it was translated westward during the
late Paleozoic. A third interpretation is that metamorphism
and deformation of the protoliths, whether in a subduction
complex or during collision, occurred in the ocean basin south of
southwestern North America.

In the discussion of Premise 6 we proposed that basement
rocks of probable or possible Late Proterozoic to early Paleo-
zoic age in the Maya and Coahuiltecano terranes are remnants of
Gondwana. We infer that middle to late Paleozoic metamor-
phism and plutonism that have been demonstrated or inferred in
these terranes occurred in the arc or forearc of northern Gond-
wana (label B in Fig. 30). Mississippian plutonism and metamor-
phism and Pennsylvanian volcanism in Guatemala and Belize
imply that much or most of the Maya terrane was part of the
continental magmatic arc of northern Gondwanan. The Coahuilte-
cano terrane, which has yielded a few mid(?)-Paleozoic radiomet-
ric dates, bounds the Ouachita orogenic belt on the south and
probably is a salient of the Gondwanan forearc.

On the strength of a single Rb-Sr isochron indicating Penn-
sylvanian plutonism, we speculate that the Chortis terrane also
was part of the magmatic arc of northern Gondwana. However,
given the incomplete understanding of the deformational, mag-

matic, and metamorphic history of the Chortis terrane, it certainly
is possible that plutonism occurred in atectonic setting unrelated
to Ouachitan orogenesis.

Carboniferous and Early Permian

Formation of Pangea. Convergence between North
America and Gondwana resulted in complete consumption of
intervening oceanic lithosphere, diachronous Mississippian to
mid-Permian collision between the two continents, and the for-
mation of Pangea (Premise 5). During convergence but prior to
continental collision, early Paleozoic basinal or "off-shelf' strata
were stripped from the southern, oceanic, part of the North
America plate and accreted to the forearc of Gondwana; such
rocks form the cores of the Benton and Marathon upliftsin the
Ouachitan orogen. Mississippian and Pennsylvanian flysch depos-
ited on the outer shelf, slope, and proximal ocean floor of the
North American passive margin also were accreted to the Gond-
wanan forearc and then driven northward onto the North Ameri-
can shelf; such rocks form the external zones of the Ouachitan
orogen (King, 1975; Ross and Ross, 1985; Ross, 1986; Viele and
Thomas, 1989). The North America—Gondwana collision is
marked by the Alleghany orogen in eastern North America, the
Ouachita-Marathon orogen in the southern United States, and
the Tarahumaraterrane in northern Mexico. The Ouachitan
orogeny in eastern Mexico has been referred to as the Coahuilan
orogeny (Guzmdn and de Csema, 1963).

Following Premises 2, 3, and 6, we postulate that the west-
ern margin of Pangea featured a nearly right-angle bend that
framed an oceanic corner near what was to become Mexico.
This corner was bounded by the roughly north-south—trending
(present coordinates) western margin of South America and by
the east-southeast/west-northwest—trending passive margin of
southwestern North Americain Chihuahua and Sonora (Fig. 31).
The Tarahumara-Ouachitan orogenic belt, which marks the colli-
sion between North America and Gondwana, terminated near
this bend and never extended farther to the southwest because the
north-south—trending western margin of South America pre-
vented contact of the continental masses there. Because Ouachi-
tan orogenesis probably did not affect rocks oceanward of this
corner, weinfer that terranes with Precambrian and Paleozoic
basement that lack evidence of Pennsylvanian to Early Permian
deformation, magmatism, and metamorphism ascribable to the
Ouachitan orogeny were in this region.

Loading of the southern edge of North America by north-
ward thrusting of the Ouachita orogenic belt produced a series of
discontinuous foreland basins and forebulges on the buckling,
foundering continental shelf from New England to Chihuahua,
and perhaps as far west as central Sonora (Ross and Ross, 1985; Ross,
1986; Armin, 1987). The southern part of the Pedregosa basin in
Mexico (Fig. 24) displays an abrupt transition from cratonal
strata to deeper water rocks at the beginning of the Permian,
implying the onset of foreland loading (Armin, 1987; Handschy
and others, 1987). Wolfcampian flysch was late tectonic to post-
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Figure 31. Late Permian (about 250 Ma) pal eogeographic reconstruction, approximately synchronous
with cessation of Ouachitan orogenesis. V pattern indicates active magmatic arc; irregular pattern,
obducted deformed rocks of Roberts Mountain Allochthon and Ouachita orogenic belt; ChM, Chiapas

Massif. Faults 1, 2, and 3 are discussed in text.

tectonic in the Marathon region and syntectonic in Chihuahua,
suggesting diachroneity of the collision and termination of
Ouachitan tectonism by late Early Permian (Leonardian) time
(Ross and Ross, 1985; Ross, 1986; Thomas, 1985, 1989). Oua-
chitan orogenesis probably subjected Precambrian and Paleozoic
rocks of North Americato regional low-grade thermal metamor-
phism, producing late Paleozoic cooling ages (Denison and oth-
ers, 1971; Mauger and others, 1983).

Marine siliciclastic strata of Carboniferous and Permian
age that crop out in several Mexican terranes help determine
whether the terranes were involved in the Ouachitan orogeny. In
the Mayaterrane, Late Mississippian(?) to Pennsylvanian flysch

and volcanogenic rocks and Pennsylvanian—Early Permian shale
and limestone are cut by an Early Permian angular unconformity,
indicating late Early Permian deformation, uplift, and erosion.
These relations support our earlier inference that the Maya ter-
rane was part of the Gondwanan forearc.

The northern and southern Guachichil terranes contain
fault-bounded, thick, provisionally correlative Early Permian
flysch that was derived from siliciclastic, volcanic, and carbonate
sources. Unequivocal identification of a depositional environment
will be difficult because the flysch units are rootless, having been
faulted against Grenville basement and other pre-Mesozoic rocks
in Permo-Triassic time. Possible depositional sites include the
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continental rise west of Pangea, continental foreland basins (e.g.,
Pedregosa basin) near the corner in the Pangean continental mar-
gin (Fig. 31), intracontinental successor basins above the cooled,
subsided magmatic arc in Gondwana, and continental backarc
basinsin Gondwana

In the southern Coahuiltecano terrane, coarse Late Penn-
sylvanian to Permian marine strata of the Las Delicias basin were
derived from and deposited adjacent to and north of a continental
calc-alkalic arc fringed by carbonate banks (McK ee and others,
1988, 1990). These strata once may have been contiguous with
the partly volcanogenic Permian flysch in the northern and
southern Guachichil terranes (J. McKee, personal communica
tion, 1990).

The Oaxacan Complex of the Zapoteco terrane and the
Acatlan Complex of the Mixteco terrane are overlapped by ma-
rine, possibly shelfal, and continental Carboniferous-Permian si-
liciclastic rocks, but these strata do not constrain the late Paleozoic
position of the Zapoteco-Mixteco block with respect to other
blocks or to Pangea. The terranes are intruded by Permian grani-
toids, implying proximity to a magmatic arc.

Cordilleran tectonics and sedimentation. Deformation,
magmatism, and metamorphism associated with the formation of
Pangea had little effect on southwestern North America west and
northwest of the Pedregosa basin. In the Great Basin and Mojave
regions, late Paleozoic shallow- to deep-water sediments were
deposited in shelf and off-shelf environments. In the Seri terrane,
Late Mississippian to Permian shelfal rocks were deposited con-
formably on older Paleozoic shelfal rocks, and deformed Ordovi-
cian—Early Mississippian basinal rocks were overlain unconform-
ably by Late Mississippian to Early Permian deep-water flysch
(Ketner, 1986; Poole and Madrid, 1986, 1988).

In Pennsylvanian to Permian time, the western edge of the
southern Cordillerawas truncated at an inferred sinistral fault
system of approximately northwest strike (Premise 10). The most
inboard fault or faults in this system displaced part of the Roberts
Mountain allochthon (RMA) roughly 400 km southeastward
(present coordinates) from the northern Great Basin to what is
now the western Mojave region (Fig. 31, fault 1), and may be the
Mojave-Sonora Megashear (Walker, 1988; Stevens and others,
1992). Activity on thisfault also displaced Paleozoic shelfa rocks
south of the RMA that were to become the Seri terrane.

We speculate that concomitant sinistral slip occurred on at
least two other, more outboard faultsin the system (Fig. 31). We
propose a hypothetical fault system, here named fault 3, at which
basinal strata of the Seri terrane were displaced to a position
adjacent to and outboard of shelfal strata of the Seri terranein
what is now central Sonora (Figs. 31, 32). Net displacement of
the basinal strata was minimal if they were deposited near
Sonora but correspondingly larger if the depocenters were more
distant. The age of displacement on fault 3 probably was Permian
to Early Triassic, based on the youngest basinal rocks and on the
timing of thrusting of the basinal rocks onto shelfal rocksin
central Sonora.

We propose another fault system, here named fault 2, that

separates Paleozoic shelfal rocks of the Seri terrane in what is
now Baja California, denoted as "Baja" in the figures, from ap-
parently correlative rocks of the Seri terrane in what is now
Sonora. To be consistent with our interpretation that the Paleo-
zoic shelfal Bajarocks were displaced 1,500 to 2,500 km north-
westward during the L ate Cretaceous and Paleogene (p. 80),
Paleozoic shelfal rocksin Bajamust have been displaced south-
eastward 1,500 to 2,500 km on a sinistral fault system such as
fault 2 prior to the mid-Mesozoic. Sinistral displacement on fault
2 may have begun in the Pennsylvanian, but we suspect that most
displacement occurred in the Triassic and Jurassic, after major
displacement on hypothetical fault 3 to the west.

L ate Paleozoic continental truncation of the southern Cor-
dilleraindicates margin-parallel shearing between North America
and an oceanic plate or plates to the west, possibly due to a change
of relative plate motions accompanying collision of Gondwana
with southern North America. Margin-parallel sinistral shearing
apparently started prior to calc-alkalic magmatism along the west-
ern margin of Pangea, but may have been coeval with magma-
tism for much of the Permian. Relative motion with alarge
component of sinistral displacement continued into the early
Mesozoic, implying thousands of kilometers of southward or
southeastward displacement relative to North America of rocksin
the ocean basin west of the continent. The long-term southward
or southeastward sweep of the oceanic plates suggests that those
Mexican terranes that arrived relatively late at the active margin of
western Mexico, such as the northern Tahué, eastern Nahuatl, and
Pericy, lay far to the north and west of North Americain the
Paleozoic and subsequently were displaced southeastward relative
to North America while embedded in oceanic lithosphere that
converged with the continent, or on margin-parallel faults along
the plate boundary such asfault 3 in Figure 31. The basinal proto-
liths of these terranes may have been similar to accretionary fore-
arcs of the proto-Pacific basin such as the Sonomia and Golconda
allochthons in the western United States.

Late Permian to Present: Overview

Oceanic lithosphere probably has been subducted with a
large eastward component beneath the western margin of Mexico
since the Permian. There is no evidence of post-Ouachitan con-
vergence in the Gulf of Mexico region, so the magmatic and
tectonic effects of plate convergence and subduction must have
been accommodated to the east, in what is now mainland Méx-
ico. In the reconstruction that follows, we infer that the
continuous subduction of oceanic lithosphere beneath Mexico
resulted in southward and westward continental growth dueto
the accretion of continental fragments, island arcs, and interven-
ing basins, and in southward and westward migration of the locus
of subduction-related arc magmatism. Paleomagnetic and geo-
logic data and plate motion models indicate that margin-parallel
displacement of outboard terranes due to oblique convergence
was sinistral (southward) during the Permian, Triassic, Jurassic,
and earliest Cretaceous, and dextral (northward) during most of
the Cretaceous and the Paleogene.
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Figure 32. Latest Triassic (about 210 Ma) paleogeographic reconstruction. Cross-hatched pattern: zone
of collision, obduction, or accretion. Emplacement of allochthonous basinal rocksin central Sonorais
specul atively attributed to collision or transport of Zapoteco-Mixteco composite terrane. Abbreviations:
C, central Cuba; COAH, Coahuiltecano terrane; NG, Northern Guachichil terrane; SG, Southern
Guachichil terrane; TARA, Tarahumaraterrane; TEP, Tepehuano terrane; Z-M, Zapoteco and Mixteco
terranes. Other abbreviations and patterns asin Figure 31.

In most cases it is not possible to identify with confidence
the exact position of inferred major tectonic features such as
subduction zones and strike-dlip faults at |atitudes between
Sonora and northern South America because of unresolved tec-
tonic questions such as the organization of oceanic plates and
relative motions among these plates and North America. For this
reason, many structures, particularly those of Permian and early
Mesozoic age, are depicted quite schematically.

Late Permian to Middle Triassic

Permo-Triassicarc. Calc-akalic magmatism wasinitiated
in a continental magmatic arc at the western margin of Pangeain
the Early to Late Permian in northwestern South Americaand in

the Late Permian to Early Triassic in the southwestern United
States (Premise 8). The onset of magmatism records eastward
subduction of oceanic lithosphere of one or more platesin the
paleo-Pacific basin beneath western Pangea (Fig. 31). The onset
of magmatism was roughly coeval with the mid-Permian cessa
tion of Gondwana—North America convergence and probably
reflects amajor reorganization of relative plate motions. Permian
convergence probably was left-oblique based on the sense of dlip
inferred in the southwestern United States (Ave Lalemant and
Oldow, 1988). Sinistral displacement on the boundary probably
contributed to the progressive southeastward displacement of the
Seri terrane in the Baja sliver and more outboard Mexican
terranes.



Tectonostratigraphic Terranes and Tectonic Evolution of Mexico 95

The Permo-Triassicarc is preserved intact in the southwest-
ern United States and northern South America and is known
from subcropsand rarer outcrops in the Coahuiltecano and Maya
terranes of eastern Mexico (see discussion of Premise 8). Thisarc
was emplaced into continental crust on the western edge of Pangea
starting in the Early Permian (Figs. 31, 32). The apparent conti-
nuity and linearity of the arc in eastern Mexico implies eastward
subduction of oceanic lithosphere beneath the western margin of
Pangea during most of the Permian and Triassic. Subsequent
displacement transverse to the Mexican reach of the arc may have
occurred at the boundary between the Coahuiltecano and Maya
terranes, where minor Late Jurassic sinistral dlip probably oc-
curred on the M ojave-Sonora M egashear, and between the Chia-
pas Massif and Veracruz region, which probably were separated
during opening of the Gulf of Mexico (pp. 96-98). Because
the arc is known chiefly in the subsurface, the magnitude and age
of these and other transverse and longitudinal displacements of
the arc cannot be ascertained.

We attribute the apparent discontinuity in the Permo-
Triassic arc between the northern end of the Mexican reach in
Coahuila and the southern end of the United States reach in the
Mojave region to the original plate geometry, rather than to
post-Triassic truncation and displacement of the arc. The bound-
ary between North America and an oceanic plate or platesin the
pal eo-Pacific basin was a subduction zone in the western United
States and eastern Mexico, where the boundary trended roughly
north-south, but was a transform fault in northern Mexico, where
the boundary trended east or east-southeast (present coordinates;
Figs. 31, 32). A similar ideawas discussed by J. H. Stewart in an
oral presentation at the 1990 meeting of the Geological Society of
America Cordilleran Section. We infer that relative plate motion
was roughly parallel to this transform, but conceivably there may
have been amargin-normal component of shortening or exten-
sion. The reconstruction depicts left-oblique convergence at the
trench in the southwestern United States in order to account for
inferred southeastward displacement of Mexican terranessuch as
the diver of Seri terranein Baja (Figs. 31, 32). We surmise that
convergence south of the transform margin in eastern Mexico was
either roughly orthogonal or left-oblique.

Permo-Triassic arc rocks also crop out in the amalgamated
Zapoteco and Mixteco terranes. They include Permian granitoids
in both terranes, post—Early Permian, pre—Middle Jurassic ig-
nimbrite in the Mixteco terrane, and Triassic(?) to Middle Juras-
sic dikesand sillsin both terranes. Paleomagnetic data are
interpreted to indicate that the terranes were at the latitude of
Sonora at the end of the Triassic. Three interpretations of the
origin of the Zapoteco-Mixteco arc rocks are permissible based
on available data. First, the Zapoteco-Mixteco composite terrane
underwent arc magmatism within the Mexican reach of arcin the
Permo-Triassic, after which it was excised from the arc and trans-
lated to the latitude of Sonorain the early Mesozoic. Second, the
Zapoteco-Mixteco composite terrane underwent arc magmatism
in an arc unrelated to subduction beneath western Pangea, at an
unspecified |atitude some distance west of the Pangean margin,

perhaps requiring trandation to the latitude of Sonora by the Late
Triassic. Third, the Zapoteco-Mixteco composite terrane under-
went arc magmatism within the southern end of the United
States reach of the Permo-Triassic continental arc of western
Pangea. The first option requires northwestward transport of the
terranes relative to North America, which we consider unlikely
because of evidence for southward margin-parallel displacements
in the early Mesozoic (Ave Lallemant and Oldow, 1988). We
cannot distinguish between the second and third options with
available data, so we have omitted the terranes from the Late
Permian reconstruction (Fig. 31) but shown them at the latitude
of Sonora by the Late Triassic (Fig. 32).

Cordilleran deformation. The Permo-Triassic arc at the
western margin of Pangea probably was paired with an east-
dipping subduction zone that consumed one or more oceanic
plates of the paleo-Pacific basin. Although the paleogeography of
this basin is not known, its subsequent history suggests that it con-
tained fragments of Grenville and Paleozoic continental base-
ment, magmatic arcs, and flysch basins (Fig. 31). Some of these
may have been separated from Pangea by substantial tracts of
oceanic lithosphere, whereas others may have been nearby, per-
haps enmeshed in a complex system of trenches similar to the
modern southeastern Pacific.

Contractional deformation of Permo-Triassic age, reported
from severa parts of southwestern North America, probably re-
sulted from convergence between North America and one or
more oceanic plates to the west or south. In the Great Basin,
Permo-Triassic collision of the Sonomiaterrane with North
America emplaced the forearc of Sonomia as the Golconda al-
lochthon onto previously accreted Paleozoic rocks of the Roberts
Mountain allochthon and its Paleozoic cover (Speed, 1979). The
Mojave and Death Valley regions were affected by Late Permian
deformation, including development of large thrust systems (Carr
and others, 1984; Snow and others, 1991). Deformation in these
regions probably was caused by margin-normal shortening
caused by high-angle convergence to the west. In central Chihua
hua, along the inferred transform fault boundary at the truncated
southwestern margin of North America, east-vergent thrusting of
Precambrian basement and Early Permian flysch occurred be-
tween the mid-Permian and Middle Jurassic (Handschy and
Dyer, 1987). Thrusting may record either margin-parallel short-
ening at the transform boundary or margin-normal shortening
east of a hypothetical north-south trench that offset the transform
(Fig. 31). Inthe Seri terrane, Paleozoic basinal rocks may have
been juxtaposed with Paleozoic shelfal rocks by late Paleozoic
sinistral strike-dlip faulting (Fig. 31); penetrative deformation of
both units accompanied Late Permian to Middle Triassic over-
thrusting of the shelfal rocks by the basinal rocks (Poole and
Madrid, 1986, 1988). The cause of thisoverthrusting is unknown.
We have speculated that it is related to displacement of the
Zapoteco-Mixteco composite terrane along the continental mar-
gin (Fig. 31), but the supposed northward vergence of thrusting is
difficult to reconcile with generally eastward to southeastward
displacement of oceanic plates relative to North America.
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It is much more difficult to determine the tectonic setting
and significance of Permo-Triassic deformation in other Mexican
terranes. In the northern Tahué terrane, granitic gneiss apparently
was metamorphosed and deformed during the Triassic (T. And-
erson, personal communication, 1990). The plutonic protolith of
the gneiss may have served as basement for weakly metamor-
phosed Carboniferous basinal strata, or may have been faulted
against the Carboniferous rocks. In the northern Tepehuano ter-
rane, protoliths of weakly metamorphosed, strongly deformed
flysch and olistostromal mélange of pre—Middle Jurassic age
(Taray Formation) may be coeval or correlative with Trias-
sic marine rocks elsewhere in the terrane. We provisionally inter-
pret the Taray Formation as a Triassic(?) subduction complex
that formed in the forearc on the western margin of Pangea
(p. 58). In the Juchatengo fault zone at the southern margin of
the Zapoteco terrane, cataclastic granitoids and oceanic rocks of
probable |ate Paleozoic age are provisionally interpreted as alate
Paleozoic to Triassic(?) subduction complex and arc(?) that were
accreted to the outboard margin of the amalgamated Zapoteco
and Mixteco terranes.

Late Triassic to Late Jurassic
Breakup of Pangea

The breakup of Pangea began in the Late Triassic, but drift-
ing of the North America and South America plates and forma
tion of an intervening Caribbean basin did not begin until the
earliest Cretaceous (Premises 15, 16). Pre-Cretaceous extension
between the North America and South America cratons was
accommodated heterogeneously, as indicated by the distribution
of crustal thickness and depths to basement in eastern Mexico and
adjacent offshore regions (Buffler and Sawyer, 1985). Eastern
Mexico is underlain by thick continental crust that probably was
thickened during Permo-Triassic arc magmatism. Offshore east-
ern Mexico, a precipitous continental slope leads into the Gulf
of Mexico basin (Fig. 33). Oceanic lithosphere in the Gulf of
Mexico basin is circumscribed by azone of thin transitional crust
that is much wider to the northwest and southeast than to the
northeast and southwest. The Gulf Coast region of the United
States and the Y ucatan platform are underlain by thick transi-
tional crust. Marine seismic profiling indicates that the present
pattern of crustal thicknesses of eastern and southeastern Mexico
and the Gulf of Mexico was attained by the end of the Jurassic,
athough cooling and subsidence of deeper regions continued in
the Cretaceous (R. Buffler, personal communication, 1988).

Onland stratigraphy indicates that pre-Cretaceous rifting
and drifting of South Americafrom North America occurred in
two stages (Buffler and Sawyer, 1985; Dunbar and Sawyer,
1987; Winker and Buffler, 1988). In the first stage, Late Triassic
to Early Jurassic rifting occurred in the Gulf Coast region of the
United States and in the Guachichil and Mayaterranes of eastern
Mexico, forming grabens and half-grabens that were filled with
red beds and volcanic rocks. There are no indications of large
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Figure 33. Crustal types and thicknesses in and adjacent to the Gulf of
Mexico, based on Buffler and Sawyer (1985).

throw or great crustal attenuation. Thefirst stage climaxed with
development of awidespread Middle Jurassic unconformity that
isinterpreted to be due to aregional rise of asthenosphere below
Mexico and the Gulf of Mexico. In the second stage, Middle to
Late Jurassic horizontal stretching produced the thin transitional
crust around the periphery of the Gulf of Mexico basin. Closely
spaced crustal thickness contours are roughly parallel to the
strikes of the rift structures that formed during the first stage. The
second stage climaxed with Late Jurassic oceanic spreading in the
deep central basin.

Jurassic extension between the North America and South
America cratons may not have been completely confined to the
Gulf of Mexico region. Formation of a Pacific-Atlantic seaway
between North America and South Americaby Middle Jurassic
time, asindicated by biostratigraphic studiesin southern Mexico
(Westermann and others, 1984), may signify crustal stretching
southeast of the Maya terrane. The Cuicateco basin in southern
Mexico, which probably was floored by oceanic lithosphere only
in its southern part, may have been an aborted northward-
propagating continental rift associated with drifting of South
Americafrom the southern Maya terrane.

Pre-Cretaceous displacement due to oceanic spreading in the
Gulf of Mexico in the direction of Cretaceous drift between
North America and South Americawas about 450 km. Dis-
placement in the same direction that was accommodated by
stretching of continental crust in broad zones on the northwestern
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and southeastern sides of the basin exceeds that due to spreading,
assuming validity of the stretching values calculated by Dunbar
and Sawyer (1987). Thus, at least 1,000 km, or at least one-third
of the —3,000 km of northwest-southeast displacement between
the two cratons, was accommodated prior to Cretaceous opening
of the Caribbean basin. Displacements of individual blocksin the
Gulf of Mexico region apparently were complex and did not
follow small circle paths about the North America—South Amer-
ica Euler pole, given the evidence for local counterclockwise
rotations of Jurassic age in northeastern Mexico (Gose and oth-
ers, 1982) and in the Y ucatan block (Molina-Garza and others,
1992).

Thereis no consensus about the configuration of the spread-
ing system in and adjacent to the Gulf of Mexico. In our recon-
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struction, the Jurassic extensional displacement field in the Gulf
of Mexico region was bounded to the west by afault beneath the
continental slope of eastern Mexico (Fig. 34), similar to the
Tamaulipas—Golden Lane fault of Pindell (1985). We view this
fault as aroughly northwest-striking transform that connected a
Jurassic spreading center in the Gulf of Mexico with a spreading
center or trench south of Mexico. The transform probably ac-
commodated relative displacement between large, heterogeneous
extension in the Gulf of Mexico basin and Y ucatan platform to
the east and little Jurassic extension in continental crust of eastern
Mexico to the west.

Displacement on the transform boundary probably was
transtensional. Finite, but minor, horizontal extension must have
occurred in order to produce the zone of thin transitional crust at
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Figure 34. Early Middle Jurassic (about 180 Ma) paleogeographic reconstruction. Abbreviations and

patterns asin Figure 32.
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the western margin of the Gulf of Mexico basin. Transtension
also may have been taken up by Late Triassic—Early Jurassic
graben formation in the eastern Guachichil and northern Maya
terranes, and by Middle to Late Jurassic formation of roughly
margin-parallel basins and platforms throughout eastern Mexico
(Fig. 35). We place the transform fault beneath the continental
slope off the coast of Veracruz, as did Pindell (1985), but we
project the fault to the southeast along the western, rather than
the eastern, side of the Chiapas Massif in view of the similarity of
Paleozoic strata there and in northern Guatemala. This allows
Jurassic southeastward displacement of both the Y ucatan plat-
form and the southern province of the Maya terrane relative to
both the northern province of the Maya terrane and the
amalgamated Zapoteco and Mixteco terranes. Displacement on
the proposed north-striking Salina Cruz fault on the Isthmus of
Tehuantepec, if any, is probably Tertiary and thus unrelated to
the opening of the Gulf of Mexico (Salvador, 1987, 1988).
Conspicuous by its absence from our analysis of displace-
ments during the opening of the Gulf of Mexico isthe Mojave-

Sonora Megashear (MSM). Many workers have inferred that the
|left-lateral MSM connected a spreading system in the Gulf of Mexi-
co with the trench at the western margin of North America (Pindell
and Dewey, 1982; Anderson and Schmidt, 1983; Klitgord and
Schouten, 1987). We offer an aternate interpretation in which slip
on the megashear is driven by transpression in the Cordillera, inde-
pendent of extension in the Gulf of Mexico region (p. 103).

Activity in the Cordillera

Throughout the Mesozoic, oceanic lithosphere of one or
more plates in the Pacific basin converged with and was sub-
ducted eastward beneath the western margin of Pangea. Pro-
tracted | eft-oblique convergence resulted in subduction, arc
magmatism, accretion, east-west shortening, and southward trans-
lation of continental blocks, island arcs, and basinal strata during
westward growth of continental Mexico.

Arc magmatism. Late Triassic to Late Jurassic eastward
subduction of oceanic lithosphere generated continental magmatic

Basement highs and lows

in the Jurassic

Figure 35. Jurassic basins (irregular stipple) and horsts (circle pattern) in northern and eastern Mexico,
modified after Winker and Buffler (1988). Abbreviations: A, Aldama; B-P, Burro-Picacho; C, Chicon-
tepec; C-B, Chihuahua-Bisbee; CH, Chiapas; CO, Coahuila; G, Guaxcamé; |, Isthmian; M, Magicatzin;
MQ, Miquihuana; S, Sabinas; T, Tuxpan; TM, Tamaulipas.
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arcsin southwestern North America and northwestern South
America. In the western Great Basin and Mojave region, Late
Triassic to Late Jurassic magmatism continued near the older
Permo-Triassic magmatic arc (Kistler, 1974; Dilles and Wright,
1988). In southern Arizona, continental arc magmatism began
in the Early Jurassic or possibly the latest Triassic, indicating
achange from atransform to a convergent plate margin (Figs.
32, 34) (Coney, 1978; Damon and others, 1981; Asmeron and
others, 1990; Tosdal and others, 1990a). In northwestern South
America, Late Triassic(?) and Jurassic magmatic rocks crop out
in the Cordillerade Mérida and Sierrade Periji in west-
ern Venezuela, the Gugjira Peninsula and Sierra Nevada de
Santa Marta in northern Colombia, the Cordillera Central and
Cordillera Oriental in central Colombia (Goldsmith, 1971;
Tschanz and others, 1974; Shagam and others, 1984; Case and
others, 1990), in southern Ecuador (Feininger, 1987), in the
southern part of the Eastern Cordillera of Peru (Cobbing and
Pitcher, 1983), and in Chile north of about 28°S (Farrar and
others, 1970; Aguirre, 1983).

Arc magmatism in the Mexican region occurred progres-
sively farther westward during Permian to Jurassic time. A
continental arc was constructed on continental crust in the Maya
and eastern Coahuliltecano terranesin easternmost Mexico in
Permian and Triassic time (p. 95). We provisionally divide Late
Triassic to Early Jurassic and more abundant Middle to Late
Jurassic magmatic rocks of the Mexican region into two groups.
Group 1 rocks formed in a Jurassic continental arc that was
approximately coincident with the Permo-Triassic arc in the
southern Mayaterrane (e.g., Chiapas Massif) but was southwest
of the Permo-Triassic arc in the northern Maya terrane and Coa-
huiltecano terrane (Fig. 34). Group 2 rocksformed in a
continental magmatic arc west of the Group 1 arc or in one or
more idand arcs west of the continental margin. We interpret the
Permian to Jurassic westward shift of the locus of magmatism to
indicate that terranes comprising continental blocks and island
arcs were accreted to the western margin of Pangeain the Mexi-
can region after consumption of intervening ocean basins of un-
known width and age at trenches along and west of the
continental margin.

Group 1 rocks formed in a continental magmatic arc that
connected the segments of the Late Triassic—Jurassic continental
magmatic arc in the southwestern United States and northwest-
ern South America (Figs. 34,36) (Damon and others, 1984). The
arc was cut by the Mojave-Sonora Megashear in the Late Juras-
sic, but there may have been little transverse offset because dis-
placement probably was roughly parallel to the trend of the arc.
Weinfer that, although margin-parallel displacement of thearcis
not yet understood, the arc originally was continuous on conti-
nental crust between northern Sonora and Chiapas (Figs. 34, 36).
In northern Sonora (North America), continental volcanic rocks
(>180to 170 Ma) intruded by 175- to 150-Ma plutons (Ander-
son and Silver, 1979) are correlated with coeval rocksin southern
Arizona and were emplaced in the gap in the older Permo-
Triassic arc, implying a change in relative plate motions. Trias-

sic(?) ignimbrite and Triassic to Middle Jurassic dikesin the
Mixteco terrane probably were emplaced when the composite
Zapoteco-Mixteco terrane was at the latitude of Sonora (Figs. 32,
34). Orthogneiss in the Chatino terrane has yielded Middle Juras-
sic to Early Cretaceous Rb-Sr isochron ages that have been inter-
preted as crystallization ages of synkinematic plutons intruded
along the southern margin of the Zapoteco-Mixteco composite
terrane (Moran-Zentenc and others, 1991). Middle and Late
Jurassic S-type granites intruded the eastern subterrane of the
Y umaterrane (Todd and others, 1991) prior to and perhaps
during the early stages of its trandation from northern to southern
Mexico (Fig. 37). Jurassic plutonic rocks in the northwestern
corner of the Tepehuano terrane, Jurassic(?) arc volcanic rocks
older than 160 Ma in the northeastern Tepehuano terrane, and
rare Middle Jurassic granitoids in the Seri terrane probably are
parts of the Jurassic arc that were displaced southeastward from
the Mojave region or northwestern Sonora during Late Jurassic
displacement on the Mojave-Sonora Megashear. In the southern
Tepehuano terrane, volcanic rocks of the Upper Jurassic Chilitos
Formation may have been derived from a continental arc. Inthe
northern and southern parts of the Guachichil terrane, volcanic
and plutonic rocks that yielded Jurassic K-Ar ages were pene-
trated by wells (Lépez-Infanzén, 1986). In the southern Guachi-
chil terrane and adjacent areas, tuff interbedded with Late
Jurassic flysch and pelagic rocks (Longoria, 1984; Salvador,
1987; Longoria, 1988) was deposited as far southeast as Mexico
City (Suter, 1987), but the source arc has not been identified. The
Chiapas Massif in the southern Maya terrane contains Early to
Middle Jurassic granitoids and Late Jurassic or older andesite.

Group 2 includes al other Late Triassic to Late Jurassic
magmatic rocks in Mexico and northern Central America. Sev-
era subterranes of the Cochimi terrane contain Middle Jurassic
to early Early Cretaceous plutonic, volcanic, and volcaniclastic
rocks that probably represent fragments of oceanic island arcs
accreted to North America by the earliest Cretaceous. Granite
pebbles from Tithonian-Aptian stratain one of the subterranes
yielded K-Ar dates and alower U-Pb discordiaintercept of about
150 Mg, indicating derivation from Jurassic plutons. Both the
eastern and western subterranes of the Y umaterrane contain
minor volcanic rocks of inferred Late Triassic or Early Juras-
sic age interbedded with clastic rocks, and the western subterrane
consists chiefly of Late Jurassic and more abundant Early
Cretaceous volcanic arc rocks. In the Pericii terrane, protoliths of
metasedimentary and minor metavolcanic rocks are probably
Jurassic or older. Intermediate volcanic rocks of demonstrated
and inferred Late Jurassic age are widespread throughout the
Nahuatl terrane. The Chortisterraneisintruded by a L ate
Jurassic granodiorite and many other undated granitoids that also
may be Jurassic. Precambrian rocks in central Cubawerein-
truded by potassic granite about 172 Ma (U-Phb, zircon) (Renne
and others, 1989).

Group 2 magmatic rocks formed in avariety of tectonic
environments that in many cases still areincompletely under-
stood. The apparent absence of continental crust in the Cochimi,
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Figure 36. Late Middle Jurassic (about 165 Ma) pal eogeographic reconstruction. Future Seri terrane
and future Baja California block shown in northwestern corner. Abbreviations: NAH, Nahuat! terrane;
P, Pericu terrane; TAH, Tahué terrane; TCC, Tierra Caliente Complex. Other abbreviations and

patterns asin Figure 32.

Yuma, Pericii, and Nahuat! terranes suggests that Jurassic mag-
matic rocks in these terranes formed in one or moreisland arcs
outboard of the continental arc at the western margin of North
America. We have inferred that the latter three terranes origi-
nated in the northern proto-Pacific basin in the Paleozoic, but so
little data pertain to the Jurassic positions of these arcs relative to
one another and to the continent that we refrain from depicting
them in the reconstruction (Figs. 34, 36). The Jurassic locations
of the Chortis terrane and central Cuba are unknown, but be-
cause both have continental basement we speculate that they

were parts of the North American continental arc that later were
detached and displaced (Fig. 34).

Westward growth of Mexican continental crust. East-
ward subduction of oceanic lithosphere during Permian to Juras-
sic time was accompanied by east-west shortening in a
compressional or transpressional displacement field. Here we out-
line the tectonic history insofar as can be determined for each
terrane that may have been accreted to western Mexico during
this time span.

Northern Guachichil terrane. The Precambrian Novillo
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Figure 37. Latest Jurassic (about 145 Ma) paleogeographic reconstruction, shortly after displacement on
Mojave-Sonora Megashear and shortly prior to jump of spreading center from North America—Y ucatan
to Y ucatan—South America. Feature termed "Baja’ composite terrane consists of Seri, Y uma, and
Cochimi terranes. Block pattern, lower Paleozoic shelfal rocksin Seri terrane; stipple, oceanic crust in
Gulf of Mexico region. Other patterns and abbreviations as in Figure 36.

Gneiss apparently was not affected by Ouachitan orogenesis, so
we infer alate Paleozoic position in the ocean basin south of
southwestern North America. We infer that Paleozoic miogeocli-
nal strata currently faulted against the gneiss are parautochtho-
nous with respect to it. The Granjeno Schist was deformed and
metamorphosed in an uncertain location in the Carboniferous
and probably was attached to the gneiss and Paleozoic stratain
Pennsylvania, Permian, or possibly earliest Triassic time. Early
Permian flysch must have been attached during the Late Permian
to Middle Triassic. Fault juxtaposition of all these rocks was
completed prior to deposition of overlapping redbeds of the
Upper Triassic—Lower Jurassic Huizachal Formation, which also
may be present in the subsurface in the northern Maya terrane.
Permian to Jurassic magmatic rocks are absent from the northern
Guachichil terrane but are present in terranes to the east (Maya)
and west (Tepehuano). Based on these relations, we infer (1) a

late Paleozoic position in the ocean basin south of southwestern
North Americafor some or all of the pre-Triassic rock units,
(2) Permo-Triassic eastward subduction of the intervening ocean
basin beneath western Pangea and arc magmatism in the Coa-
huiltecano and Mayaterranes, (3) Middleto Late Triassic accre-
tion of the pre-Triassic rock units to the western margin of
Pangea, (4) aLate Triassic to Jurassic westward shift of magma-
tism from the western margin of Pangea to an unidentified arc
west of the accreted northern Guachichil terrane, and (5) deposi-
tion of overlapping Late Triassic to Early Jurassic strata during
the breakup of Pangea (Figs. 31, 32, 34). It is unclear whether the
pre-Triassic rocks were amalgamated in the ocean basin west of
central Pangea or were successively accreted directly to the west-
ern margin of Pangea.

Southern Guachichil terrane. The Precambrian Huiznopala
Gneiss apparently was not affected by Ouachitan orogenesis, so
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we infer alate Paleozoic position in the ocean basin south of
southwestern North America. Early Permian flysch was faulted
against the gneiss prior to deposition of overlapping Late Trias-
sic to Early Jurassic red beds. Permian-Jurassic magmatic rocks
are absent. These relations imply atectonic history very similar to
that of the northern Guachichil terrane. We propose that the
northern and southern Guachichil terranes were accreted to ad-
joining parts of the western Pangean margin, and we speculate
that Late Jurassic sinistral displacement on a splay of the Mojave-
Sonora Megashear displaced them to their present locations
(Figs. 32, 37).

Las Delicias basin. The Las Delicias basin in the southern
Coahuiltecano terrane contains Pennsylvanian and Permian vol-
canogenic strata derived from and deposited on the fringes of a
continental magmatic arc (McKee and others, 1988, 1990). The
identity and present location of the arc and the time of its separa-
tion from the basin are unknown. Stratain the Las Delicias basin
are anomal ous with respect to Paleozoic rocks in adjacent ter-
ranes, but Triassic granitoids intrude both the basin and the
northern Coahuitelcano terrane, implying little relative displace-
ment since the Triassic. We speculate that the Las Delicias basin
and its source arc formed in northwestern Gondwanain the late
Paleozoic, and that the basin was translated an unknown distance
northward or northwestward along the western margin of Pangea
in the Permo-Triassic (Fig. 31).

Zapoteco and Mixteco terranes. Basement rocks of these
terranes were amalgamated in the Paleozoic, prior to their over-
lap by Carboniferous and Permian strata, and are inferred to have
been displaced west from Pangea by the beginning of the Permian
(p. 91). Other postamalgamation rocksin the terranes include a
few Permian granitoids, Triassic(?) ignimbrite, Triassic to Middle
Jurassic dikes, Early Jurassic nonmarine rocks and coal, and
Early Jurassic—Cretaceous epicontinental strata. Remagnetiza-
tion caused by Permian intrusions occurred while the terrane was
at its present |atitude with respect to North America, but anoma-
lous directions from Permian to Oxfordian rocksin the Mixteco
terrane imply about 15 + 8° of southward translation in Ox-
fordian to Albian time, about 160 to 110 Ma. We infer that in the
late Paleozoic the amal gamated terranes were on the periphery of
aPermo-Triassic magmatic arc in the ocean basin west of Pangea,
at or near their present latitude with respect to North America
Strongly deformed late Paleozoic oceanic rocks that crop out in
the fault zone at the southern boundary of the terranes (Jucha
tengo subterrane of Mixteco terrane) may be a subduction com-
plex that formed at the trench associated with this arc. We
speculate that the amalgamated terranes were displaced north-
ward during Permo-Triassic subduction of oceanic lithosphere
beneath western Pangea and were attached to western Pangea at
the latitude of northern Mexico by the end of Triassic time,
possibly causing emplacement of Paleozoic basinal rocks on Pa-
leozoic shelfal rocksin central Sonora (Fig. 32). The locus of
continental arc magmatism probably shifted west of the Mixteco
terrane after collision, athough sparse Triassic to Middle Jurassic
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magmatic rocks imply that the terranes were on the periphery of
an active arc (Figs. 32, 34, 36). Across most of the Zapoteco and
Mixteco terranes, Jurassic strata were deposited in continental
and epicontinental environments distant from magmatic arcs. The
amalgamated Zapoteco and Mixteco terranes probably were
trandated at least 1,000 km southeastward during the Late Juras-
sic on sinistral faults that accommodated oblique convergence
(Figs. 36, 37).

Tepehuano terrane. Protoliths of strongly deformed flysch
and mélange of the Taray Formation in the northern part of the
terrane may be coeval and correlative with Triassic flysch and
metabasite in the southern part of the terrane. We provisionally
interpret the Taray Formation as a subduction complex that
formed during the Triassic to Early Jurassic in the forearc of
western Pangea, which by thistime included the accreted Gua
chichil terranes (Figs. 32, 34). The Taray Formation apparently
was overthrust by Late Triassic(?) to Late Jurassic(?) calc-
akalic volcanic arc rocks prior to intrusion of a quartz porphyry
pluton in the early Late Jurassic. The basement of the Jurassic arc
is unknown. We specul ate that the arc developed on the western
edge of Pangean/North American crust of unknown thickness
after the westward shift of magmatism from the Permo-Triassic
arc in eastern Mexico, and was thrust eastward over the Taray
subduction complex in the Early to Middle Jurassic (Figs. 34,
36). Magmatism continued into the Late Jurassic.

Yuma terrane. The eastern subterrane of the Yumaterrane
consists of Triassic to Jurassic flysch and sparse interbedded vol-
canic rocks that were strongly deformed and uplifted prior to
mid-Cretaceous overthrusting by Late Jurassic to Early Cre-
taceous volcanic rocks of the western subterrane of the Y uma
terrane. On its eastern margin, flysch of the eastern subterraneis
juxtaposed with Paleozoic rocks of the Seri terrane at an enig-
matic contact that we provisionally identify as areverse or thrust
fault or fault system. Weinfer that flysch of the eastern subterrane
was deposited in atrench or forearc basin during the Triassic to
Middle Jurassic and was deformed and uplifted during Jurassic
accretion to allochthonous Paleozoic rocks of the Seri terrane in
central Mexico (Figs. 36, 37). The western subterrane devel oped
asan outboard island arc in the Late Jurassic and was accreted to
the Seri terrane and eastern Y uma subterrane in the late Early
Cretaceous (p. 107).

Central Cuba. Rocksin central Cubainclude Grenville(?)
marble, schist, and quartzite metamorphosed about 950 to 900
Ma, potassic granite dated at 172 Ma, and unconformably overly-
ing Late Jurassic conglomerate and limestone and Early Cre-
taceous chert and shale (Renne and others, 1989; Lewis and
Draper, 1990). We specul ate that the Proterozoic rocks were
south of southwestern North America during the Paleozoic;
were accreted to western Pangeain the Triassic; were underthrust
by oceanic lithosphere and hosted arc magmatism during the
Middle Jurassic; and were deformed, uplifted, and eroded by
collision of outboard terranes or closure of a backarc basin in the
Late Jurassic (Figs. 32, 34, 36). During the Late Jurassic and
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Early Cretaceous, central Cuba was a stable shelf or platform that
may have been contiguous with southern Mexico (Fig. 37).

Tahué terrane. The late Paleozoic to Jurassic kinematic his-
tory of the Tahué terraneis enigmatic. The substrate of
Mississippian to Permian clastic rocks, siliceous to intermediate
volcanic rocks, chert, and thin carbonates was probably oceanic
or transitional crust, based on initial 8’Sr/®°Sr ratiosin Creta-
ceous and Tertiary plutons. Amphibolite-facies gneiss, which prob-
ably was metamorphosed and deformed in the Triassic, and
undated quartz diorite gneiss have uncertain relation to one
another and to the Paleozoic rocks. The gneiss may be transi-
tional crustal basement of the Paleozoic strata, or may have
evolved separately from the Paleozoic rocks and been juxtaposed
with them after Triassic metamorphism and before Cretaceous
magmatism. Volcanic and plutonic rocks were emplaced in the
Tahué terrane from at least the Early Cretaceous until the Mio-
cene. Weinfer that the Tahué terrane was accreted to mainland
Mexico in the Middleto Late Jurassic by closure of a now-
obscure intervening basin (Fig. 36). We specul ate that the paucity
of Late Jurassic magmatic rocks in the Tahué terrane can be
attributed to the passage of the Baja block as it migrated south-
eastward along the continental margin above a steeply dipping
subduction zone (Fig. 37). Arc magmatism affected the Tahué
terrane by the middle of the Early Cretaceous, indicating passage
of the Baja block, westward migration of the arc due to shallow-
ing of the subduction zone, or both.

Cochimi terrane. The structurally highest level of the north-
ern part of this composite terrane consists of three distinct subter-
ranes, each afragment of an oceanic island arc, that were accreted
to the western margin of North Americain the latest Jurassic or
earliest Cretaceous (Fig. 37). The Choyal subterraneisaMiddle
Jurassic idland arc that was accreted to North Americain the Late
Jurassic; its short lifespan may reflect relative proximity to the
continental margin as afringing arc. The Vizcaino Norte and
Vizcaino Sur subterranes are Late Triassic to Late Jurassic
island arcs that were accreted to North Americain the latest
Jurassic or earliest Cretaceous; the long duration of arc magma-
tism and the lack of terrigenous detritus indicate formation in a
large ocean basin and protracted subduction of oceanic litho-
sphere of that basin prior to accretion. Paleomagnetic studiesinfer
that the terranes were accreted to Mexico about 1,500-2,000 km
south of their present position (p. 22).

Sinistral displacement. Relative motions between North
America and oceanic plates to the west are poorly constrained
for the Jurassic and Early Cretaceous, but it islikely that the Late
Jurassic incraese in the rate of northward absolute motion of
North America (May and Butler, 1986) initiated or accelerated
sinistral displacement at the western margin of the continent.
Geologic and paleomagnetic studies suggest that convergencein-
cluded a significant |eft-oblique component that was resolved on
sinistral strike-dlip faultsin the arc and forearc (Ave Lallemant
and Oldow, 1988; Beck, 1989; Wolf and Saleeby, 1991). Most
Mesozoic paleomagnetic poles from Mexican terranes are dis-
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placed to the left of the reference apparent polar wander path for
North America, implying sinistral displacements and counter-
clockwise rotations relative to the craton (Urrutia-Fucugauchi
and others, 1987). We discuss evidence for sinistral displacement
on the Mojave-Sonora Megashear, the most inboard of the sinis-
tral fault systems, and for southeastward displacement of the
amalgamated Mixteco and Zapoteco terranes and the Seri terrane
in Baja Cdifornia.

Mojave-Sonora Megashear. The existence and position of,
and evidence of displacement on, the Mojave-Sonora Megashear
are best documented in northern Sonora (Premise 11). To the
northwest, in California, the record of the megashear has been
erased nearly completely by superposed episodes of thrusting,
extension, and strike-dlip displacement. Southeastward from
Sonora, we speculate that displacement on the megashear was
partitioned among severa southeast-striking splays (Figs. 22, 37)
that we informally term the megashear fault zone. Constituent
faults of the megashear fault zone in northeastern Mexico include
but are not limited to the inferred Coahuiltecano-Maya terrane
boundary, the Guachichil-Tepehuano terrane boundary, a buried
fault separating the northern Guachilchil terrane from the south-
ern Guachichil terrane, and perhaps the San Marcos fault in the
southern Coahuiltecano terrane.

Late Jurassic contraction and extension near the trace of the
megashear and megashear fault zone may record displacement at
right (restraining) and left (releasing) steps or bends, respectively.
Late Jurassic transpression has been inferred in Zacatecas (And-
erson and others, 1991) and northern Sonora (Connors and And-
erson, 1989; Tosdal and others, 1990b). Late Jurassic trans-
tension near the trace of the megashear in southeastern California
has been inferred to explain the formation of ensimatic pull-apart
or rift basinsin which clastic and basaltic protoliths of the Pelona
Orocopia schist were deposited (Tosdal and others, 1990a).
Late Jurassic ophialites of the Klamath Mountains and Sierran
foothills may have formed in similar rift basins along the north-
westward projection of the megashear in central and northern
California (Harper and others, 1985). Local transtension along
the northwestward projection of the megashear may aso be indi-
cated by intrusion ages of 165 to 147 Ma of dikes from southeast-
ern Californiato the Sienan foothills (James, 1989; Wolf and
Saleeby, 1991). Transtension in the southern part of the mega-
shear fault zone may have created the Cuicateco basin in southern
Mexico (Figs. 36, 37), which probably formed in the Middle to
Late Jurassic as arift basin within continental crust (Ortega-
Gutiérrez and others, 1990). Late Jurassic to Early Cretaceous
rocks of the Cuicateco terrane may be anal ogous to rocks of the
Josephine or Smartville ophiolites of California, or to the proto-
liths of the Pelona-Orocopia schist.

Although displacement on the megashear iswidely cited as
Late Jurassic, available data are consistent with several hundred
kilometers of |ate Paleozoic sinistral slip (Stevens and others,
1992), with reactivation and several hundred kilometers of dis-
placement in the Late Jurassic. Our reconstruction portrays all
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left-lateral displacement on the megashear as Late Jurassic, but it
can be easily modified to accommodate partitioning of displace-
ment into late Paleozoic and L ate Jurassic episodes.
Displacement of amalgamated Mixteco and Zapoteco ter-
ranes. Paleomagnetic data from Permian, Bathonian to Oxford-
ian, and Albian rocks in the Mixteco terrane are interpreted to
indicate that the amal gamated Mixteco and Zapoteco terranes
were trandated 15° + 8° southward to their present latitude
during Oxfordian to Albian time, about 160 to 110 Ma (Urrutia-
Fucugauchi and others, 1987; Ortega-Guerrero and Urrutia-
Fucugauchi, 1989). This interpretation supersedes a previous
estimate of 20° to 30° of southward trandlation. Based on the
revised estimate, we have inferred accretion of the terranes to
western Pangea at the latitude of northern Mexico. We speculate
that southeastward trandation of the amalgamated Zapoteco and
Mixteco terranes was accommodated by Late Jurassic dlip on
an outboard strand of the megashear fault zone and earliest
Cretaceous dlip on afault outboard of the megashear (Fig. 36,
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37). Temporal partitioning and rates of displacement are un-
known. By Albian time, and perhaps earlier in the Early Creta-
ceous, the Zapoteco-Mixteco composite terrane was in its current
position with respect to the Cuicateco terrane and southern Maya
terrane (Fig. 38).

Displacement of Seri terranein Baja California. Paleozoic
miogeoclinal rocks of the Seri terrane in northeastern Baja Cali-
fornia probably were deposited in contiguity with correlative
rocks of the Seri terrane in northern Sonora (Gastil and others,
1978; Gastil and Miller, 1984). Thisrelation apparently conflicts
with numerous paleomagnetic studies that have inferred about
1,500 km of Late Cretaceous and Cenozoic northward displace-
ment of Bagja Californiaand a mid-Cretaceous position in central
or southern Mexico (p. 80). The geologic correlations can be
reconciled with the paleomagnetic data only if the sliver of Seri
terrane in northeastern Baja California was translated southward
from an initial position adjacent to Sonorato central Mexico on
sinistral strike-dlip faults prior to the mid-Cretaceous.

mid-Cr etaceous
115-90 Ma

NORTH AMERICA

-

Figure 38. Mid-Cretaceous (about 115-90 Ma) pal eogeographic reconstruction. Southeastward
displacement of Baja composite terrane and Chortis ceases by about 100 Ma. X olapa Complex (part of
Chatino terrane) is deformed and metamorphosed at southern margin of Zapoteco-Mixteco composite
terrane. Shortening is coeval with arc magmatism in Perict terrane, Xolapa Complex, and Baja compos-
ite terrane; shortening also occursin Cuicateco basin and in Seri, North America, Tahué, western
Tepehuano, and Nahuatl terranes. G, Guachichil terrane. Other abbreviations and patterns as

in Figure 37.
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The Seri terrane in Bgja California probably was trimmed
from the continent by asinistral strike-slip fault and translated
southward to central Mexico beginning in late Paleozoic time,
coeval with similar displacement in the Mojave region. On the far
western edge of North America, the western part of the Seri
terrane was especially susceptible to trandlations accompanying
obligue convergence, which probably was sinistral in the late
Paleozoic to Jurassic. Earlier, we proposed a few hundred kilo-
meters of southward displacement of the Seri terranein Baja
during the late Paleozoic (Fig. 31). We infer an additional 1,000
to 1,500 km southward displacement during the Middle Jurassic
to Early Cretaceous (Figs. 36-38), at least partly coeva with the
southward displacement of the amalgamated Zapoteco and Mix-
teco terranes and displacement on the megashear fault zone.

Jurassic deposition in and near the Gulf of Mexico

Prior to Late Jurassic oceanic spreading in the Gulf of Mex-
ico, the Y ucatan platform probably was about 500 km north-
northwest of its current position, adjacent to stretched crust of the
U.S. Gulf Coast (Fig. 36). In the Callovian (late Middle Juras-
sic), these areas formed aflat-lying, gently subsiding region that
periodically was flushed by marine water, leading to the accumu-
lation of the thick Louann-Isthmian salts. The presence of Callo-
vian shallow-marine strata in northern Veracruz supports a
Pacific (western) origin for these waters; Tethyan (eastern) waters
may not have reached the Gulf of Mexico until late Kimmerid-
gian to Tithonian time (Salvador, 1987).

In the Oxfordian (early Late Jurassic), concomitant with
oceanic spreading in the Gulf of Mexico and southeastward
displacement of the Y ucatan platform and southern province of
the Mayaterrane, transgression and subsidence resulted in the
deposition of shallow-marine stratain the Mayaterrane on the
margins of the Gulf of Mexico and in the Coahuiltecano, Guachi-
chil, and Tepehuano terranes in eastern continental Mexico
(Lopez-Ramos, 1981; Enos, 1983; Y oung, 1983; Salvador, 1987;
de Cserna, 1989). Platform carbonates accumulated on a series of
topographic highs at the western margin of the growing Gulf of
Mexico (Fig. 35), which probably was the site of atransform
boundary (Figs. 34, 36). In Oxfordian time, fine-grained pelagic
carbonates, shale, and local evaporites known as the Santiago
Formation and the Zuloaga Formation (or Zuloaga Group; Gotte
and Michalzik, 1991) in central and northeastern Mexico, respec-
tively, were deposited in intraplatform shelf basins. These strata
are approximately correlative with the Norphlet, Smackover, and
Haynesville Formationsin the U.S. Gulf Coast (Imlay, 1943).
Continued transgression caused marine deposition in the Chihua-
hua Trough starting in the late Kimmeridgian to Tithonian
(Tovar-R., 1981, Dickinson and others, 1986; Araujo-Mendieta
and Casar-Gonzilez, 1987; Salvador, 1987) and greater marine
influence around emergent islands and peninsulasin eastern Méx-
ico (Fig. 35). Clastic sediments accumul ated near the margins of
emergent areas such as the Coahuila platform and Tamaulipas
platform, and red beds were deposited across the Y ucatan Penin-
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sula (Viniegra-Osorio, 1981). Late Jurassic nonmarine strata
were deposited south of the marine environments in the Chiapas-
Guatemala region.

Cretaceous to Paleogene

With the cessation of extension in the Gulf of Mexico region
and sinistral displacement on the Mojave-Sonora Megashear by
the beginning of the Early Cretaceous, the Seri (in Sonora), Tara:
humara, Coahuiltecano, Maya, Guachichil, Tepehuano, and
Tahué terranes had attained their approximate current positions
with respect to North America and thus were part of the North
Americaplate (Fig. 38). Sinistral displacement of more outboard
terranes such as the amalgamated Zapoteco and Mixteco terranes
may have continued until the Albian. All terranes were inboard
of amajor trench at which oceanic lithosphere of the Farallon
and perhaps other plates was subducted beneath North America
during Cretaceous and Paleogene time (Fig. 38). Subduction was
accompanied by arc magmatism, late Early to early Late Cre-
taceous collision and accretion, Early Cretaceous sinistral and
L ate Cretaceous dextral translation of outboard terranes, and
L ate Cretaceous—Paleogene Laramide orogenesis.

Cretaceous magmatic arc

During the Early Cretaceous, a continental magmatic arc
was active near the southwestern margin of Mexico (Fig. 38). In
the Seri terrane in Sonora, Early Cretaceous silicic and interme-
diate volcanic rocks are intruded by L ate Cretaceous granitoids
that are younger to the east (Anderson and Silver, 1969). In
northern Sonora, volcanogenic Early Cretaceous strata were
deposited on North American basement in a backarc basin
(Almazan-Vazquez and others, 1987). In the Tahué terrane, ba-
salts and andesites interbedded with Aptian-Cenomanian car-
bonates are intruded by syntectonic early Late Cretaceous
granitoids and post-tectonic late L ate Cretaceous and Paleo-
gene granitoids (Henry and Fredrikson, 1987). In the Pericu ter-
rane, metamorphic country rocks were intruded by late Early
Cretaceous mafic to intermediate plutonic rocks during strong
regional compression; undeformed high-K granitoids intruded
these rocks in the Late Cretaceous (Ortega-Gutierrez, 1982;
Aranda-Gémez and Pérez-Venzor, 1989). In the Nahuatl terrane,
intermediate to siliceous volcanic and volcaniclastic rocks and
interbedded Early Cretaceous siliciclastic rocks and carbonates
areintruded by mid-Cretaceous to Paleogene granitoids and over-
lain by Late Cretaceous rhyolites and red beds. Geophysical
dataimply that the western part of the Trans-Mexican Volcanic
Belt between the Tahué and Nahuatl terranesis underlain by
Cretaceous-Tertiary(?) granitic rocks(Campos-Enriques and oth-
ers, 1990). In the Yumaterrane, for which we infer a position
adjacent to southern Mexico by the end of the Early Cretaceous
(Fig. 38), intermediate to siliceous volcanic rocks of the Alisitos
and Santiago Peak Formations were erupted in the western sub-
terrane during the Late Jurassic and Early Cretaceous (Gastil and
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others, 1975). The Yumaterraneisintruded by syntectonic plu-
tons of the western, Early Cretaceous part of the Peninsular
Ranges batholith, whereas Pal eozoic miogeoclinal rocks of the
Seri terrane are intruded by late to posttectonic plutons of the
eastern, Late Cretaceous part of batholith (Silver and others,
1975; Silver, 1979; Todd and others, 1988). In the Chatino ter-
rane, orthogneisses have yielded U-Pb and Rb-Sr dates of 160 to
128 Mathat may be interpreted to indicate Late Jurassic and
Early Cretaceousintrusion of granitoids prior to deformation and
metamorphism. Magmatic rocks were not emplaced in the Cha
tino and adjacent Zapoteco-Mixteco composite terrane from the
late Early Cretaceous until the earliest Tertiary, about 110 to 60
Ma. The Chortis terrane, for which we infer a position south of
Guerrero in the Late Cretaceous (p. 109) (Fig. 39), isintruded by
abundant mid-Cretaceous to Paleogene granitoids (Horne and
others, 1976; Gose, 1985, and references therein).

During the Late Cretaceous and Paleogene the conti-
nental arc in northern Mexico progressively broadened from a
narrow zone in western Sonora and Sinaloato awider zone
extending eastward into Chihuahua, Durango, and Zacatecas
(Anderson and Silver, 1969; Clark and others, 1980, 1982;
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Damon and others, 1981). This broadening or migration of arc
magmatism probably was caused by progressive shallowing of
the Benioff zone beneath western North America (Coney and
Reynolds, 1977).

The magmatic history of southwestern Mexico is consistent
with amore southerly Early Cretaceous position of terranes of the
Baja Cdlifornia peninsula (terranes in Baja hereafter are referred
to as Baja composite terrane or simply Baja; analogous to Penin-
sular Ranges terrane of Bottjer and Link, 1984; Lund and Bottjer,
1991). Cretaceous intrusive rocks older than about 115 Maare
absent from the southern Tahué, Pericd, and Nahuat! terranes. We
suggest that these three terranes were inboard (northeast) of the
magmatic arc that intruded the Yumaand Seri terranesin the
Baja composite terrane (Fig. 37). Mid-Cretaceousintrusion of the
Tahué, Perici, and Nahuatl terranes may have been delayed until
the Baja California block was transported sufficiently far to the
southeast (Fig. 38), and also may indicate shallowing of the sub-
duction zone and eastward migration of arc magmatism. A cen-
tral Mexican position of the Bgja Californiablock until the Late
Cretaceous obviates the need for parallel volcanic arcsin
northwestern Mexico, which would be required if Bajawereinits

L ate Cretaceous
75 Ma

NORTH AMERICA

Figure 39. Late Cretaceous (about 75 Ma) pal eogeographic reconstruction. Speculative plate boundaries
southwest and southeast of continent. Stipple pattern indicates oceanic lithosphere created by rifting of
South America from Y ucatan platform; CUI, Cuicateco terrane. Other abbreviations and patterns asin

Figure 38.
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current position in the Early Cretaceous because a Jurassic—
Early Cretaceous magmatic arc crops out in Sonora (cf. Rangin,
1978; Gadtil, 1983).

Collision and accretion

The continental magmatic arc in western Mexico indicates
that oceanic lithosphere of the Farallon and perhaps other plates
was subducted beneath North America throughout Cretaceous
time. The orthogonal component of convergence caused shorten-
ing and accretion of several terranes at the western margin of
Mexico.

Cochimi composite terrane. Triassic to Jurassic island arc
subterranes of the Cochimi composite terrane probably were ac-
creted to the western margin of the Yumaterranein the Late
Jurassic and Early Cretaceous (Fig. 37). Accretion terminated arc
magmatism in each terrane. The accreted arc terranes and the
Y uma terrane were overlapped by forearc-basin flysch in the
Albian. Paleomagnetic studies infer as much as 1,500 km of Late
Cretaceous and early Cenozoic northward translation with re-
spect to North America.

The Cochimi composite terrane also contains Late Triassic
to mid-Cretaceous ocean-floor basalt and overlying pelagic and
elastic sedimentary rocks that were subducted, metamorphosed to
blueschist facies, and underplated to North America near the
equator during mid-Cretaceous time (Sedlock, 1988a, c; Baldwin
and Harrison, 1989; Hagstrum and Sedlock, 1990, 1991, 1992).
After about 1,000 km of late Early Cretaceous and L ate Creta
ceous northward transport, the blueschists were juxtaposed with
the previously accreted arc subterranes of the Cochimi terrane in
the Late Cretaceous. During later Cretaceous and Paleogene
time, the entire Cochimi composite terrane and the Y umaterrane
were trandated about 1,500 km northward with the rest of Baja
Cdlifornia (Figs. 39, 40) (Hagstrum and others, 1985; Sedlock,
1988b, c; D. Smith and Busby-Spera, 1989, and unpublished
manuscript; Hagstrum and Sedlock, 1990, 1991, 1992).

Yuma terrane. We have speculated that Mesozoic basinal
strata of the eastern Y uma subterrane were accreted to allochtho-
nous Paleozoic rocks of the Seri terrane in the central Mexican
forearc in the Middle or Late Jurassic. In the Late Jurassic, arc
magmatism at this latitude jumped westward from the Mexican
continental arc, east of the amalgamated eastern Y uma subterrane
and the allochthonous part of the Seri terrane, to anisland arc in
the western subterrane of the Yumaterrane (Figs. 36, 37). In
other words, the arc jump transferred the eastern Y uma subter-
rane and the allochthonous part of the Seri terrane from the
forearc to the backarc.

In Early to early Late Cretaceous time, the Late Jurassic to
Early Cretaceousisland arc in the western Y uma subterrane
closed with and then was thrust eastward beneath the amalgam-
ated eastern Y uma subterrane and allochthonous Seri terrane,
which were now part of North America (Fig. 38) (Griffith and
Goetz, 1987; Goetz and others, 1988; Todd and others, 1988). In
southern California and Baja California north of the Agua Blanca
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fault, theisland arc in the western Y uma subterrane was thrust
eastward beneath the deformed, uplifted, and eroded eastern sub-
terrane of the Yumaterrane in the Early Cretaceous. South of the
AguaBlancafault, theisland arc in the western Y uma subterrane
underthrust Paleozoic miogeoclina rocks of the Seri terrane and
the eastern subterrane of the Y umaterrane about 105 to 100 Ma,
based on U-Pb ages of deformed and undeformed plutons that
gtitch the suture. Vergence and sense of displacement of the suture
are deduced from steeply plunging lineations, asymmetric micro-
structural kinematic indicators, and the inferred level of crustal
exposure. Plutonism in the Peninsular Ranges batholith migrated
eastward across the suture during the mid-Cretaceous.

Pericii terrane. In the Perici terrane, prebatholithic meta-
sedimentary rocks were intruded by mafic plutons and low-K
granitoids beginning about 115 Ma. Penetrative, roughly east-
west shortening of the metasedimentary and plutonic rocks ap-
parently began shortly after intrusion of the plutonic rocks and
ceased by about 95 Ma (Fig. 38). Syntectonic emplacement is
supported by concordant foliation in the metasedimentary and
deformed plutonic rocks. S-C fabricsin thick mylonites indicate
|eft-reverse displacement on north- to northeast-striking, east-
dipping shear zones (Aranda-Gémez and Pérez-Venzor, 1989).
Compression ceased by about 95 Ma, as indicated by intrusion of
undeformed high-K granitoids that crosscut the older rocks and
structures.

Cuicateco terrane. The Cuicateco terrane contains earliest
Cretaceous or older sedimentary rocks that were deposited in a
basin of enigmatic origin, here named the Cuicateco basin. In the
southern part of the terrane, the sedimentary rocks are faulted
against the Early Cretaceous Chontal island(?) arc, a subterrane
of the Cuicateco terrane (Carfantan, 1981). Along most of its
western margin, the Cuicateco terrane contains deformed and
metamorphosed granitoids and volcanic rocks of uncertain origin.

Opening of the Cuicateco basin began prior to earliest Cre-
taceous deposition of sediments, probably in the Late Jurassic
and perhaps as early as the Middle Jurassic. Carfantan (1983)
proposed that the basin formed by aborted intracontinental rifting
during drifting of North America from South America, but this
seems unlikely because the northwest-southeast trend of the basin
was parallel to the probable drifting direction. We propose two
other, possibly interdependent, origins of the basin. First, the
basin may have formed by Middle to Late Jurassic transtension
on the southern reach of the transform fault at the western margin
of the extending Gulf of Mexico region (Figs. 36, 37). We have
inferred that this fault is buried near the western margin of the
Chiapas Massif, i.e., the eastern margin of the Cuicateco terrane.
Second, the basin may have formed by L ate Jurassic wrenching
at areleasing step in the megashear fault zone.

There are at |east two interpretations of the original tectonic
setting of the strongly deformed metaigneous rocks at the western
margin of the Cuicateco terrane; both are consistent with the two
proposed interpretations of the origin of the Cuicateco basin. The
rocks may be products of anorogenic magmatism associated with
continental rifting. Alternatively, the rocks may have formed in
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Figure 40. Early Eocene (about 55 Ma) pal eogeographic reconstruction. CHAT indicates Chatino
terrane; Nic Rise, Nicarague Rise. Other abbreviations and patterns asin Figure 39.

the continental arc on the western margin of Mexico. The latter
option implies that a strand or strands of the megashear coincided
with the Jurassic arc in southern Mexico, as has been postul ated
for the megashear in northern Mexico.

Extension in the Gulf of Mexico region and southward dis-
placement of the Chiapas Massif in the southern Maya terrane
with respect to the Cuicateco basin terminated by the end of the
Jurassic, when the locus of Pangean rifting shifted from the
northwestern to the southeastern margin of the Y ucatan block
(Figs. 36, 37). Southeastward displacement of the amalgamated
Zapoteco and Mixteco terranes with respect to the Cuicateco
basin probably ceased by Albian or earlier Cretaceoustime. In
the Albian, these two continental blocks began to converge, clos-
ing the intervening Cuicateco basin (Delgado-Argote, 1989).
Pervasive northeast-southwest shortening, intrusion by synkine-
matic plutons, and weak metamorphism of the basin peaked in
the Turonian (Carfantan, 1983). Deformation of synorogenic
Campanian to Maastrichtian flysch indicates that closure con-
tinued throughout the Cretaceous. By earliest Paleogene time, the
Zapoteco terrane was thrust eastward over the Cuicateco terrane

on the Juarez suture, and the Cuicateco terrane was thrust east-
ward over the adjacent Maya terrane, causing internal deforma-
tion of the Mayaterrane. An aternate model calls for earlier
(pre-Cretaceous) thrusting of the Zapoteco terrane eastward over
basment rocks of the Mayaterrane, prior to opening of the Cui-
cateco basin.

Other Cordilleran terranes. Mid-Cretaceous (pre-Lara-
mide) thrusting, folding, and metamorphism have been noted
in other terranes near the southwestern margin of Mexico.
Cretaceous shortening in the Seri and North America ter-
ranes includes not only alatest Cretaceous-Paleogene Laramide
event but also unrelated(?), early Late Cretaceous, east-
to northeast-vergent thrusting (Roldan-Quintana, 1982; Pubel-
lier and Rangin, 1987; Rodriguez-Castafieda, 1988; Nourse,
1990; Siem and Gastil, 1990). Large elongational strainsin
northern Sonora and northeastern Baja Californiamay in-
dicate agenetic link with coeval, generally south-vergent
shortening in the Maria fold and thrust belt of southeast-
ern California and southwestern Arizona (Reynolds and oth-
ers, 1986).
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In the Tahué terrane, the Jurassic—Early Cretaceous mag-
matic arc was deformed and metamorphosed during east-vergent
overthrusting by a partly conformable ophiolite sequence. The
ophiolite probably formed in aforearc basin (Servais and others,
1982, 1986) or possibly a backarc basin (Ortega-Gutierrez and
others, 1979). Mylonites developed along some thrusts. Deforma:
tion was inferred to be of Laramide age by Servais and others
(1982, 1986), but we infer a mid-Cretaceous age because L ate
Cretaceous plutons ol der than 85 Ma are syntectonic (Fig. 38).

In the Tepehuano terrane, disrupted mafic and ultramafic
magmatic rocks of probable Late Jurassic to Early Cretaceous
age were shortened and thrusted to the north-northeast over vol-
caniclastic rocks of the backarc basin. The lithology, structure,
and geochemistry of the magmatic rocks are more consistent with
an ophiolitic origin (Servais and others, 1982) than an oceanic
idand arc origin (Monod and others, 1990). Thrusting probably
occurred during Early Cretaceous, pre-Albian closure of a back-
arc basin east of the Early Cretaceous arc in the Tahué terrane
(Fig. 38).

In the Nahuat! terrane, Paleozoic(?) to early Mesozoic meta-
morphic rocks of the Tierra Caliente Complex (TCC) exhibit
subhorizontal foliation, axial surfaces, and thrust faults that indi-
cate eastward to northeastward tectonic transport of uncertain
age. The TCC is overlain by low-grade metamorphic rocksin the
lower part of the Upper Mesozoic Assemblage (UMA) that were
strongly deformed during east-vergent thrusting of mid-Creta
ceous age. We speculate that the TCC was accreted to the Mexi-
can continental margin by the end of the Jurassic (Fig. 37), and
that the TCC and the lower part of the UMA together underwent
east-vergent to northeast-vergent folding and thrusting in the late
Early Cretaceous (Fig. 39). After deposition of Albian-Coniacian
platform carbonates of the upper part of the UMA, the entire
UMA underwent Laramide thrusting.

In the Chatino terrane, metasedimentary rocks of the Xol-
apa Complex have acomplex history of deformation, intrusion,
and metamorphism. The pre—L ate Jurassic history of the terrane
is completely unknown. The metasedimentary rocks may have
been intruded in the Late Jurassic and Early Cretaceous by tona-
litic plutons derived at least partly from Proterozoic sources such
asthose in the Mixteco and Zapoteco terranes. These plutons
may have been strongly deformed and metamorphosed during
thrusting of the Chatino terrane over the Mixteco and Zapoteco
terranes during the late Early to Late Cretaceous (Fig. 38).

In our reconstruction, rocks- deformed during the mid-
Cretaceous as described above form a quasi-continuous belt that
roughly coincided with the arc and forearc at the southwestern
margin of Mexico (Fig. 38). The cause or causes of this deforma-
tion have not been demonstrated but may include collision and
accretion of outboard terranes and changesin relative plate mo-
tions. The collision hypothesis is awkward because the continuity
of the deformed belt requires later excision of unidentified and
unaccounted for terranes from the entire length of the western
margin of Mexico. The plate motion hypothesis may be sup-
ported by the apparent increase in Farallon—North America con-
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vergence throughout the Early Cretaceous at the latitude of
central Mexico (Table 18), which may have disrupted the west-
ern margin of the overriding North America plate.

Southern Maya terrane. Late Cretaceous collision at the
southern edge of the Mayaterrane resulted in the Campanian-
Maastrichtian northward obduction of the El Tambor Group, a
Cretaceous ophiolite and forearc assemblage (Donnelly and oth-
ers, 1990a). The tectonic setting and kinematics of the collision
are controversial. One popular model infers Cretaceous subduc-
tion of oceanic lithosphere southwest of the passive southern
margin of the Maya terrane beneath a northeastward-migrating
arc terrane that probably included much of modern Cuba; latest
Cretaceous collision of this arc with the Mayaterrane; and latest
Cretaceous and Cenozoic northeastward to eastward trandation
of this arc into the Caribbean region (Pindell and Dewey, 1982;
Burke and others, 1984; Pindell and others, 1988; Pindell and
Barrett, 1990). A necessary element of this model isthat the
Chortis terrane was adjacent to the southwestern margin of
Mexico west of the collision zone and has undergone 1,000 to
2,000 km of postcollision sinistral slip on the southern boundary
of the Mayaterrane (Figs. 39-42). This model is supported by
interpretations of 1,100 to 1,400 km of post—Iate Eocene l€ft slip
on the Cayman Trough (Macdonald and Holcombe, 1978; Burke
and others, 1984; Rosencrantz and Sclater, 1986); by the pres-
ence of Grenville basement in central Cuba, which has no corre-
lative within or on the periphery of the Caribbean; and by the
absence of late Early Cretaceousto earliest Tertiary magmatic
rocks in the Chatino and Zapoteco-Mixteco terranes. The latter
terranes may have been shielded from arc magmatism by an
outhoard terrane such as Chortis.

An dternate interpretation of the collision isthat the Chortis
terrane collided with the southern margin of the Mayaterrane,
presumably after closure of a small ocean basin (Donnelly,
1989). According to this model, postcollision sinistral displace-
ment of the Chortis terrane would be no more than afew
hundred kilometers, in agreement with onland investigations of
the major faultsin central Guatemala (Deaton and Burkart,
1984a; Burkart and others, 1987). A thickened crustal root be-
neath the Motagua fault (T. Donnelly, unpublished gravity study)
seems to be more consistent with the Chortis collision model than
with amodel involving collision and subsequent removal of an
island arc. The gravity data also indicate that slabs of the El
Tambor Group dip to the north, implying northward subduction
of oceanic lithosphere beneath the Maya terrane prior to collision
and southward as well as northward vergence during collision.
Thisinterpretation counters arguments for the westward transfer
of >1,100 km of sinistral displacement in the Cayman Trough by
arguing for less cumulative displacement in the trough or
large-scale east-west crustal extension of the Chords terrane, par-
ticularly of the submerged Nicaragua Rise (Donnelly, 1989). We
provisionally accept the island arc alternative and the implied
mobility of the Chortis terrane, but we do not discount the possi-
bility or likelihood of the alternate interpretation and discuss it
further on pages 116-117.
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Figure 41. Middle Eocene (about 50 Ma) paleogeographic reconstruction. Abbreviations and patterns as

in Figure 39.

According to either interpretation, north-south shortening of
the El Tambor Group may have accommodated only the or-
thogonal component of possibly oblique collision. During
collision, Paleozoic basement rocks in the southern Mayaterrane
were pervasively deformed and metamorphosed to greenschist
facies, and some fragments may have been metasomatized and
metamorphosed under blueschist- or eclogite-facies conditions
prior to incorporation in serpentinite (Harlow, 1990). Detritus
derived from the El Tambor Group has been found in Campa-
nian (Sepur Group), Maastrichtian, and Paleocene flysch that over-
lie Paleozoic basement rocks and older Mesozoic stratain the
southern Maya terrane. These strata also contain volcanic clasts
that must have been derived from an iland arc or continental arc
(Chortis?) to the south.

Dextral displacement

Many terranes in the western United States and Canada
may have been derived from sources at the latitude of Mexico
and trandlated hundreds to thousands of kilometers northward
along the western continental margin during the Late Cretaceous
and early Cenozoic, probably in response to right-oblique con-
vergence between North America and subducting oceanic plates
in the Pacific (McWilliams and Howell, 1982; Champion and

others, 1984; Page and Engebretson, 1984; Engebretson and oth-
ers, 1985; Tarduno and others, 1985, 1986; Stock and Hodges,
1989; Umhoefer and others, 1989). In this section, we summarize
evidence for Late Cretaceous and Paleogene dextral displacement
along the western margin of Mexico.

Baja California. Paleomagnetic studies of rocks of diverse
age and lithology in the Yuma and Cochimi terranes have con-
cluded that Baja Californiawas trandated 10° to 25° northward
between mid-Cretaceous and Miocene time (Patterson, 1984;
Hagstrum and others, 1985, 1987; Filmer and Kirschvink, 1989;
Flynn and others, 1989; D. Smith and Busby-Spera, 1989, and
unpublished manuscript). In Premise 12, we postul ate that about
15° of northward trandation of Baja (including displacement
due to the opening of the Gulf of California) has occurred since
about 90 Ma. Although paleomagnetic data have not yet been
collected from the Seri terranein northeastern Baja Cdifornia or the
southern Y umaterrane, we infer that these areas have undergone
similar displacement because plutons of the Peninsular Ranges
batholith stitch the Seri sliver to the Y uma terrane by about 95
Ma and probably intrude the entire Y umaterrane. Paleomagnetic
studies of the Magdalena subterrane of the Cochimi terranearein
progress. The blueschist-facies subduction complex of the Co-
chimi terrane appears to have undergone more dextral displace-
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Figure 42. L ate Eocene (about 40 M a) pal eogeographic reconstruction. Abbreviations and patternsasin

Figure 39.

ment than the rest of the Baja terranes (Hagstrum and Sedlock,
1990, 1992). We have not inferred large trandation of the Pericti
terrane because it is separated from the Y uma terrane by the La
Paz fault, amajor structure with a multi-phase displacement his-
tory. Paleomagnetic studies of rocksin the Pericii terrane may
help determine the relation of the Perica and Y uma terranes.
Plate motion models predict that most margin-parallel dex-
tral displacement at the latitude of central Mexico occurred be-
tween 90 and 60 Ma, though additional dextral slip may have
occurred during the Paleogene (p. 84). Baja Cdifornia probably
was near its pre—Gulf of California position adjacent to Sonora
and Sinaloa by the early Eocene, based on a provenance link of
distinctive conglomerate clasts in the Y uma terrane with source
rocks in Sonora, and on paleomagnetic results from Eocene strata
in the Yuma terrane (Bartling and Abbott, 1983; Flynn and
others, 1989). Other paleomagnetic dataimply that the final
arrival of Bgjaat its pre—Gulf of California position may not have
occurred until about 40 Ma (Lund and others, 1991b). In our
reconstruction (Figs. 38, 39), the Baja California composite ter-
rane (Yuma, Cochimi, and western Seri terranes) istrandated
northward about 1,200 km from 85 to 55 Ma. The minimum

average rate of tangential plate motion of 40 mm/yr is
lower than the maximum average rate suggested by Engebretson
and others (1985). An additiona 2° to 3° of northward trans-
lation of Baja occurred during late Cenozoic opening of the
Gulf of California.

Cretaceous and Paleogene northward displacement of the
Bajablock hasimportant implications for Cretaceous arc magma-
tism on the western margin of North America (Fig. 38). If the
Baja block was in southern Mexico during the Cretaceous, the
Alisitos—Santiago Peak—Peninsular Range batholith rocks would
have been part of the North American magmatic arcin aregion
otherwise lacking such an arc. If Bgjainstead wasiin its present
position during the Cretaceous, the arc rocks of Bgjawould have
been positioned outboard of and parallel to coeval arc and fore-
arc rocksin Sonora and Sinaloa. The hypothesis of northward
transport of Bajain the Late Cretaceous and Paleogene thus
neatly fillsavoid in the continental arc in southern Mexico and
avoids a potential pairing of arcsin northwestern Mexico.

Chortis. Our reconstruction impliesthat dextral faults that
accommodated L ate Cretaceous displacement of Baja Cdifornia
also accommodated displacement of similar age and magnitude
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of the Chortis terrane (Figs. 38-40). Our reconstruction predicts
that trandlation of Chords at the southern margin of Mexico wasto
the west or west-northwest and thus unlikely to be resolved by pa-
leolatitude cal culations. Paleomagnetic data indicate a complex his-
tory of rotation but little latitudinal displacement of Chords during
the Cretaceous (Gose, 1985). The Cretaceous dextral dlip and Ceno-
zoic sinistral dlip of Chords shown in our reconstruction roughly
(but not exactly) correspond to times of clockwise and counter-
clockwise rotations of Chords as determined by Gose (1985).

Trans-Mexican Volcanic Belt. In order to remove akink
in various mineralization belts and to better align the Cretaceous
granitoids of the Tahué, Perici, and Nahuat! terranes, we postu-
late early Cenozoic dextral dlip on afault system that is now
concealed by the late Cenozoic Trans-Mexican Volcanic Belt
(TMVB). In our reconstruction, about 400 km of dextral dis-
placement occurred on the TMV B fault system from 55 to 40
Ma, implying an average rate of 25 mm/yr (Figs. 40, 41). Gastil
and Jensky (1973) inferred 175 km of latest Cretaceous and early
Cenozoic dextral dlip and 260 km of Neogene dextral dip on the
TMVB, but Neogene dextral displacement seems unlikely in view
of reconstructed plate motions (Stock and Hodges, 1989) and
evidence for Neogene sinistral dlip along the southern margin of
Mexico (Burkart and others, 1987). Our reconstruction assumes
that dextral dlip on the TMVB occurred during and after north-
ward trandation of Baja California.

Mexican origin of terranesin the United States and
Canada. In this section, we compare displaced terranes north
of Mexico with coastal terranes of Mexico to which they may
have been adjacent in mid-Cretaceous time. Displacement of
some terranes is disputed on the basis of geologic arguments that
are beyond the scope of this volume.

The following tectonic history accounts for paleomagnetic,
biostratigraphic, and geologic data from terranes of southwestern
Canada and southeastern Alaska. (Monger and others, 1982;
Hillhouse and Gromme, 1984; Irving and others, 1985; Gehrels
and Saleeby, 1987; Umhoefer and others, 1989). The Stikine,
Cache Creek, and Quesnel terranes were amalgamated to form
Superterrane | in the eastern Pacific at the latitude of the north-
western United States in the Early or Middle Jurassic time.
Superterrane | was translated southward to the latitude of
northwestern Mexico by the mid-Cretaceous. The Wrangellia
and Alexander terranes were in the eastern Pacific basin near but
not necessarily adjacent to southern Mexico and northwestern
South America by the Late Triassic, and were amalgamated to
form Superterrane 1 at the latitude of Mexico in the Late Jurassic
to Early Cretaceous. After mid-Cretaceous accretion of Superter-
rane |1 to Superterrane | at the latitude of northwestern Mexico,
both superterranes were translated 2,500 to 4,000 km northward
along western North Americain the Late Cretaceous and Paleo-
gene. The Wrangellia terrane contains late Paleozoic to Juras-
sic volcanic rocks that may have formed at an arc in or near the
oceanic corner west of central Pangea (Fig. 31). The Alexander
terrane probably was exotic with respect to North America until
the Triassic (Gehrels and Saleeby, 1987), but Middle(?) Jurassic
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granitoidsformed at the latitude of southern Mexico in either the
continental Jurassic arc or an outboard arc (Group 1 and Group
2 Jurassic arc rocks, respectively). The amalgamated superter-
ranes were intruded by Cretaceous granitoids of the Coast Plu-
tonic Complex while at the latitude of northwestern Mexico
(referencesin Irving and others, 1985), perhaps adjacent to the
Seri and Tahué terranes (Figs. 37, 38).

The Saliniablock in the central California Coast Ranges
consists of Cretaceous granitic basement and overlying Late
Cretaceous sedimentary rocks that have yielded anomal ous mag-
netic inclinations suggesting about 2,500 km of latest Cretaceous
to Paleogene northward trandation (Champion and others,
1984). Restoration of this displacement places Salinia adjacent to
the mid-Cretaceous continental arc in the Nahuatl and Mixteco
terranes. However, petrologic, isotopic, and paleontologic data
(e.g., James and Mattinson, 1988) seem to indicate that the
granitic basement of Saliniaformed south of the Sierra Nevada
and north of the Peninsular Ranges bathalith.

In the Coast Ranges of California, paleomagnetic data have
been interpreted to indicate more than 2,000 km of Late Creta-
ceous to Eocene northward displacement of oceanic rocks
including Jurassic ophiolite, Late Cretaceous sedimentary
rocks, and mid-Cretaceous limestone blocks of the Franciscan
Complex (Alvarez and others, 1980; McWilliams and Howell,
1982; Courtillot and others, 1985; Tarduno and others, 1985,
1986; M. Fones and others, unpublished manuscript). We specu-
late that in the mid-Cretaceous the ophiolitic rocks and flysch,
and perhaps other parts of the Franciscan Complex, were part of
the forearc of the continental arc at the latitude of central Mexico
(e.g., Fig. 39). Limestone blocks probably were derived from
seamounts in the Pacific basin that accreted to North Americain
the latest Cretaceous or Paleogene.

Late Cretaceous-Pal eogene shortening: Laramide
(Hidalgoan) orogeny

During latest Cretaceous to about middle Eocene time, east-
northeast-west-southwest to northeast-southwest shortening pro-
duced aroughly north-northwest-trending foreland fold and
thrust belt in most of eastern and central Mexico (Fig. 43) during
the Hidalgoan orogeny (Guzman and de Cserna, 1963). Defor-
mation was synchronous and kinematically and spatially akin to
Laramide foreland deformation in the Cordillera north of the
border (e.g., Davis, 1979), so we substitute the term Laramide for
Hidalgoan in this work. Laramide deformation in Mexico and
coeva eastward migration of the locus of arc magmatism may
have been caused by progressive shallowing of subducted oceanic
lithosphere, as has been postulated for the southwestern United
States (Coney and Reynolds, 1977).

The age and kinematics of Laramide deformation in Mexico
are well understood in and near the Sierra Madre Oriental prov-
ince, where post-Laramide vol canism and tectonism were
minimal. Parallel fold ridges and valleys trend roughly north-
south in east-central Mexico and beneath the Gulf coastal plain
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Laramide (Hidalgoan)
thrust belt in Mexico

Figure 43. Map of Laramide (Hidalgoan) thrust belt, after Campa-
Uranga (1985b). Barbed lines indicate major deformation fronts; short
line segments, structural trends. Western margin of continent has not
been paleogeographically restored.

(Mossman and Viniegra-Osorio, 1976; Suter, 1984, 1987) and in
the Chihuahua tectonic belt in northern Chihuahua (Lovejoy,
1980; Corhitt, 1984; Dyer and others, 1988); they trend east-west
intheintervening Monterrey-Torre6r transverse system (de
Cserna, 1956; Tardy, 1975; Padilla y Sanchez, 1985, 1986;
Quintero-Legorreta and Aranda-Garcia, 1985). Tectonic trans-
port normal to these trends—i.e., to the north, northeast, and
east—Ilocally was controlled by preexisting basement highs such
as the Coahuila platform. Deformation was thin-skinned, with
only local involvement of crystalline basement rocks. Detached
sheets locally rotated about vertical axes during foreland thrusting
(Kleist and others, 1984). Cumulative transverse displacement
was 40 to 200 km, with up to 30% shortening, but spatial and
temporal partitioning of displacement are poorly understood. In
our pre-Cenozoic reconstruction, we arbitrarily restored about
150 km of margin-normal Laramideshortening, al at the eastern
edge of the fold and thrust belt.

L ate Cretaceous to Paleogene deformation isless well un-
derstood in southern and western Mexico, in large part due to the
overprint of subsequent tectonism and magmatism. Northeast- to
east-vergent folding and thrusting of probable latest Cretaceous to
Paleogene age in the Cuicateco, Mixteco, and Nahuat! terranes
were synchronous with and may have been continuous with Lara-
mide deformation in the SierraMadra Oriental (Ferrusquia-Villa-
franca, 1976; Carfantan, 1981, 1983; Johnson and others, 1990).
Inthe Tahué terrane, roughly east-west compression caused
eastward thrusting and mylonitization of ophialitic and forearc
basin strataand greenschiss metamorphism of underlying
Jurassic-Cretaceous arc rocks (Servais and others, 1982, 1986).
In the Seri and North America terranes, Late Cretaceous to Pa-
leogene Laramide shortening was superposed on early Late Cre-
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taceous contractional structures (p. 108); tectonic transport
directions are reported to both the north and south (Roldén-
Quintana, 1982; Pubellier and Rangin, 1987; Rodriguez-
Castafieda, 1988; Nourse, 1990; Siem and Gastil, 1990).

Although the age of Laramide deformation still is not well
constrained in many parts of Mexico, available data are consist-
ent with a progressive decrease in age to the northeast, asin the
western United States (de Cserna, 1989). For example, shorten-
ing probably occurred in the Late Cretaceous in Sonora and
Sinaloa but in the late Paleocene to middle Eocene near Monter-
rey and in the Veracruz subsurface (Mossman and Viniegra-
Osorio, 1976; Padillay Sanchez, 1985, 1986).

Laramide deformation corresponded in time and space with
L ate Cretaceous-Paleogene magmatism, which occurred west of
the thrust front (Lépez-Infanzén, 1986). Paleogene nonmarine
conglomerate and finer-grained clastic rocks, often referred to as
molasse, that locally crop out in the Tepehuano and Nahuatl
terranes probably were deposited atop unconformity surfaces dur-
ing or immediately after Laramide orogenesis (Edwards, 1955;
Cérdoba, 1988).

Depositional patterns

The following summary of the Cretaceous depositional his-
tory of eastern Mexico is distilled from Viniegra-Osorio (1971,
1981), Enos (1983), Young (1983), Canti-Chapa and others
(1987), Winker and Buffler (1988), and de Cserna (1989), to
whom the reader is referred for more detailed accounts. The Late
Jurassic arrangement of isolated ephemeral idlands, shallow-water
platforms, and intraplatform deeper water basins at the western
and southern margins of the Gulf of Mexico persisted into the
Early Cretaceous. Neocomian transgression transformed Jurassic
peninsulas (Coahuila, Tamaulipas) to islands and reduced the
area of smaller idands. The Tethyan affinity of reptilian fossilsin
Neocomian stratain the northern Mixteco terrane indicates ex-
change of oceanic waters between the Gulf of Mexico basin and
the Tethyan realm to the south and east (Ferrusquia-Villafranca
and Comas-Rodriguez, 1988). A likely paleogeography includes
anearly closed basin, bounded on the north by the U.S. Gulf
Coadt, on the west by the Cretaceous arc in western Mexico, and
on the south by the southern Maya terrane and Zapoteco-
Mixteco terranes, with a single oceanic outlet in the eastern Gulf
of Mexico (see Winker and Buffler, 1988, Fig. 17).

After aninflux of terrigenous material during late Aptian
transgression, mid-Cretaceous (Albian-Cenomanian) carbonates
were deposited over alarger part of Mexico than in Neocomian
time. Steep-sided, high-relief carbonate-evaporite platforms
bounded by reef complexes shed very coarse carbonate detritus,
notable also as prolific hydrocarbon reservoirs, into adjacent deep-
water basins. The decline in the number and size of carbonate
banks around the Gulf of Mexico in Comanchean time (90 to 85
Ma) may have been caused by thermal contraction of stretched
crust (Winker and Buffler, 1988). Late Cretaceous (post-
Turonian) deposition in eastern Mexico was characterized by an
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increasing terrigenous component, shallowing of basins, and
eastward migration of the shoreline. Throughout the Cretaceous,
evaporites and carbonates accumulated on the stable Y ucatan
platform. We interpret the similarity of Cretaceous carbonates
and clastic rocks in the Chortis terrane and coeval deposits of the
open marine shelf in eastern Mexico to indicate that the regions
were contiguous (Figs. 38, 39).

In western Mexico, Cretaceous sediments probably were
deposited in a backarc basin or basins on the eastern flank of the
continental arc in the Seri and Tahué terranes. Servaisand others
(1982) inferred an active backarc basin environment for Creta-
Ceous terrigenous marine stratain Durango, Zacatecas, and
Guangjuato (Tepehuano terrane) that apparently interfingered
eastward with carbonate and shale of the open marine shelf in
eastern Mexico. A backarc setting has been proposed for Neoco-
mian to Turonian terrigenousand carbonate strata in northeastern
Durango and southeastern Chihuahua (Araujo-Mendieta and
Arenas-Partida, 1986). In Chihuahua and northern Sonora (North
America terrane), Kimmeridgian (Late Jurassic) to Cretaceous
strata of the Chihuahua Group and Bisbee Group accumulated in
the Chihuahua Trough, a north- to northwest-trending basin on
the eastern flank of the continental arc (Fig. 35) (Canti-Chapa
and others, 1985; Dickinson and others, 1986; Araujo-Mendieta
and Estavillo-Gonzilez, 1987; Salvador, 1987; Scott and
Gonzélez-Ledn, 1991). The oldest volcanogenic debris observed
in these strata is Early Cretaceous in the Seri and North America
terranes in Sonora (Araujo-Mendieta and Gonzalez, 1987;
Jacques-Ayala, 1989), Turonian in the Tepehuano terrane (Tardy
and Maury, 1973), and Campanian-Maastrichtian in the Parras
basin of the Coahuiltecano terrane (McBride and others, 1974).
Late Cretaceous flysch in the Y uma terrane and Chatino terrane
probably accumulated in intraarc depositional settings.

Cenozoic

The distribution of Cenozoic magmatic rocks indicates that
oceanic lithosphere was subducted beneath southern and western
Mexico during much or al of Cenozoic time. Dextral slip on the
TMVB and on the fault system east of Baja Californiaand Chor-
tis ceased during the Eocene or perhaps Oligocene. Mgjor Ce-
nozoic tectonism included shortening during the Laramide
orogeny, sinistral displacement of the Chortis block along the
southern margin of Mexico, Basin and Range extension, and
extensiona deformation and dextral faulting associated with the
opening of the Gulf of California.

Magmatism

Northern Mexico. Magmatism affected most of northern
Mexico during the Paleogene, but the composition and style of
emplacement of magmatic rocks are quite variable. The ared
distribution of Cenozoic magmatic rocks generally isinterpreted
to reflect the slow eastward migration of magmatism and the
progressive widening of the continental arc during the early Ce-
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nozoic, followed by the comparatively rapid return of the arc to
the western margin of the continent by the end of Oligocene time.
Below, we briefly summarize several temporally and petrologi-
cally distinct suites of magmatic rocks in the region.

Continental arc magmatism associated with eastward sub-
duction of oceanic lithosphere beneath North America was well
established in northwestern Mexico by the Late Cretaceous.
Latest Cretaceous to mid-Tertiary continental magmatic rocksin
Mexico are traditionally divided into an andesitic lower volcanic
sequence and a rhyolitic upper volcanic sequence with abundant
ignimbrites (McDowell and Keizer, 1977). However, this divi-
sion appears to be meaningful only in northwestern Mexico,
where amajor unconformity has been mapped between the two
units. A major unconformity has not been recognized in north-
eastern Mexico and adjacent Trans-Pecos Texas, where mag-
matism began in the earliest Tertiary and continued into the
Oligocene and locally the early Miocene.

The composition and distribution of magmatism in northern
Mexico changed after the Oligocene ignimbrite flare-up in the
SierraMadre Occidental. Continental arc magmatism was con-
fined to a narrow arc at the western margin of the continent that
became inactive by the end of the middle Miocene. Late Oligo-
cene to Miocene basaltic andesites in the Sierra Madre Occiden-
tal may have been emplaced in an extensional backarc basin.
Miocene and younger akalic basaltsin and east of the Sierra
Madre Occidental probably were emplaced during Basin and
Range extension.

The "lower volcanic complex” of the Sierra Madre Occi-
dental (McDowell and Keizer, 1977) consists of Late Cre-
taceous and Paleogene calc-alkalic volcanic rocks and asso-
ciated granitoids in the North America, Seri, Tahué, and Tepe-
huano terranes (Tables 10, 12, 13, 15). These rocks are widely
presumed to have formed in a continental magmatic arc above
the subducting Farallon plate, and the general eastward decrease
in crystallization age may indicate progressive shallowing of the
Benioff zone (Coney and Reynolds, 1977; Clark and others,
1980, 1982; Damon and others, 1981). A paucity of crystalliza-
tion ages between 50 and 40 Maled to the postulation of a
"magmagap” in western Mexico at thistime, but studiesin the
last decade have identified widespread Eocene magmatic rocksin
northwestern Mexico (Aguirre-Diaz and McDowell, 1991) and
in Trans-Pecos Texas (Henry and McDowell, 1986). Eocene vol-
canic rocks exhibit a broad spectrum of compositions and vol-
canic stylestypical of arc magmatism, including intermediate
flows and felsic ash-flow tuffs. Eocene rocks probably are more
abundant in the Sierra Madre Occidental than currently realized;
Eocene silicic tuffs, flows, and calderas may have been mistak-
enly grouped with the overlying Oligocene ignimbrite unit
(McDowell and others, 1990; Aguirre-Diaz and McDowell,
1991). By 50 Ma, abroad, roughly north-south calc-alkalic
magmatic arc stretched from the western Sierra Madre Occiden-
tal east to Coahuila, San Luis Potosi, and Guanajato and south to
Chortis, which we infer was adjacent to southwestern Mexico
(Fig. 41). Magmatism in this region abated by about 40 Ma but
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continued locally until 36 to 34 Ma (Wark and others, 1990, and
references therein). In some parts of western Mexico (e.g., Tepe-
huano terrane), the lower volcanic complex was uplifted, tilted,
and eroded prior to late Eocene(?) deposition of nonmarine sand-
stone and conglomerate.

In Trans-Pecos Texas, subduction-related magmatism began
about 48 Maand continued until about 31 Ma. Magmatic rocks
were emplaced a great distance from the trench and are more
akalic than rocks from arcs near trenches, but trace element
analyses and age relations strongly suggest that the rocks are
subduction-related (James and Henry, 1991). An arc environ-
ment is also supported by pal eostress measurements that indicate
emplacement in a compressional regime (see below). Rocks
dated at 48 to 31 Maare divided into western alkalic-calcic and
eastern alkalic belts; several calderas have been mapped in each
belt (Henry and Price, 1984). Magma chemistry is consistent with
ahistory of derivation from adeep, partly dehydrated subducted
dab, asmall degree of partiad melting relative to typical arcs, and
interaction of rising melts with athick mantle wedge and thick
continental crust (James and Henry, 1991).

Cretaceous to Eocene magmatic rocks in western Mexico
are overlain unconformably by akilometer-thick sequence of
Oligocene calc-alkalic rhyolite ignimbrite and subordinate ande-
site, dacite, and basalt of the "upper volcanic supergroup"
(McDowell and Keizer, 1977, McDowell and Clabaugh, 1979;
Cameron and others, 1980). These rocks were erupted through-
out the Sierra Madre Occidental and perhaps as far west as
east-central Baja California (Hausback, 1984). At least a dozen
calderas have been mapped, but several hundred may be present
based on comparisons with other ignimbrite provinces (Swanson
and McDowell, 1984). Rhyolitic and alkalic basaltic rocks were
emplaced in Trans-Pecos Texas starting about 31 Ma, apparently
in response to a change from compression to east-northeast—west-
southwest tension (James and Henry, 1991). Most petrologic and
isotopic studies imply that mid-Tertiary rhyolitic magmas are
differentiates of mantle-derived basalts mixed with asmall crustal
component (Cameron and Hanson, 1982; Gunderson and
others, 1986). The transition from andesitic to rhyolitic volcanism
may have been a consequence of the slowing or cessation of
Farallon—North America plate convergence: the resulting de-
crease in the flux of mantle meltsinto the lower crust may have
caused ascending intermediate magmas to stall, accumulate, and
differentiate to produce rhyolite (Wark and others, 1990; Wark,
1991). Nd and Sr isotoperatiosin silicic tuffs and lower crustal
xenoliths can be interpreted to indicate that the rhyolitic magmas
were derived from crustal anatexis (Ruiz and others, 1988a), but
others have argued for small or negligible crustal components
(Cameron and Cameron, 1985; Cameron and others, 1991;
Wark, 1991).

During and after the final stages of explosive rhyolitic vol-
canism, basaltic andesites referred to as SCORBA (Southern
Cordilleran Basaltic Andesites) were erupted throughout the
northern Sierra Madre Occidental and southwestern United
States (Cameron and others, 1989). SCORBA lavas are included
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in the upper volcanic supergroup of McDowell and Keizer
(1977). K-Ar ages from SCORBA samples range from 32 to 17
Ma, with awestward decrease from >24 Main the Basin and
Range province to 24 to 17 Main the Sierra Madre Occidental.
Most of the SCORBA suiteis older than a Miocene continental
arc at the western margin of northern Mexico and thus, probably
was erupted in an arc rather than backarc setting (Cameron and
others, 1989). The mid-Tertiary transition from silicic volcanism
(andesite, rhyolite) to mafic volcanism (basaltic andesite) coin-
cided with the onset of regional east-northeast—west-southwest
tension across northern Mexico (p. 117). The sheetlike form of 36-
to 30-Maignimbrites in northern Mexico and southwestern
United States apparently attests to weak regional stresses and the
absence of fault-generated topography, but younger SCORBA
lavas clearly were erupted in an extensional regime, probably
during Basin and Range extension (Cameron and others, 1989,
and references therein).

By about 24 Ma, arc magmatism in northern Mexico had
shifted westward to a narrow chain of coalescing stratovol canoes
composed chiefly of calc-alkalic andesite with minor basalt and
dacite (Damon and others, 1981; Clark and others, 1982; Ham-
back, 1984; Sawlan and Smith, 1984; Sawlan, 1991). The axial
core of the arc crops out in coastal Bgja California between
latitude 29° and 25°N, as indicated by vent-fades rocks as much
as 2 km thick. North and south of this strip, the axial core may be
submerged within the Gulf of California, or a broader, more
diffuse arc complex may have developed instead of an axial core
(Hausback, 1984; Sawlan, 1991). Arc magmatism persisted until
about 16 Ma north of about 28°N and until about 11 Main Baja
Cadlifornia Sur. Waning orogenic magmatism persisted until
about 10 Ma, overlapping in time and space with the onset of
akalic volcanism related to initial rifting in the Gulf of California
starting about 13 Ma (Sawlan, 1991). The alkalic magmatic
rocks ("bajaites") have unusual trace element characteristics that
may be attributed to the presence of recently-subducted very
young oceanic lithosphere, and that appear to have derived at
least partly from MORB (Saunders and others, 1987; Sawlan,
1991). Late Cenozoic tholeiitic rocks in central Bgja and within
the Gulf of Californiarecord atransition from older intraplate
tholeiite to current MORB that mirrors the transition from ensial-
ic to oceanic rifting (Moore and Carmichael, 1991; Sawlan,
1991). Scattered late Miocene to Quaternary calc-akalic vol-
canic rocks may have been produced by remelting of the
subduction-modified source of tne Miocene calc-akalic magmas.

The salient aspects of the Late Cretaceous and Cenozoic
magmatic evolution of northern Mexico appear to be related to
changesin plate boundaries and relative plate motions. The
L ate Cretaceous to Eocene lower volcanic sequence and a
probably coeval intrusive suite record arc magmatism related to
eastward subduction of oceanic lithosphere of the Farallon and
Kula(?) plates beneath the continent. The eastward decrease
in the age of the onset of arc magmatism and the widening of the
region affected by arc magmatism in northern Mexico probably
were caused by progressive shallowing of the Benioff zone beneath



116

western North America (Damon and others, 1981; Clark and
others, 1982). The progressive decreasein age and increase in
buoyancy of subducted Farallon lithosphere probably resulted in
regional uplift and the development of one or more unconformi-
ties during the Eocene in the Sierra Madre Occidental. Some or
most of this uplift was concomitant with part of Laramide oro-
genesis, which also is attributed to the progressively shallower
angle of subduction of Farallon lithosphere. The decline at about
40 Main the emplacement of andesitic and rhyolitic magmatic
arc rocks in the Sierra Madre Occidental may reflect adecreasein
or possibly the cessation of Farallon—North America convergence
(Ward, 1991). Such a change may have caused transtensional
stretching of the hanging wall of this subduction zone, providing
space in the upper and middle crust for the accumulation of
magmas that ultimately were erupted as rhyolite ignimbrite in the
Oligocene (Ward, 1991). Oligocene to early Miocene akalic
magmatic rocks in eastern Mexico and Trans-Pecos Texas and
SCORBA magmas in the Mexican Basin and Range province
also were emplaced into stretched crust. By the early Miocene,
Cocos (ex-Farallon) lithosphere was being subducted at arela-
tively steep angle beneath western Mexico (Severinghaus and
Atwater, 1990), producing a narrow magmatic arc in eastern
Bgja Cdifornia. This arc was extinguished in the late Miocene by
the growth of the Pacific-North America transform plate bound-
ary (p. 118).

Southern Mexico. Crystallization ages of Cenozoic mag-
matic arc rocks in southern Mexico are progressively younger to
the east. The Nahuatl terrane contains L ate Cretaceous, Paleo-
cene, Eocene, and Oligocene plutonic and rarer volcanic rocks.
The age of Cenozoic plutonsin the Chatino terrane ranges from
about 45 Ma (Eocene) in the western part of the terrane to about
12 Ma (Miocene) in the east. Calc-alkalic volcanic rocksin the
Mixteco, Zapoteco, and Cuicateco terranes were erupted in the
Oligocene and Miocene (Ortega-Gutierrez and others, 1990). In
Chiapas (southern Maya terrane), plutons in the northern part of
the magmatic arc of Central Americaare as old as about 6 Ma
(Damon and Montesinos, 1978). These data have been inter-
preted to indicate progressive eastward lengthening of the subduc-
tion zone along the southern Mexico continental margin,
probably due to eastward displacement of the Chortisterrane in
Eocene and later time (p. 117). Late Cretaceous and Paleogene
granitoids and volcanic rocks in the Chortis terrane probably
were contiguous with coeval arc rocks in west-central and
northwestern Mexico.

Eastern Mexico. Isolated Tertiary alkalic magmatic rocks
crop out in eastern Mexico (Coahuiltecano and Maya terranes),
with crystallization ages decreasing southward from Oligocenein
Tamaulipas to Quaternary at San Andres Tuxtla (Bloomfield and
Cepeda-Davila, 1973; Barker, 1977, 1979; Cantagrel and Robin,
1979). These rocks and post-31-Ma akalic rocks in Trans-Pecos
Texas have been ascribed to a roughly north-south belt related to
continental rifting, but recent geochemical and geochronologic
results support a different interpretation. Late Oligocene and
early Miocene alkalic intrusive rocks in Tamaulipas and
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post-31-Ma alkalic magmatic rocks in Trans-Pecos Texas proba-
bly formed during intraplate extension (James and Henry, 1991).
Miocene and younger magmatic rocksin Veracruz, Hidalgo, and
Puebla probably were produced in arc and backarc settings (Can-
tagrel and Robin, 1979; Lépez-Infanzén and Nelson, 1990; Nel-
son and others, 1991). Mid-Miocene rocks are calc-alkalic and
may be related to subduction of the Cocos plate, whereas late
Miocene to Recent rocks are alkalic and calc-alkalic and proba-
bly were erupted in an extensional backarc setting.

Trans-Mexican Volcanic Belt. The late Cenozoic Trans-
Mexican Volcanic Belt (TMVB) cuts across the northwest-
southeast structural grain of Mexico (Fig. 3). Intermediate
volcanic rocks range in age from late Miocene to Quaternary
and are younger southward across the axis of the belt (Cantagrel
and Robin, 1979; Nixon and others, 1987). Despite anomal ous
arc-trench distance and the discontinuous distribution of volcanic
rocksin the TMVB, the calc-alkalic composition of most volcanic
rocks probably indicates a genetic link with subduction of the
Cocos and Rivera plates (Nixon, 1982; Nixon and others, 1987).
The modern TMVB may be the site of sinistral or transtensiona
displacement (Shurbet and Cebull, 1984; Cebull and Shurbet,
1987; Urrutia-Fucugauchi and Béhnel, 1987; Johnson and Harri-
son, 1989; DeMets and Stein, 1990).

Alkalic volcanic rocks have been erupted in the Colima,
Chapala, and Zacoal co grabens in the western TMVB (Fig. 1)
since the mid-Pliocene. Suggested causes of continental extension
and alkalic volcanism in this region include (1) interaction of the
transform boundary between the subducting Cocos and Rivera
plates with overriding continental lithosphere (Nixon, 1982;
Nixon and others, 1987), (2) continental rifting during the pro-
tracted eastward shifting of the Pacific—Cocos—North America
(Rivera) triple junction (Gastil and others, 1979; Luhr and others,
1985; Allan, 1986; Allan and others, 1991), (3) and passive exten-
sion caused by southeastward displacement of coastal southern
Mexico during oblique convergence (DeMets and Stein, 1990).

Displacement of the Chords block

As part of the Caribbean plate, the Chortis terrane has
moved eastward with respect to Mexico along a mgjor sinistral
plate boundary since 10 Maor earlier (Burkart and others, 1987).
According to our reconstruction, the Chortis terrane was
translated westward to northwestward during the Cretaceous to
Paleocene, so it was transferred from the North America plate to
the Caribbean plate after —60 and prior to 10 Ma.

An Eocene age of the transfer of the Chortisterraneis
supported by the age of truncation of southern Mexico, by the age
of sinistral transtension inferred to accompany the uplift of the
Chatino terrane, and by reconstructions of Cenozoic displace-
ments on the northern margin of the Caribbean plate east of
Central America. The progressive eastward decrease in the age of
Tertiary magmatism in southern Mexico probably resulted from
northward subduction beneath progressively eastward sectors of
southern Mexico and progressive sinistral displacement of a buf-
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fering land mass on the southern side of the Maya terrane (Fig.
42) (Mafait and Dinkelman, 1972; Damon and others, 1983;
Wadge and Burke, 1983; Pindell and others, 1988; Pindell and
Barrett, 1990). Structural and geochronologic data from the Xol-
ap: Complex in the Chatino terrane at the southern edge of
Mexico have been interpreted to indicate uplift of the complex on
shallowly north-dipping normal faultsin response to sinistral
transtension on amajor boundary to the south (Robinson and
others, 1989; Ratschbacher and others, 1991; Robinson, 1991).
Geophysical and geologic studies of the Cayman Trough and the
northern margin of the Caribbean plate in the eastern Caribbean
have concluded that at least 1,100 km of post-Eocene sinistral dlip
was transferred westward on the southern margin of Mexico
(Macdonald and Holcombe, 1978; Rosencrantz and Sclater,
1986; Pindell and others, 1988; Rosencrantz and others, 1988;
Pindell and Barrett, 1990). In central Guatemala, this sinistral
displacement presumably was accommodated within the Mota-
guafault zone, where highly deformed, locally mylonitic rocksin
a shear zone 10 to 25 km wide are inferred to record post-
Cretaceous sinistral displacement of large but undetermined
magnitude (Erikson, 1990). Minor left-lateral strike-dlip faulting
of late Eocene to Miocene age has been documented in southern
Guerrero and southern Oaxaca (Johnson and others, 1988;
Robinson, 1991), but amost all eastward displacement of the Chor-
tis terrane south of Mexico probably was accommodated on
offshore faults.

In an alternate model of the evolution of the Caribbean
region, Chortis was accreted to the southern Mayaterranein
the latest Cretaceous and subsequently underwent negligible
pre—late Miocene displacement with respect to Mexico
(Donnelly, 1989). The strongest support for thismodel is
the similarity of Cretaceous and Paleogene rock units, including
undeformed Eocene clastic rocks, across the Motagua fault zone.
According to this model, mylonitic fabrics in the Motagua fault
zone were formed during latest Cretaceous oblique collision of
the Chortis terrane with the southern Maya terrane. Mid-Tertiary
sinistral displacement in Guerrero and Oaxaca may be reconciled
with this model by invoking eastward displacement of coastal
dlivers during highly oblique subduction, but the model does not
satisfactorily explain the age pattern of Tertiary magmatismin
southern Mexico.

Extension

Cenozoic extension in the Basin and Range province of the
United States has been divided into (1) east-northeast—west-
southwest extension from 30 to 10 Ma, the so-called pre—Basin
and Range, and (2) northwest-southeast extension since 10 Ma,
the so-called true Basin and Range (Zoback and others, 1981).
Basin and Range extension in the United Statesis physically
continuous with extension that affected most of northern and
central Mexico, and the timing and geometry of Mexican exten-
sion appear to be similar to, although not as well understood as,
the history of extension in the U.S.
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The belt of mid-Tertiary metamorphic core complexesin
the southwestern United States probably continues south into
Mexico, as indicated by late Cenozoic detachment faulting,
subhorizontal penetrative ductile deformation, synkinematic
magmatism, and brittle extension of upper plate rocksin meta-
morphic core complexes in the northern Seri terrane and adjacent
North Americain Sonora (Anderson and others, 1980; Davis and
others, 1981; Nourse, 1990; Siem and Gastil, 1990, 1991).
Possible causes of mid-Tertiary extension include areduction in
compressional stress on the Farallon—North America plate bound-
ary to the west due to changes in relative plate motions, collapse
of acrustal welt thickened during L ate Cretaceous—Paleogene
Laramide orogenesis, and lowering of the viscosity of the crust by
the strong mid-Tertiary magmatic pulse (Coney and Reynolds,
1977; Spencer and Reynolds, 1986; Coney, 1987).

Much of northern and central Mexico was affected by high-
angle normal faulting typical of the Miocene-Recent Basin and
Range extension in the Great Basin (Fig. 1), but extension ap-
pears to have started 10 to 15 m.y. earlier in Mexico. Late Ce-
nozoic net extension isminimal in the Sierra Madre Occidental
but significant in extended provinces to its east and west. In the
following discussion we refer to these areas as the eastern and
western Mexican Basin and Range provinces; the western prov-
ince also has been called the Gulf of California extensional
province (Stock and Hodges, 1989, 1990).

The timing and kinematics of extension have been docu-
mented in only afew parts of the eastern Mexican Basin and
Range. In north-central Mexico and Trans-Pecos Texas, roughly
east-northeast—west-southwest compression was supplanted by
east-northeast—west-southwest Basin and Range extension by 28
and probably by 31 Ma, based on the geometry of dikes and
veins, major normal faulting did not begin until about 24 Ma
(Seager and Morgan, 1979; Dreier, 1984; Henry and Price, 1986;
Aguirre-Diaz and McDowell, 1988; Henry and others, 1990,
1991). This mid-Oligocene stress reorientation was coeval with
and probably caused the change to alkalic magmatism (p. 115).
North-northwest—trending horsts and grabens formed in Sonora
and Chihuahuain the Miocene (Roldan-Quintana and Gonzalez-
Leon, 1979). North-northwest—trending horsts and grabensin
central Mexico may indicate that |ate Cenozoic Basin and Range
extension affected crust as far south as and possibly south of the
TMVB (Henry and Aranda-Gémez, 1992). Cenozoic normal
displacement on faults north of the TMV B has been episodic,
with Quaternary reactivation of many older faults; faulting
caused moderate tilt of fault blocks and in many areas was asso-
ciated with eruption of alkalic basalts (Henry and Aranda-
Gomez, 1992).

In the western Mexican Basin and Range province, Miocene
extension has been documented on the periphery of and on is-
lands within the Gulf of California. In western Sinaloa between
the Gulf of Californiaand the Sierra Madre Occidental, east-
northeast—west-southwest extension began as early as 32 Ma,
major tilting and faulting began after about 17 Ma, and net
extension is estimated to be 20 to 50%, depending on the deep
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geometry of normal faults (Henry, 1989). Geometrically similar
tilting and faulting indicating east-northeast—west-southwest ex-
tension began by 17 Maand terminated by 9 Main parts of
coastal Sonora (Gastil and Krummenacher, 1977), began by 12
Main coastal northeastern Baja California (Dokka and Merriam,
1982; Stock and Hodges, 1989, 1990), began by 15to 13 Maon
Isla Tiburén (Neuhaus and others, 1988), and probably began
after about 12 Main the La Paz region (Hausback, 1984).

Miocene faulting around the periphery of the Gulf of Califor-
niawas physically continuous with Basin and Range extension in
the southwestern United States and probably occurred in a similar
tectonic setting, namely, adjacent to the evolving Pacific—North
Americatransform margin (Henry, 1989; Stock and Hodges,
1989). An uncertain, but probably small, component of slightly
transtensional Pacific—North Americarelative motion (Table 18)
was accommodated in the gulf region during the Miocene, result-
ing in continental stretching, rifting, and thinning, subsidence, and
the development by a marine proto-gulf embayment, the so-called
"proto—Gulf of California." The distribution and fauna of Mio-
cene marine strata indicate that a narrow seaway had formed by
about 14 Ma over the eastern half of the modern gulf and parts of
coastal Sonora and Sinaloa, and that this seaway opened to the
south near the mouth of the modern Gulf of Californiawhere it
may have fed the 14.5- to 13-MaMagdalena fan at the base of the
slope (Moore, 1973; Lothno-Romen, 1975; Y eats and Haq, 1981;
Aguayo-C., 1984; Smith and others, 1985; Gastil and Fenby,
1991; Smith, 1991). It isunlikely that crust in the western
Mexican Basin and Range province was thickened by Laramide
orogenesis or arc magmatism, implying that extension was not
caused by collapse of athick crustal welt (Henry, 1989). Miocene
dextral slip has not been documented in or adjacent to the proto-
gulf, but areconstruction of kinematics of the evolving Pacific—
North America plate boundary zone predicts about 60 km of dex-
tral displacement on faults that were linked to the San Andreas
fault to the north (Sedlock and Hamilton, 1991).

Theleast principal stress and extension directions changed
from east-northeast—west-southwest to roughly northwest-south-
east in the latest Miocene, coeval with theinitiation of rifting
along the axis of the modern Gulf of California (Gastil and
Krummenacher, 1977; Angelier and others, 1981; Henry, 1989).
Subsidence of the gulf has spurred gulfward displacement of con-
tinental blocks from the topographic rims of the gulf along late
Cenozoic and possibly active detachment faults (Fenby and Gas-
til, 1991; Gastil and Fenby, 1991). Post-Miocene faulting in the
Gulf of Californiaregion includes dextral displacement on
northwest-striking strike-slip faults and normal displacement on
down-to-the-gulf normal faults (Gastil and Krummenacher,
1977; Angelier and others, 1981). Locally, the geometry of fault-
ing is complex, probably reflecting the reactivation of older faults
and the interaction of trandlational and extensional components
of the plate boundary zone (e.g., Umhoefer and others, 1991).

Recent geochronol ogic and geomorphologic studies contra-
dict the long-held notions that Baja has been uplifted rapidly and
tilted westward in the late Cenozoic (e.g., Beal, 1948). Apatite
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fission-track studies of batholithic rocks in northern Bgjaindicate
less than 2 km of uplift and erosion since the mid-Tertiary (Cer-
veny and others, 1991). Studies of emerged Pleistocene marine
terraces indicate uniform uplift of Bagja, with no westward tilting,
at about 100 + 50 mm/1,000 yr since 1 Maand perhaps since
about 5 Ma (Ortlieb, 1991). Thisrate is about an order of magni-
tude lower than in parts of coastal Californiain the U.S., suggest-
ing that Bagja and Alta California may be independent structural
blocks, perhaps decoupled aong the Agua Blanca and other
faultsin northern Bgja California.

Late Cenozoic tectonic history of northwestern Mexico

Latest Oligocene to middle Miocene calc-alkalic magma-
tism in the continental arc in eastern Bgjawas related to
subduction of the Farallon (Cocos) plate beneath Baja California.
Asthe Pacific-Cocos—North Americatriple junction migrated
southward along the western edge of the continent, convergence
was supplanted by dextra transform motion by 16 Mawest of
northern Bgja Californiaand by 12 Mawest of southern Baja
California (Lonsdale, 1989, 1991). From 12 to about 5 Ma, the
triple junction was south of Cabo San L ucas and was connected
to the Mendocino triple junction via a transform boundary in
which most dlip occurred on offshore faults such as the Tosco-
Abreojos fault zone (Spencer and Normark, 1979; Lonsdale,
1989, 1991; Sedlock and Hamilton, 1991). Late Miocene dextral
displacement also may have occurred on strike-dlip faultsin the
proto—Gulf of California (see above) and on proposed but un-
identified faults that cut the Baja peninsula (see below). Late
Miocene (8 to 5.5 Ma) extension near the tip of Baja produced an
embayment in the continental margin, accounting for the greater
width of the gulf near its mouth (about 450 km) than at its north
end (about 300 km). About 5.5 Ma, the Pacific—Cocos—North
Americatriple junction jumped eastward to this embayment,
initiating the opening of the modern Gulf of California (Curray
and Moore, 1984). Asrifting and spreading in the gulf pro-
gressed, most dextral transform displacement was transferred
from the Tosco-Abreojos fault zone to faults within the modern
gulf that connected northward with the San Andreas faullt.

Alternate models for the opening of the southern Gulf of
Cadlifornia have been summarized by Lyle and Ness (1991). Each
of these models proposes that creation of oceanic crust and drift-
ing within the gulf began by 9 to 8.3 Ma, thereby accounting for
the different northern and southern widths of the gulf but also
requiring the accommodeation of about 150 km of late Miocene
dextral dlip on afault or faults that cut the Baja California penin-
sulaalong or north of the northwestward projection of the Pes-
cadero transform fault (cf. Humphreys and Weldon, 1991). The
simplest test of these models is whether 150 km of Miocene
dextral slip can be demonstrated on transpeninsular faults. Al-
though the entire peninsula has not yet been mapped in detail, the
age and distribution of units certainly are known well enough to
dismiss the possibility that a single fault accommodated all 150
km of hypothesized displacement. Displacement may have been
distributed on several or dozens of faults, but as the number of
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faults increases so does the likelihood that one or more faults
would have been recognized. Not only are these models incom-
patible with the geology of Bgja as currently understood, but also
they imply that the change to northwest-southeast extension in
the gulf region occurred 3 to 4 m.y. earlier than indicated by field
studies (p. 118). The models of Lyle and Ness (1991) are incon-
sistent with available observations, but more stringent testing re-
quires further mapping and structural analysis.

Late Cenozoic shortening in southern Mexico

Offshore geophysical studies have documented late Ceno-
zoic folding and thrusting of Cretaceous and Cenozoic strata
around the southern margin of the Gulf of Mexico. East-west
shortening in the 600-km-long, north-south—trending Mexican
Ridges foldbelt off the coast of Tamaulipas and northern Vera:
cruz has been ascribed to either gravity diding and growth fault-
ing or east-west crustal shortening (Buffler and others, 1979). The
southern end of this offshore foldbelt, which also is known as
Cordillera Ordéfiez, currently may be overthrust to the northeast
by the continental shelf of southern Veracruz (De Cserna, 1981).
Other evidence for late Cenozoic northeast-southwest shortening
in southern Mexico includes a southwest-verging fold and thrust
belt on the northeast side of the Chiapas Massif that was active
from middle Miocene to Pliocene time, and active northwest-
trending folds off the north coast of Tabasco and Campeche (de
Cserna, 1989). We speculate that the locus of shortening is above
a proto-subduction zone where much of southern Mexico over-
rides the lithosphere of the Gulf of Mexico basin.

SUMMARY

In Part 2 of this volume, we have presented a speculative
model of the Late Precambrian to Cenozoic tectonic evolution of
Mexico that is based on the geologic and tectonic history of
constituent tectonostratigraphic terranes described in Part 1, geo-
physical and plate motion constraints, and formal premises. Some
of the salient features of the model are summarized bel ow.

1. Grenville basement in eastern and southern Mexico is
considered to be far-traveled with respect to the southern termi-
nation of the Grenville belt in North America.

2. Thelate Paleozoic Ouachitan suture that marks the colli-
sion of North America and Gondwana does not and did not
extend into central Mexico.

3. The Permo-Triassic continental arc on the western mar-
gin of Pangea affected only the far eastern edge and far north-
western corner of Mexico; most of what is now Mexico was a
complex assemblage of arcs, continental blocks, and basinsin the
oceanic region west and south of the Pangean continental arc.

4. Continental Mexico grew most markedly toward its
present form during the Late Triassic and Jurassic as terranes
were episodically accreted to its southern and western flanks.

5. Mesozoic southward and westward continental growth
was accompanied by a southward and westward shift of the locus
of arc magmatism.

6. Thetectonically active southern and western margins of
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Mexico were sites of large margin-parallel transations of terranes
resulting from oblique convergence of Mexico with oceanic litho-
sphere to the west. Convergence and terrane translation were
sinistral from the Triassic(?) until the Early Cretaceous, and dex-
tral from the mid-Cretaceous to the Paleogene.

7. Jurassic stretching and rifting in the Gulf of Mexico was
not kinematically related to sinistral faulting on the Mojave-
Sonora Megashear; instead, slip on the megashear and on other,
more outboard, fault systems was controlled by left-oblique con-
vergence of Mexico with platesin the Pacific basin.

8. Paleomagnetic data that indicate about 15° of northward
latitudinal displacement of Bajain the Late Cretaceous and Pa-
leogene can be reconciled with geologic correlations only by
postulating an earlier episode of southward displacement during
left-oblique convergence.

9. The Cretaceous reconstruction is consistent with postu-
lated origins at Mexican latitudes of terranesin the western
United States and Canada.

10. The Caribbean plate, including the Chortis block, has
been translated 1,000 to 2,000 km eastward on strike-dlip faults
along the southern margin of Mexico since about 45 Ma.

11. Basin and Range extension has affected most of Mexico
north of about 20°N.

Our reconstruction is not a unique explanation of the geo-
logic and tectonic history of Mexico, but it does provide an
internally consistent framework for interpreting geoscientific data
from the region. Many aspects of the model are testable; we look
forward to the acquisition of new data and the formulation of
new interpretations and hypotheses that will almost certainly re-
sult in modifications to the model.
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Acadian orogenesis, 35, 86

Acapulco, 11, 73

Acapulco Batholith, 11

Acapulco earthquake (1907), 5

Acapulco earthquake (1957), 5

Acapulco intrusive suite, 11

Acapulco Trench, 5, 7

Acateco Subgroup, 34

Acatlan Complex, 23, 34, 35, 37, 72,
85, 86, 89, 93

accretion, 107

Acuitlapan Formation, 40

adamellite, 13

aeromagnetic data, Mayaterrane, 33

agglomerate, Y uma composite terrane,

Agua Blancafault, 5, 63, 65, 107,
118
Aguan fault, 13
Aibo granite, 49
Alaska, southeastern, 112
Aldama, 42
Alexander terrane, 112
Alisitos Formation, 63, 64, 66, 70,
105
Alisitos-Santiago Peak-Peninsular
Range batholith, 111
Alisitos terrane, 63
akali basalts, Tepehuano terrane, 62
akalic magma, Nahuatl terrane, 42
akalic rocks, Nahuatl terrane, 41
alkalic volcanic rocks, 8
Alleghany orogen, 91
aluvia fans, Tepehuano terrane, 62
Altar, 47
Altiplano. See Mesa Central
Altiplano geomorphic province, 58
ammonia, 10
ammonites
Cuicateco terrane, 23
Serf terrane, 51
Tepehuano terrane, 59
Y uma composite terrane, 65, 81
ammonoids, Serf terrane, 52
amphibole, Cochimf terrane, 22
amphibolite
Chatino terrane, 11, 13
Cochimi terrane, 18, 22
garnetiferous, 19
Guachichil terrane, 25
Mayaterrane, 28, 33
Mixteco terrane, 34
Nahuatl terrane, 37, 38
Perici terrane, 47
Serf terrane, 49
Tahué terrane, 54
Tepehuano terrane, 59
Y uma composite terrane, 65
amphibolite dikes, North America
terrane, 42

| ndex

[Italic page numbersindicate major references)

amphibolite gneiss, North America
terrane, 42
andalusite, Perici terrane, 47
andesite
Alisitos Formation, 70
Chatino terrane, 14
Chortis Formation, 15
Chortisterrane, 15
Cuicateco terrane, 24
Mayaterrane, 32, 33, 34
Nahuatl terrane, 40, 41, 71
North Americaterrane, 43, 46
Serf terrane, 52
Tahué terrane, 55
Tepehuano terrane, 62
Y uma composite terrane, 64, 65, 66
Zapoteco terrane, 68
andesitic conglomerate, Nahuatl
terrane, 41
andesitic dikes, Perici terrane, 47
andesitic flows
Nahuatl terrane, 41
Tahué terrane, 54, 55
Y uma composite terrane, 63
andesitic hypabyssal rocks, Mixteco
terrane, 37
andesitic lavas
Mixteco terrane, 37
Nahuatl terrane, 40
Serf terrane, 52
Tepehuano terrane, 62
andesitic tuffs, Tahué terrane, 55
andesitic volcanic rocks, 7
anhydrite, 72
anomaly, gravity, 15, 57
anorogenic granites, North America
terrane, 42
anorogenic granitoids, North America
terrane, 42
anticlinoria, Guachichil terrane, 25, 27
antimony, 10
Antler orogeny, 78, 89
apatite, Cochimi terrane, 22
Appalachian orogen, 76
aragonite, Cochimf terrane, 22
Aramberri, Nuevo Leén, 27
arc assemblages, Nahuatl terrane, 40
arc magmatism, 1, 98
arc rocks
Cochimi terrane, 19
Cuicateco terrane, 23
Mayaterrane, 34
Nahuatl terrane, 42
Arcelia, 38
arcs, 1
continental, 5, 7
Argentina, 86
argillite
Cochimf terrane, 22
Serf terrane, 49
Tahué terrane, 54
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Arizona, 42
southeastern, 43
southern, 42, 47, 85, 99
southwestern, 79, 108
Arperos Formation, 61, 62
Arroyo Calamajué, 64, 65
Arteagaterrane, 41
Artesa sequence, 43
asbestos, 10
Ayotusco Formation, 37, 38, 40

Bacurato Formation, 54, 55
Bahia de Campeche, 32
Bahia Sebastian Vizcaino, 66, 70
Bajablock, 103, 111
defined, 80
Baja California, 3
northeastern, 52, 54
northern, 52
Baja Cdlifornia Norte, 49, 50, 65
Baja California Sur, 52, 66, 115
Balsas Group, 41
barite, 10
Serf terrane, 49
Barranca Group, 52, 70
basalt
Chortis Formation, 15
Coahuiltecano terrane, 17
Cuicateco terrane, 25
Mayaterrane, 33
Nahuatl terrane, 41
ocean-floor, 18
Tahué terrane, 55
Tepehuano terrane, 62
Y uma composite terrane, 63, 64, 66
basaltic andesites, North America
terrane, 46
basaltic flows, Tahué terrane, 54
basaltic volcanic rocks, 8
basanites, Tepehuano terrane, 62
basement rocks
Chortisterrane, 13
Serf terrane, 49
Basin and Range extension, 2, 4, 5,
47,52, 54, 62, 114, 115, 117,
118, 119
Basin and Range faulting, 52
Basin and Range province, 2, 3, 4, 8,
68, 117, 118
basin subsidence, Cochimi terrane, 18
basinal allochthon, Serf terrane, 50
basinal assemblages, Nahuat! terrane,
40
basinal rocks, Serf terrane, 49
bathymetry, 4
Baucarit Formation, 46, 52
Bedford Canyon Formation, 65
belemnites, Y uma composite terrane,
63
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Belize, 28, 29, 89, 91

northern, 28
Benioff zone, 114, 115
benthic forams, Y uma composite

terrane, 66

Benton uplift, Ouachita orogen, 91
bi oti te

Mayaterrane, 28, 31

Pericii terrane, 47
biotite-hornblende-quartz schist, 11
biotite schist, 11
Bisbee Basin, 42, 43
Bisbee Group, 46, 114
bismuth, 10
bivalves, Y uma composite terrane, 63
black schists, Cuicateco terrane, 24
black dlate

Cuicateco terrane, 23

Tepehuano terrane, 61
block faulting, Serf terrane, 54
blueschist, 70

Cochimi terrane, 17, 18, 22, 23
Boquillas, Coahuila, 57
Boreal fossils, Tepehuano terrane, 62
boudinage, Perici terrane, 47
Bouguer gravity anomalies, 8, 79
brachiopod, Guachichil terrane, 27
breccia

Coahuiltecano terrane, 16

Cochimi terrane, 18, 21

Nahuatl terrane, 41

Y uma composite terrane, 63
Burgos basin, 17
Burro-Picachos platform, 16

Cabo San Lazaro, 22
Cabo San Lucas, 118
Caborca, Sonora, 46, 49, 50, 52, 78,
79
Caborcaterrane, 49
Cacaguapa Schist, 13
Cache Creek, 112
cadmium, 10
Cahuasas Formation, 27
calc-alkalic plutons, Serf terrane, 49
calc-akalic volcanic arc,
Coahuiltecano terrane, 16
calc-alkalic volcanic rocks, 8
calcarenites, Guachichil terrane, 27
calcareous metapelites, Mixteco
terrane, 34
cal careous sandstone, Tepehuano
terrane, 61
California, 108
central, 76
eastern, 49, 85
northern, 50, 103
southeastern, 78, 103
southern, 48, 49
California Continental Borderland
province, 17
Caltepec, Puebla, 67
Caltepec fault zone, 72
Campanian, 18
Campeche, 8, 28, 33, 119
Canada
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southeastern, 67, 86
southwestern, 112
Caopas Formation, 59
Caopas Schist, 58, 71
carbonaceous pelite, Nahuatl terrane,
38
carbonaceous shale
Mixteco terrane, 37
Nahuatl terrane, 40
carbonate, 11
Chortis terrane, 13
Coahuiltecano terrane, 16
Guachichil terrane, 25, 27
Mayaterrane, 28, 32, 32
Mesozoic, 3
Mixteco terrane, 34, 37
Nahuatl terrane, 40
North Americaterrane, 42
Serf terrane, 49
Tarahumara terrane, 57
Tepehuano terrane, 62
Zapoteco terrane, 68
carbonate platform, Nahuat! terrane, 42
Caribbean basin, 4, 96
opening, 97
Caribbean plate, 2, 4, 5, 15, 33, 73,
85, 116, 119
Caribbean region, 84
Caribbean-North Americaplate
boundary, 4
Caribbean-North American-Cocos
triple junction, 33
cataclasite, 73
Catoche Knolls, Gulf of Mexico, 31,
86, 89
Cayman Trough, 4, 13, 74, 85, 109,
117
spreading rate, 4
Cedros-Benitos-Vizcaino region, 18,
19, 21, 22, 23
Central Andes, 37
Cerro Pozo Cerna, 50
Cerro Prieto fault, 5
Chacalapa fault zones, 73
Chamelecén fault, 13
Chapala graben, 7, 116
Chapolapa Formation, 38, 40
charnockite, Zapoteco terrane, 67
Chatino terrane, 10, 11, 23, 37, 40,
72,82,99, 106, 109, 114, 116
radiometric data, 12
Chazumba Formation, 34
chert
Cochimi terrane, 18, 19, 22
Guachichil terrane, 25, 27
Mayaterrane, 33
Nahuat! terrane, 41
North Americaterrane, 46
radiolarian, 22
Serf terrane, 49
Tahué terrane, 54
Tepehuano terrane, 58, 59, 61
Chiapas, 28, 32, 77, 99
eastern, 32, 33
earthquakes, 8
southwestern, 29
Chiapas-Guatemala border, 5
Chiapas-Guatemala region, 105

Chiapas Massif, 4, 8, 19, 28, 29, 34,
77, 86, 95, 98, 99, 108
Chiapas terrane, 116
Chihuahua, 8, 42, 43, 49, 76, 85, 86,
91, 117
central, 43, 75, 76, 77, 85, 95
eastern, 8, 42, 46, 57
north-central, 42
northern, 42, 46, 57, 77, 87
northwestern, 46
southeastern, 79, 114
southern, 59, 61
southwestern, 55
western, 79
Chihuahua Group, 114
Chihuahuatectonic belt, 46, 113
Chihuahua Trough, 42, 43, 46, 57,
105, 114
Chilar Formation, 62
Chile, 77
Chilitos Formation, 59, 62, 99
Chilpancingo, Guerrero, 40
Chixculub structure, 33
chlorite, Tepehuano terrane, 61
Chochal Formation, 28, 29
Chohuila, eastern, 15
Chontal island arc, 23, 107
Chortis, 114
Chortis block, 2, 11, 13, 15 82
displacement, 116
Chortisterrane, 11, 34, 73, 82, 85,
86, 100, 106, 109, 111, 116
radiometric data, 14
Choyal subterrane, 18, 23, 103
chrysotile, Cochimi terrane, 18, 22
Chuacds Group, 28, 29, 31, 33, 85
Ciudad Victoria, Tamaulipas, 25, 76
clastic detritus, Mayaterrane, 33
clastic rocks, 72
Coahuiltecano terrane, 16, 17
Cochimi terrane, 18
Guachichil terrane, 27
Mayarterrane, 32, 33, 34
Mixteco terrane, 34
Nahuatl terrane, 41
North Americaterrane, 43
Serf terrane, 49, 50, 51, 52
Tepehuano terrane, 62
Y uma composite terrane, 66
clastic sedimentary rocks, Maya
terrane, 33
clasts, granitoid, 18
clinopyroxene, Cochimf terrane, 22
Coahiultecano terrane, 69
Coahuila, 85, 114
east-central, 15
northern, 16, 17
northwestern, 17
south-central, 16
southern, 58
Coahuilalsland, 16, 17
Coahuila peninsula, 16
Coahuilaplatform, 16, 105, 113
Coahuilaterrane, 15, 77
Coahuilan orogeny, 91
Coahuiltecano terrane, 15, 27, 28, 57,
62, 76, 77, 78, 79, 87, 89, 91,
95, 99, 101, 102, 103, 105
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Coahuiltecano terrane, 16
Mixteco terrane, 37
North Americaterrane, 43
Serf terrane, 52
Coalhuiltecano terrane, 114, 116
Coast Ranges, California, 112
Cochim{ terrane, 17,54, 70, 80, 81,
99, 103, 107, 110, 111
geophysical data, 22
radiometric data, 20
tectonic history, 22
uplift, 23
Cochimi-Vizcaino, 10
Cocosplate, 4, 5, 7, 11, 15, 41, 42,
84, 85, 116
Cocos-Caribbean plate boundary, 5
Cocos-North America plate boundary,
57
Cocos-North America-Caribbean
triple junction, 5
Colima, 5, 41, 42
southern, 7
Colimagraben, 5, 7, 41, 116
Colimaterrane, 41
collision, 107
Colombia
central, 77, 99
northern, 77, 99
Colotenango beds, 34
Comondi Formation, Baja California
Sur, 22
conglomerate
Guachichil terrane, 25, 27
Mixteco terrane, 35, 37
Nahuatl terrane, 40
Tepehuano terrane, 59, 62
Y uma composite terrane, 66
Zapoteco terrane, 67, 68
conodonts, Tahué terrane, 54
continental arcs, 5, 7
Cuicateco terrane, 23
Nahuatl terrane, 38
continental blocks, 1
continental crust, 7, 28
Tepehuano terrane, 58
continental rifting, Miocene, 5
copper, 10
Coralliochama Orcuitti, 66, 81
corals, Serf terrane, 52
cordierite
Periciti terrane, 47
Tepehuano terrane, 61
Cordillera, 50, 98
Cordillera Central, Colombia, 77, 99
Cordillera de Mérida, Venezuela, 77, 99
Cordillera Ordéiiez, 8, 34, 119
CordilleraOriental, Colombia, 77, 99
Peru, 77
Cortés terrane, 49, 58
Cosoltepec Formation, 34
CostaRica, 15
Cretaceous-Tertiary boundary, 33
CRN arc, defined, 59
crustal thickness, 8
crystalline basement, Serf terrane, 49
crystalline rocks
North Americaterrane, 42, 43

Index

Serf terrane, 52
crystallization
Nahuatl terrane, 42
North Americaterrane, 43
Cuba, 85, 91
central, 77, 85, 100, 102, 109
Cucharas, Veracruz, 32
Cucurpe-Tuape region, Sonora, 43
Cuernavaca, 71
Cuicateco basin, 96, 103, 107, 108
closing, 25
opening, 107
Cuicateco terrane, 23, 31, 72, 73, 103,
107, 113, 116
Cuilco-Chixoy-Polochic fault. See
Polochic fault, 4

dacite, Mayaterrane, 33
dacitic volcanic rocks, 7
Death Valley, California, 49, 77, 78,
88, 95

décollement, 17

Nahuatl terrane, 41
deformation

Mixteco terrane, 35

Nahuatl terrane, 38

North Americaterrane, 47
Delicias basin, 93, 102
depositional patterns, 113
diabase, Cochimi terrane, 19
diabase dikes

Mayaterrane, 33

Tahué terrane, 54
dikes

Coahuiltecano terrane, 17

Cochimf terrane, 19, 22

Guachichil terrane, 27
diopside, Pericu terrane, 47
diorite, 11

Perici terrane, 47

Tepehuano terrane, 61

Y uma composite terrane, 64
displacement, terranes, 81
dolomite

Mayaterrane, 29, 32

Serf terrane, 49

Tepehuano terrane, 58
dolostone, Serf terrane, 49
domes, Tahué terrane, 55
dunite, Tahué terrane, 54
Durango, 8, 62, 114

eastern, 8, 58

northeastern, 114

northern, 59

earthquakes, 5, 7
Acapulco (1907), 5
Acapulco (1957), 5
Chiapas, 8
foci, 7
Jalisco (1932), 7
Michoacan (1985), 5
Motoguafault (1976), 4
Oaxaca (1978), 5
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East Pacific Rise, 4

East Peninsular Ranges fault zone, 65

Eastern Cordillera, Peru, 99

eclogite, Cochimi terrane, 18

economic mineral deposits, 10

El Antimonio, Sonora, 37, 50

El Antimonio Formation, 50, 51, 54

El Arco, 64, 65, 66

El Capitan, Sonora, 79

El Chanate Group, 46

El Charro Complex, 46

El Cien Formation. See San Gregorio
Formation

El Fuerte, 54

El Maguey Formation. See Arperos
Formation

El Salvador, 11

northern, 15

El Tambor Formation. See El Tambor
Group

El Tambor Group, 15, 33, 109, 110

El Tambor subterrane, 28, 33

en echelon anomalies, Cochimf
terrane, 22

en echelon domains, 8

Ensenada, 66

epidote, Pericu terrane, 47

Esperanza Formation. See Arperos
Formation

Esperanza granitoids, 34, 35, 67, 72,
89

Eureka quartzite, 78
evaporites
Coahuiltecano terrane, 16
Mayaterrane, 32
North Americaterrane, 42, 43, 46
Tarahumaraterrane, 57
extension, 117
Chatino terrane, 73
Miocene, 5
Serf terrane, 52, 54
Tahué terrane, 55

Farallon lithosphere, 116
Farallon plate, 41, 84, 85, 107, 109,
114, 115. See also Cocos plate
Farallon-North America convergence,
116
Farallon-North America plate bundary,
117
fault zones, Cochimf terrane, 22, 23
faulting
Serf terrane, 54
Y uma composite terrane, 66
faults, 4
Guachichil terrane, 28
Mayarterrane, 28, 29
Nahuatl terrane, 40
Serf terrane, 50
Tahué terrane, 55
fauna, 84
Argentina, 86
Cochimf terrane, 21
Guachichil terrane, 25, 27
Mixteco terrane, 37
Serf terrane, 51
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Y uma composite terrane, 63, 65

faunal assemblage, Guachichil terrane,
27

flows, Cochimi terrane, 21
fluorospar, 10
flysch

Coahuiltecano terrane, 15

Cuicateco terrane, 23, 24, 25

Guachichil terrane, 25, 27

Mayaterrane, 28, 33

Nahuat! terrane, 38, 40

North Americaterrane, 42, 43

Tahué terrane, 54

Tepehuano terrane, 58, 61

Valle Formation, 70

volcaniclastic, 15

Y uma composite terrane, 65, 81
folding

Guachichil terrane, 27

Mayaterrane, 33, 34

Mixteco terrane, 35

Nahuatl terrane, 38

North Americaterrane, 47
folds, 8

Cochimf{ terrane, 22

Mixteco terrane, 37

Nahuatl terrane, 42

Perici terrane, 47

Serf terrane, 52
foliation, Cochimi terrane, 22
forearc basin, Cochimf{ terrane, 21
forearc rocks, Cochimi terrane, 19
fossil marine vertebrates, |sla Cedros,

18

fossil plants, Nahuatl terrane, 40
fossils

Cuicateco terrane, 24

Mixteco terrane, 34

reptilian, 37

Serf terrane, 51

Tahué terrane, 54

Tepehuano terrane, 58, 61, 62

Y uma composite terrane, 63
Franciscan Complex, 65, 112
Frenchman Valley Formation, 65
Fresnal Canyon sequence, 43
fusulinids

Serf terrane, 50

Tahué terrane, 54

gabbro
Cochimi terrane, 19, 21, 22
Cuicateco terrane, 23
Mayaterrane, 31, 33
Tahué terrane, 54
Tepehuano terrane, 61
Y uma composite terrane, 64
gabbroic complex, Maya terrane, 32
Galeana, 80
Gamuza beds, 49
garnet
Cochimf terrane, 22
Mayaterrane, 28
Perici terrane, 47
Tepehuano terrane, 61
garnet-muscovite schist, 11
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gametiferous amphibolite, Cochimi
terrane, 19
GilaMountains, Arizona, 79
glass, Mayaterrane, 33
Global Positioning System, 5
gneiss, 71
Coahuiltecano terrane, 15
Cuicateco terrane, 23
Guachichil terrane, 25
Perici terrane, 47
Serf terrane, 49, 52
Tahué terrane, 54
gneissic xenoliths, Cuicateco terrane,
25
Golconda allochthon, 93
gold deposits, Perici terrane, 47
Golden Lane-Tamaulipas fault zone, 71
Gondwana plate, 90
Gondwana, 1, 15, 28, 35, 57, 69, 89,
90, 91, 93, 94
Gondwanan continental crust, 69
Gondwanan forearc, 91
grabens, Guachichil terrane, 27
Gran Tesoro Formation, 59, 61
granite gneiss, North Americaterrane,

granite, 72
Coahuiltecano terrane, 15, 17
Mayaterrane, 32
North Americaterrane, 42
granitic pegmatites, 11
granitoid clasts, Cochimi terrane, 18
granitoids
Chatino terrane, 73
Cochimf terrane, 18
Guachichil terrane, 28
Mayaterrane, 28, 29
Mixteco terrane, 37
Nahuatl terrane, 40, 42
North Americaterrane, 42, 43
Perici terrane, 47
Seri terrane, 49, 52
Tahué terrane, 55
Tepehuano terrane, 62
Y uma composite terrane, 65
Granjeno Schist, 25, 27, 87, 89, 91,
101
granodiorite, 14
Coahuiltecano terrane, 15
North Americaterrane, 46
Tahué terrane, 55
granulite metamorphism, North
Americaterrane, 43
graphite, 10
gravity anomaly, 4, 8, 57
Chortis terrane, 15
Mayaterrane, 32
Y uma composite terrane, 66
gravity data, Mayaterrane, 33
gravity models, 8
graywacke, 11
Cuicateco terrane, 23
Nahuat! terrane, 41
Tepehuano terrane, 59
Great Basin, 93, 95, 117
southern, 50
Great Britain, 86
Great Valley, California, 81

Great Valley Sequence, 66
greenschist, 13
Cochimi terrane, 18, 21, 22
Cuicateco terrane, 23, 25
Guachichil terrane, 25, 27
Mayaterrane, 28, 31
Mixteco terrane, 35
Nahuatl terrane, 37, 38, 40
North Americaterrane, 42
Tahué terrane, 54, 55
Tepehuano terrane, 59, 61
Y uma composite terrane, 65
greenstone
Cuicateco terrane, 23
Mayarterrane, 28, 29
Grenville basement, 1, 67, 76, 85, 89,
92
Grenville belt, 1
Grenville gneiss, 89, 91
Grenville lithosphere, 57
Grenville province, 77
Grenvillerocks, 42
Guacamaya Formation, 27
Guachichil subterrane, 25
Guachichil terrane, 16, 17, 25, 32, 58,
59,62, 71,72, 76, 79, 85, 87,
88, 89, 91, 92, 93, 96, 98, 99,
100, 101, 103, 105
radiometric data, 26
Guagjira Peninsula, Colombia, 99
Guangjuato, 8, 59, 61, 114
northern, 8
northwestern, 62
Guatemala, 4, 11, 13, 29, 32, 89, 91
central, 28, 33, 73, 109, 117
eastern, 28
northern, 28, 29, 98
southeastern, 15
southwestern, 15
western, 32
Guaymeas basin, 4
Guerrero, 42, 106
northern, 37, 38, 40
southeastern, 11
southern, 38, 40, 41
southwestern, 38, 40
western, 42
Guerrero terrane, 10, 37, 40, 41, 54,
58
Gulf coastal plain, 3, 112
Gulf of California, 3, 4, 5, 49, 50,
117, 118
faulting, 49
opening, 47, 66, 70, 71, 80, 111,
118
Gulf of Californiarift, 66
Gulf of Mexico
displacement, 84
oceanic spreading, 105
opening, 16, 32, 71, 82, 95
Gulf of Mexico basin, 28, 96, 97
Gulf of Mexico sequence, 2
gypsum, 10

halite, Mayaterrane, 32
Halobia, 18



hanging wall rocks, Chatino terrane,
73
harzburgite
Cuicateco terrane, 25
Mixteco terrane, 37
Tepehuano terrane, 61
Haymond Formation, 75
Haynesville Formation, 105
heat flow, 4, 7, 8
Hermosillo, 49, 52
Hidalgo, 25, 116
Hidalgoan orogeny, 112
Honduras, 11
central, 14
east-central, 13
northern, 13
Honduras Group, 14
Honduras Rise, 15
hornblende
Cochimf terrane, 22
Pericii terrane, 47
hornfels, Perict terrane, 47
Huayacocotla Formation, 27
Huetano subterrane, 41
Huizachal Formation, 16, 27, 32, 58,
59, 71, 79, 80, 101
Huizachal Group, 27
Huiznopala Gneiss, 25, 101
hydrocarbon drilling, 3
hydrothermal alteration, Nahuatl
terrane, 40
hydrothermal vents, 4
hypabyssal rocks, North America
terrane, 43

Iapetus Ocean, 86
Iapetus Ocean basin, 86
Ichthyosaur remains, Serf terrane, 51
igneous rocks
Coahuiltecano terrane, 15
Cochimf terrane, 19
ignimbrite
Mayaterrane, 33, 34
Mixteco terrane, 37
North Americaterrane, 46
Serf terrane, 52
Tepehuano terrane, 62
Imperial fault, 5
Iray-Magdalena basin, 70
Isla Cedros, 18, 22
IslaMagdalena, 18, 19, 22, 66, 70
northern, 22
Isla San Benito, 18
Isla Santa Margarita, 18, 19, 70
northern, 22
southern, 22
Isla Tiburén, 50, 52, 118
northern, 49
island arc
Cochimf terrane, 17, 18
Y uma composite terrane, 65
Islas de 1a Bahia, 33
|slas San Benito, 18
isoclinal folding, Cochimf terrane,
19
Isthmian Salt, 32
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Isthmus of Tehuantepec, 4, 28, 32, 33,
98

Ixaltepec Formation, 67

Ixcuinatoyac Formation, 37, 40

Ixtapan dela Sal, 38

jadeitite, Mayaterrane, 33
Jalisco, 41, 42

eastern, 42

southeastern, 41

western, 7, 41
Jalisco block, 7
Jalisco earthquake (1932), 7
Jamaica, 85
Jocotin-Chamelecén fault, 4, 14
Jocotan fault, 13
Josephine ophiolite, 103
Judrez suture, 23, 25
Judrez terrane, 23
Juchatengo fault zone, 72, 73
Juchatengo subterrane, 37, 102
Julain Schist, 65

Klamath Mountains, 103
klippe, Nahuat! terrane, 42
Ko Vaya superunit, 43
Kulaplate, 84, 115

LaBoca Formation, 27

LaGloria Formation, 62

La Joya Formation, Huizachal Group,
27

LaPaz, 47, 118

LaPaz fault, 47, 48, 70, 111

LaPopabasin, Nuevo Leon, 17

La Presa quartzite, 25

laccoliths, Coahuiltecano terrane, 17

Laguna Salada-Salton Trough, 3, 4

lahar, Nahuatl terrane, 38

lamprophyre dikes, Cochimi terrane,

Laramide deformation, 47, 59, 62,

112, 113
Coahuiltecano terrane, 17

Laramide event, 46

Laramide origin, 32

Laramide orogenesis, 3, 17, 25, 27,
37,41, 42, 46, 71, 79, 113, 117,
118

Laramide orogeny, 41, 57

Laramide shortening, 62

Mayaterrane, 32

Las Delicias basin, 15

Las Ddlicias, 77

Las Ovejas Complex, 13, 86

lavas, Nahuatl terrane, 38, 40

lawsonite, Cochimf terrane, 22

lead, 10

Leén, Guanajuato, 61

Iherzolite dikes, Nahuatl terrane, 42

lime, 10

limestone, 13, 72
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Chortisterrane, 14, 15
Coahuiltecano terrane, 16
Cochimf terrane, 18, 22
Cuicateco terrane, 23, 25
Guachichil terrane, 25, 27
Mayaterrane, 29, 33, 34
Mixteco terrane, 34, 37
Nahuatl terrane, 38, 40, 41
North Americaterrane, 43, 46
Pericii terrane, 47
Serf terrane, 49, 50, 51, 52
Tahué terrane, 54
Tepehuano terrane, 58, 59, 61, 62
Y uma composite terrane, 65
Yumaterrane, 81
Zapoteco terrane, 67
lithosphere, lower, 7
lithospheric thickness, 8
lizardite, Cochimf terrane, 18, 22
Llano Uplift, Texas, 77
Loreto, 64, 66
Louann Salt, 32
Louann-Isthmian salts, 105
Luning Formation, 51, 54

Macuspana, 4
mafic dike swarms, 11
mafic dikes
Cuicateco terrane, 25
Tahué terrane, 55
mafic flows, North Americaterrane, 46
mafic igneous rocks, Perict terrane, 47
mafic orthogneiss, Cuicateco terrane,
23
mafic plutons, Pericii terrane, 47
mafic rocks, 33
Nahuatl terrane, 41
mafic volcanic rocks, Mixteco terrane,
37
Magdalena-Margaritaregion, 23
Magdal ena migmetite, 34, 37
Magdal ena subterrane, 109
magmatic arc rocks, 71
Tahué terrane, 54
magmatic arc, 77
Mayaterrane, 28
Nahuatl terrane, 38
North Americaterrane, 46
Tepehuano terrane, 58
magmatic rocks, Tepehuano terrane, 62
magmatism, 114
North Americaterrane, 42, 47
magnetic anomalies, 8
Y uma composite terrane, 65
magnetite, Tepehuano terrane, 58
magnetization, North America, 47
manganese, 10
mantle thickness, 8
Marathon Mountains, 75
Marathon region, Texas, 25, 57, 92
Marathon uplift, Ouachita orogen, 91
marble, 11, 13
Cuicateco terrane, 24
Guachichil terrane, 25
Mayaterrane, 28
Nahuatl terrane, 38, 40, 41, 71
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Perici terrane, 47
Mariafold and thrust belt
Arizona, 108
California, 108
marine elastic rocks, 11
Mayaterrane, 32
Mixteco terrane, 37
Serf terrane, 51
Y uma composite terrane, 66
marine conglomerate, Mayaterrane, 29
marine sandstone, Zapoteco terrane, 67
marine sedimentary rocks, Mixteco
terrane, 35
marine shales, Guachichil terrane, 27
marine strata, 2
Mixteco terrane, 34
marine volcanic rocks, Nahuatl terrane,
40
marl
Coahuiltecano terrane, 16
Mayaterrane, 32
Perici terrane, 47
Tepehuano terrane, 61
marly limestone, Tepehuano terrane,
61
Matagapa Formation, 15
Matanzas granite, 29
Matzitzi Formation, 35, 67, 72
Mayablock, 28
Maya continental massif, 23
Maya Mountains, Belize, 28, 29, 77
Mayaterrane, 13, 15, 23, 25, 28, 71,
73, 76, 77, 84, 85, 86, 87, 89,
91, 92, 95, 96, 98, 99, 101, 105,
108, 109, 113, 116
geophysical data, 34
radiometric data, 30
southern, 14
Mazatlin, 54
Median Trough, 15
megafossils, Tepehuano terrane, 62
mélange
Cochimf terrane, 17, 18, 19, 22
Mayaterrane, 33
Tepehuano terrane, 58
Mendocino triple junction, 118
mercury, 10
Mérida, Y ucatan, 33
Mesa Central geomorphologic
province, 4, 58, 62
Meseta Central. See Mesa Central
geomorphological province
metaandesite
Nahuatl terrane, 40
Tepehuano terrane, 61
metaanorthosite, Zapoteco terrane, 67
metabasite, 13
Cochimi terrane, 22
Guachichil terrane, 25, 27
Mayaterrane, 33
Nahuatl terrane, 40, 41
metachert, Guachichil terrane, 25
metaclastic rocks
Mixteco terrane, 34
Nahuatl terrane, 40
metaconglomerate, 13
metagabbro
Mayaterrane, 31
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Mixteco terrane, 34
metagranitoids, Mayaterrane, 28
metagraywacke

Mixteco terrane, 34

Nahuat! terrane, 71
metaigneous rocks

Mayaterrane, 31

Perici terrane, 47

Tepehuano terrane, 58
metamorphic rocks

Guachichil terrane, 25

Mayaterrane, 28, 31

Tahué terrane, 54
metamorphism

Mixteco terrane, 35

Nahuatl terrane, 38
metapelite

Mixteco terrane, 34

Nahuatl terrane, 38
metaplutonic rocks

Mayaterrane, 29

North Americaterrane, 42
metaguartzite, Guachichil terrane, 25
metarhyodacite, Serf terrane, 49
metasandstone, Nahuatl terrane, 41
metasedimentary rocks, 10

Cuicateco terrane, 24

Mayaterrane, 29, 31

Nahuatl terrane, 37, 38, 40

Perici terrane, 47

Tepehuano terrane, 58

Zapoteco terrane, 67
metasomatic veins, Nahuatl terrane, 42
metatuff

Cuicateco terrane, 23

Nahuatl terrane, 41
metavolcanic rocks

Cuicateco terrane, 24

Mayaterrane, 31

Nahuatl terrane, 37, 38, 40
Mexican Ridges Foldbelt, 8, 34
mica, 10

Guachichil terrane, 27
mica schist, Cochimf terrane, 22
Michoacén, 41

eastern, 42

earthquake (1985), 5

northeastern, 37, 38, 40, 41, 42

southeastern, 41

western, 42
Michoacéin-Guerrero coast, 5
micrite, Tahué terrane, 54
microfossils, Cuicateco terrane, 23
Middle AmericaTrench, 5, 7
midocean-ridge basalt (MORB), Maya

terrane, 33
migmatite, 11

Mixteco terrane, 34, 37

Perici terrane, 47
miogeoclinal rocks, Ser{ terrane, 52
Mixteco terrane, 11, 13, 23, 34, 67,

68, 72, 73, 85, 86, 90, 91, 95,
96, 98, 99, 102, 103, 104, 105,
108, 109, 112, 113, 116
radiometric data, 36
Mojave Desert, California, 78, 79, 88,
95
northwestern, 77

Mojave region, 93, 105
Mojave-Sonora Megashear (MSM), 2,
16, 28, 43, 46, 49, 50, 54, 63,
69, 71, 76, 78, 85, 95, 102, 103,
104, 105, 119
Molango, Hidalgo, 25
molluscs, Serf terrane, 52
molybdenum, 10
Monos Formation, 50, 51
Monotis, 18
Monterrey, 16, 113
Monterrey Formation. See San
Gregorio Formation
Monterrey-Terre6n transverse system,
3
monzonite, Nahuat! terrane, 40
Moraz4n Formation, 15
MORB. See midocean-ridge basalt
Morelia-Zitdcuaro area, 40, 41
Morelos Formation, 40, 41
Morelos, Guerrero, 40
Morelos-Guerrero platform, 37
morphotectonic provinces, Mexico,
2
Motagua fault, Guatemala, 4, 11, 28,
73
earthquake (1976), 4
Motagua fault zone, 13, 33, 34, 82
Motagua Valley, Guatemala, 33
mudstone
Guachichil terrane, 27
Mayaterrane, 33
Y uma composite terrane, 66
muscovite
Pericti terrane, 47
Tepehuano terrane, 59
muscovite-chlorite quartzite, 11
muscovite schist, Mayaterrane, 31
mylonite, 73
Chatino terrane, 73
Guachichil terrane, 27
Mixteco terrane, 37
Serf terrane, 52
mylonitic foliation, Pericii terrane, 47
mylonitization
Cuicateco terrane, 24
Tahué terrane, 55

Nahuatl! terrane, 11, 37, 47, 71, 72,
88, 89, 93, 100, 105, 106, 109,
112, 113

radiometric data, 39

Nayarit, 3, 7, 41

southern, 41, 42

Nazas Formation, 58, 59, 61, 63, 71

Neogene transpression, 42

neotectonics, 7

Nevada, 88

south-central, 76

southern, 49
New Mexico, 42

southern, 43

Nicaragua Rise, 11, 14, 85, 109

Nicaragua, 11, 14

Nicaraguan Depression, 15

Nicoya Complex, Costa Rica, 15



nonmarine conglomerate, Maya
terrane, 33
normal faulting, Serf terrane, 52
normal faults, 5
Cochimi terrane, 18, 19, 21, 22, 23
Cuicateco terrane, 25
Nahuatl terrane, 42
North Americaterrane, 46
Perici terrane, 47
Norphlet Formation, 105
North Americaplate, 3, 4, 5, 15, 55,
73, 82, 84, 85, 90, 91, 105, 109,
115
North America shelf, 57
North Americaterrane, 52, 69, 78,
108, 114, 117
radiometric data, 44
North American intraplate
deformation, 7
North American shelf, 69
novaculaite, Guachichil terrane, 25
Novillo Formation, 62
Novillo Gneiss, 25, 27, 100
Nuevo Leon, 16, 17, 77
northern, 15
NUVEL-1 plate motion model, 5, 7

o

Oaxaca, Chiapas, 4, 28, 33, 72
eastern, 29
earthquake (1978), 5
northeastern, 28, 31, 32
Oaxaca-Baja Megashear, 81
Oaxaca fault, 25, 73
Oaxacaterrace, 67
Oaxacan Complex, 23, 25, 34, 37, 67,
68, 72, 85, 86, 93
obduction, Mixteco terrane, 34
ocean-floor basalt, Cochimi terrane,
18
oceanic basement, Cuicateco terrane,
23
oceanic crust, 4, 7
Perici terrane, 47
Tahué terrane, 54
oceanic crustal rocks, Chortis terrane,
15
oceanic island arcs, 99
Tepehuano terrane, 62
oceanic lithosphere, 4, 84
Mayaterrane, 28, 33
subduction, 7
oceanic plates, 82, 83
oceanic rocks
Cuicateco terrane, 23, 73
Mixteco terrane, 34
oceanic spreading, 96
O'Gorman Fracture Zone, 7
Ol costephanus, 23
Olinala, 37
olistoliths, Tepehuano terrane, 61
olistrostromes, Cochimf terrane, 18
olivine pyroxenite, Cuicateco terrane,
25

oolitic grainstone, Tepehuano terrane,
61
ophiolite

Index

Cochimf terrane, 17, 18, 19, 21, 22
Cuicateco terrane, 23
Mayaterrane, 28, 33
Mixteco terrane, 34
Tahué terrane, 54, 55
Y uma composite terrane, 64
ophiolitic debris, Maya terrane, 33
ophialitic rocks, Mayaterrane, 33
orogenesis, Chortis terrane, 13
orthogneiss, 10, 11
Cochimi terrane, 18
Cuicateco terrane, 23
Guachichil terrane, 25
Nahuatl terrane, 38
orthogneiss xenolith, North America
terrane, 43
Ouachita orogenic belt, 25, 49, 57, 74,
75, 77, 88, 91
Ouachita orogeny, 15, 76, 91, 92
Ouachita-Marathon orogen, 91
Quachitan collision, 90, 91
Ouachitan orogenesis, 28, 32, 42, 43,
101
Quachitan suture, 1
Ouachitan tectonism, 92

Pachuca, 71
Pacific plate, 3, 4, 5, 7, 55, 84
Pacific-Cocos-North Americatriple
junction, 116, 118
Pacific-Rivera-Cocos triple junction, 7
Pacific-North America plate boundary,
3, 4,22
Pacific-North America-Riveratriple
junction. See Riveratriple
junction
Palacaguina Formation, 13
paleolatitudes, 80
Y uma composite terrane, 66
paleomagnetic data, Baja California,
80
paleomagnetic poles, 80, 81
palmate fern fronds, Tepehuano
terrane, 58
Pangea, 1, 13, 25, 27, 28, 67, 76, 82,
91, 93, 94, 95, 99, 101, 102
breakup, 96
continental crust, 13
rifting, 108
Papalutla fault, 72
Papanoaterrane, 41
paragneiss
Guachichil terrane, 25
Zapoteco terrane, 67
Parral terrane, 58
Parras basin, 16, 114
Patlanoaya Formation, 35
Pedregosa basin, 43, 46, 49, 69, 91,
93
pegmatites
Mayaterrane, 29
North Americaterrane, 42
Seri terrane, 49
pelagic marl, Mayaterrane, 34
pelagic rocks, 33
Mayaterrane, 33
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Mixteco terrane, 37
North Americaterrane, 42, 43
pelites
Guachichil terrane, 27
Nahuatl terrane, 38
pelitic rocks, 11
pelitic schist, 11
pelitic xenoliths, Nahuatl terrane, 38
Pelona-Orocopia schist, 103
PEMEX well, 15,0
Peninsular Ranges, 80
Peninsular Ranges batholith, 63, 65,
66, 80, 106, 107, 110, 112
Peninsular Ranges terrane, 106
peralkalic magma, Nahuatl terrane, 42
Perici terrane, 47, 66, 70, 72, 80, 88,
89, 93, 100, 105, 106, 107, 111,
112
radiometric data, 48
peridotite, Maya terrane, 33
Peru, 77, 99
Pescadero fracture zone, 4
Pescadero transform, 5
Pescadora transform fault, 118
Petatldn, Guerrero, 40, 41, 72, 73
Petén Formation, 13
Petlalcingo Subgroup, 34
Petrero delaMula, 15, 16
petroleum deposits, 10
phengite, Nahuatl terrane, 38
phosphorite, Y uma composite terrane,
66
phyllite, 13
Cuicateco terrane, 23
Mayaterrane, 31
Mixteco terrane, 34
Nahuatl terrane, 38, 40
Perict terrane, 47
Tepehuano terrane, 61
piedmontite, Nahuat! terrane, 38
pillow basalt
Cochimi terrane, 22
Mayaterrane, 33
Tahué terrane, 54
Y uma composite terrane, 64
pillow lavas
Cochimf terrane, 21
Cuicateco terrane, 25
Nahuatl terrane, 41
Tepehuano terrane, 59, 61
Pina Schist, 42, 85
Placer de Guadalupe, 47
plagioclase
Cochimf terrane, 22
Perici terrane, 47
plagiogranite
Guachichil terrane, 25
Mayaterrane, 33
planktonic forams, Y uma composite
terrane, 66
plant remains, Tahué terrane, 54
Plateros Formation, 59
platform carbonate, Nahuat! terrane, 41
plutonic rocks, 13
Guachichil terrane, 27
Mayaterrane, 29, 32
North Americaterrane, 46
Perici terrane, 47
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Tahué terrane, 54
plutonism

Chortis terrane, 15

Cuicateco terrane, 24

Mayaterrane, 32

North Americaterrane, 47
plutons

Coahuiltecano terrane, 17

Guachichil terrane, 27

Nahuatl terrane, 37
Polochic fault, 4, 28, 33
potassium feldspar, Perici terrane,

potassium granitoids, Perict terrane,
47, 48
Potrero delaMula, 77
prehnite, Nahuat! terrane, 37
proto-Caribbean ocean basin, 32
opening, 82
proto-Pacific basin, 93, 100
proto-Tethys Ocean, 86
Puebla, 116
central, 27
Puerto Alcatraz, 22
Puerto Angel, 4, 11

Puerto Angel-Macuspana fault system,

4
Puerto Escondido, Guerrero, 40
pull-apart basin, 7
pumpellyite, Nahuatl terrane, 37, 38
pyroclastic rocks

Nahuatl terrane, 38, 40, 41

Tahué terrane, 54

Y uma composite terrane, 63
pyroxenite

Cuicateco terrane, 25

Tahué terrane, 54

Tepehuano terrane, 61

Y uma composite terrane, 64

quartz diorites, Tepehuano terrane,

quartz mica schist, Mayaterrane, 28
quartz porphyry, 59
North Americaterrane, 46
Tepehuano terrane, 58
quartz
Perici terrane, 47
Serf terrane, 49
Tahué terrane, 54
quartzite, 13
Cochimf terrane, 18
Cuicateco terrane, 23
Guachichil terrane, 25
Mayaterrane, 28, 31
Mixteco terrane, 34
Nahuatl terrane, 38, 40
North Americaterrane, 46
Serf terrane, 49
Tahué terrane, 54
Tepehuano terrane, 61
Y uma composite terrane, 65
quartzofeldspathic gneiss, 13
quartzofel dspathic orthogneiss,
Zapoteco terrane, 67
quartzose, Serf terrane, 52

Index

quartzose sandstone, Cochimf terrane,
18

Querétaro, west-central, 62

Querétaro-Hidalgc border, 28

Quesnel terrane, 112

Quintana Roo, 28

Quitovac, Sonora, 79

radiolarians
Cochimf terrane, 18
Tepehuano terrane, 59, 61
Y uma composite terrane, 63
Rancho El Carrizalillo, 42
Rancho San José, 64
rare earth elements (REE), Y uma
composite terrane, 65
red beds
Chortisterrane, 14, 15
Cuicateco terrane, 25
Guachichil terrane, 27
Mixteco terrane, 37
North America, 47
Serf terrane, 52
Zapoteco terrane, 68
reef [imestone, Y uma composite
terrane, 63
reefstone, Tepehuano terrane, 61
remote sensing, 5
reptilian fossils, Mixteco terrane,
37
reverse faults, Mixteco terrane, 37
rhyolite
Guachichil terrane, 27
Nahuatl terrane, 41
North Americaterrane, 43, 46
Y uma composite terrane, 65
rhyalitic flows, Y uma composite
terrane, 63
rhyolitic ignimbrites, North America
terrane, 46
rhyolitic lavas
Guachichil terrane, 27
Serf terrane, 52
rhyalitic tuffs, Tahué terrane, 55
rifting, 2
Rio Grande, 17
Riveraplate, 4, 7, 41, 116
Riveratriple junction, 7
Rivera-Cocos-North Americatriple
junction, 7

Rivera-North America plate boundary,

7

Roberts Mountain allochthon, Nevada,

78, 88, 93, 95
Roca Verde Taxco Vigo, 38
Rodeo Formation, 58, 59, 71
rudists, 81
Y uma composite terrane, 66

Sabine terrane, 15

Salada Formation, 66

Salina Cruz fault, | sthmus of
Tehuantepec, 33, 98

Salinia block, 112

sat, 10
Mayaterrane, 32
San Andreas fault system, 5, 82, 118
San Andrés Tuxtla, Veracruz, 8, 32,
116
San Bernardino, California, 88
San Bernardino Mountains, California,
49
San Diego, 66
San Diego Phyllite, 13, 14
San Gregorio Formation, 66
San José del Cabo trough, 48
San Luis Potosti, 8, 27, 28, 114
northern, 58
western, 59
San Marcos fault, 15, 17, 103
San Miguel intrusive suite, 37
San Miguel-Vallecitos fault, 5
San Ricardo Formation, 32, 34
San Tiburcio lineament, 71, 79
sandstone, 72
Cochimf terrane, 18, 22
Cuicateco terrane, 25
Guachichil terrane, 25
Mayaterrane, 29, 32, 33
Mixteco terrane, 35, 37
Nahuatl terrane, 40, 41
North Americaterrane, 42, 46
Pericii terrane, 47
Tahué terrane, 54
Tepehuano terrane, 59, 62
Y uma composite terrane, 63, 66
Zapoteco terrane, 67, 68
Santa Anaterrane, 63
Santa Mariadel Oro, 59
Santa Rosa Group, 13, 28, 29, 31
Santiago Formation, 62, 67, 105
Santiago Peak-Alisitos volcanic rocks,
65
Santiago Peak Formation, 63, 64, 65,
105
Scandinavia, 86
schist, 13, 71
Coahuiltecano terrane, 15, 17
Guachichil terrane, 25, 27
Mayaterrane, 28, 31
Mixteco terrane, 34
Nahuatl terrane, 38, 41
Pericii terrane, 47
Serf terrane, 49
Tepehuano terrane, 59, 61
SCORBA. See Southern Cordilleran
Basaltic Andesites
sediment distribution, 4
sedimentary rocks, 10, 71
Chortisterrane, 13, 14
Cochimf terrane, 19
Guachichil terrane, 25
Mayarterrane, 28, 34
Nahuatl terrane, 40, 41, 42
North Americaterrane, 43
Tahué terrane, 55
Tarahumaraterrane, 57
Y uma composite terrane, 64
sedimentation, 71
Y uma composite terrane, 66
seismicity, 4, 5. See also earthquakes
Sepur Group, 110



Serf terrane, 37, 47, 48, 49, 65, 66,
70, 78, 85, 94, 95, 102, 103,
104, 105, 106, 107, 108, 111,
112, 114, 117
radiometric data, 53
serpentinite
Cochimi terrane, 18, 19, 22, 23
Cuicateco terrane, 23, 25
Mayaterrane, 31
Mixteco terrane, 37
Nahuat] terrane, 40
Tahué terrane, 54
Tepehuano terrane, 58
Y uma composite terrane, 64
serpentinite-matrix mélange
Cochimi terrane, 22, 23
Mayaterrane, 33
serpentinization
Cochimi terrane, 21
Mixteco terrane, 37
Sevier deformation, North America
terrane, 46
shale, 72
Coahuiltecano terrane, 16
Guachichil terrane, 25, 27
Mayaterrane, 29, 32
Mixteco terrane, 37
Nahuatl terrane, 40, 41
North Americaterrane, 42, 43, 46
Perici terrane, 47
Serf terrane, 49, 51
Tahué terrane, 54
Tepehuano terrane, 59, 61, 62
Y uma composite terrane, 63
Zapoteco terrane, 67
Shastasaurus, 51
shelfal rocks, Serf terrane, 49, 50
shocked quartz
Coahuiltecano terrane, 16
Mayaterrane, 33

shortening, 8, 119
Cuicateco terrane, 24, 25
Mayarterrane, 28, 33
Mixteco terrane, 35
Nahuatl terrane, 41, 42
North Americaterrane, 47
Serf terrane, 50, 52

Sierrade Chiapas. See Chiapas
Massif

Sierrade Mojada, Chihuahua, 16

Sierrade Omoa, 33

Sierrade Perij4, Venezuela, 99

Sierrade Santa Rosa, 52

Sierradel Cuervo, 42, 43

Sierra El Mayor, 52

Sierra Juarez, Oaxaca, 31

SierralLopez, 52

SierraMadre del Sur province, 4, 8

SierraMadre Oriental, 3, 8, 113

Sierra Madre Oriental fold and thurst
belt, 28

Sierra Madre terrane, 58

Sierra Mazatén, 52

SierraNevada, 112

Sierra Nevada de Santa Maria,
Colombia, 77, 99

Sierra Placers mélange, 18

Sierran foothills, 103

Index

Sierras Transversales. See Monterrey-
Terre6n transverse system
Sierrasy Cuencas. See Basin and Range
province, Mexico
Sierrasy Valles. See Basin and Range
province, Mexico
siliceous flows, Tahué terrane, 54, 55
siliceous volcanic rocks, 8
silicic dikes, Tahué terrane, 55
silicic orthogneiss, Cuicateco terrane,
23
siliciclastic rocks
Guachichil terrane, 27
Nahuatl terrane, 72
siliclastic rocks, North America
terrane, 42, 43
siliclastic strata, Nahuatl terrane, 41
siliclastic turbidites, Cochimi terrane,
18
sillimanite
Mayaterrane, 28
Perici terrane, 47
sills
Coahuiltecano terrane, 17
Guachichil terrane, 27
siltstone
Mixteco terrane, 35
Nahuatl terrane, 40
Ser{ terrane, 50
Y uma composite terrane, 66
Zapoteco terrane, 67
silver, 10
Sinaloa, 3, 8, 54, 55, 111, 113, 118
central, 54
northern, 54
southern, 55
western, 5, 117
skarn, Perici terrane, 47
date, 13
Nahuatl terrane, 38
Perici terrane, 47
Tepehuano terrane, 61
Smackover Formation, 62, 105
Smartville ophiolite, 103
Sombrete terrane, 58
Sonoma orogeny, 89
Sonomia allochthon, 93
Sonora Megashear, 98
Sonora, 3, 8, 37, 43, 46, 50, 66, 81,
1, 95, 105, 111, 113, 117, 118
central, 5, 36, 49, 52, 75, 76, 78,
93
coastal, 54
east-central, 52
eastern, 79
north-central, 47
northeastern, 42, 43
northern, 36, 42, 43, 46, 47, 54,
79, 85, 87, 99, 103, 104, 114
northwestern, 49, 79, 85
western, 5, 49, 52
Southern Cordilleran Basaltic
Andesites (SCORBA), 115, 116
sphene
Cochimf terrane, 22
Perici terrane, 47
spreading rates, 7
staurolite, Maya terrane, 28
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Stikine terrane, 112
stilpnomelane, Nahuatl terrane, 38
stocks
Guachichil terrane, 27
Perici terrane, 47
stratovol canoes, 4
Chortis Formation, 15
Y uma composite terrane, 66
stress, Tahué terrane, 55
stretching, 2
strike-dlip faulting, 78
strike-dlip faults, 4, 5, 8
Cochimf terrane, 19
Mayaterrane, 33
subduction, Mixteco terrane, 34
Subinal Formation, 34
sulfides, Nahuatl terrane, 40
sulfur, 10
Superterrane |, defined, 112
Superterrane |1, defined, 112

T
Tabasco, 4, 28, 32, 119
northern, 8
western, 33

Tahahumaraterrane, 105
Tahué terrane, 10, 47, 48, 49, 54, 64,
70,71,72,89, 93, 103, 105,
106, 109, 112, 114
radiometric data, 56
Tamaulipas, 8, 16, 17, 25, 32, 34, 76,
77,116, 119
northern, 17
southern, 25, 27, 28
Tamaulipas arch, southern, 32
Tamaulipas-Golden Lane fault, 97
Tamaulipas platform, 16, 105
Tamaulipas terrane, 113
Tamayo Fracture Zone, 4, 7
Tamayo transform, 5
Tamayo transform fault, 7
Tampico, Veracruz, 32
Tarahumaraterrane, 55, 68, 69, 78, 91
Tarahumara-Ouachitan orogenic belt,
91
Taray Formation, 58, 59, 96
Taxco, 38
Taxco Schist, 37, 38, 40
Taxco Vigo Greenstone, 37, 38, 40
Tecomate Formation, 34, 35, 72
tectonic evolution, 74
tectonic history, 118
tectonic structures, Cochimf terrane,
19
tectonism, 7
North Americaterrane, 43
Tehuacén, Puebla, 24
Tehuantepec Ridge, 5
Tejupilco, Mexico state, 38
tektite, Coahuiltecano terrane, 16
Teloloap4n-Ixtapan subterrane, Guerro
terrane, 40
Tepehuano terrane, 16, 17, 27, 58, 71,
72,79, 85, 99, 101, 102, 103,
105, 109, 113, 114, 115
radiometric data, 60
Tepexic Formation, 27
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Tepic-Chapala graben. See Zacoalco
graben
terrane
boundaries, 68
defined, 8
naming, 10
Tethyan bivalves, Serf terrane, 52
Tethyan fossils
Mixteco terrane, 37
Tepehuano terrane, 62
Tethyan waters, 105
Texas
central, 42, 77, 85
southern, 17
western, 25, 46, 57
Tezuitldn, Puebla, 27
tholeiites, Tepehuano terrane, 62
thrust faulting, Mayaterrane, 33
thrust faults
Cochimi terrane, 19, 22
Nahuatl terrane, 40
Serf terrane, 52
thrust sheets, Tahué terrane, 54
thrusting
Chatino terrane, 73
Guachichil terrane, 27
Mayaterrane, 34
North Americaterrane, 47
Tierra Caliente Complex (TCC), 37,
89, 109
Tierra Colorada pluton, 37, 73
Tifiu Formation, 67
TMVB. See Trans-Mexican Volcanic
Belt
Todos Santos, 47
Todos Santos Formation, 14, 32, 34
Toliman terrane, 62
tonalite
Cochimi terrane, 18
Perici terrane, 47
Tahué terrane, 55
Tepehuano terrane, 62
Torreén Coahuila, 63
Tosco-Abregjos fault zone, 22, 118
Totoltepec stock, 35, 37
tourmaline, Perici terrane, 47
trace fossils, Y uma composite terrane,
63
Trans-Mexican Volcanic Belt (TMVB),
2,3,4,5,7,10, 38,71, 81, 105
112, 114, 116
Trans-Pecos Texas, 114, 115, 116
translation, Baja California, 80
Transverse Ranges, 80
Tres Marias escarpment, 7
trilobite fossils, Guachichil terrane, 27
trilobite taxa, Zapoteco terrane, 67
trilobites, 86
tsunami, Coahuiltecano terrane, 16
tuff
Chortisterrane, 15
Cuicateco terrane, 23, 24, 25
Guachichil terrane, 27
Nahuat! terrane, 38, 41
North Americaterrane, 43, 46
Serf terrane, 52
Tahué terrane, 54
Tepehuano terrane, 59, 61, 62

Index

Y uma composite terrane, 63, 66
tuffaceous sandstone, Mayaterrane, 29
Tumbiscatio terrane, 41
turbidites

Cochimf terrane, 21, 23

Serf terrane, 49
Tuxpén platform, 32
Tuxpén, Veracruz, 71
two-mica granite, Nahuatl terrane, 38

U

ultramafic rocks, 33
Cochimf terrane, 18, 19
Mayaterrane, 32
Nahuatl terrane, 41
ultramylonite, 73
Guachichil terrane, 27
Upper Mesozoic Assemblage (UMA),
40, 109

\Y

Vadecafias Formation, 59
Valle Formation, 18, 21, 22, 66, 70
Valle San Marcos, 77
vegetation, tropical, 2
vein systems, Cochimi terrane, 21
Venezuela
northwestern, 77
western, 99
Veracruz, 28, 32, 77, 95, 98, 105,
113, 116
coast, 34
northern, 8, 32, 34, 119
northwestern, 25
southeastern, 32
southern, 7, 119
western, 27
vertebrate fossils, Tepehuano terrane,
62
vertebrates, marine, 18
Vista Hermosa fault, 73
Vizcafno desert, 64
Vizcafno Norte subterrane, 18, 23, 103
Vizcafno Peninsula, 18, 22, 51 66, 70
Vizcafno Sur subterrane, 18, 23, 103
Vizcafno Sur terrane, 22
Vizcafno terrane, 18
volcanic arc
North Americaterrane, 42, 43
Tepehuano terrane, 59
Y uma composite terrane, 63
volcanic centers, 7
volcanic rocks, 2, 4, 7, 8, 10, 72
Chortisterrane, 13, 14, 15
Coahuiltecano terrane, 15
Cochimf terrane, 18, 19
Guachichil terrane, 25, 27
Mayarterrane, 28, 29, 32, 33, 34
Mixteco terrane, 34
Nahuatl terrane, 37, 40, 41, 42, 72
North Americaterrane, 43, 46
Seri terrane, 52, 70
Tahué terrane, 54, 55
Tarahumara terrane, 57
Tepehuano terrane, 58, 59
Y uma composite terrane, 63, 64

Zapoteco terrane, 68
volcanic vents, 15
volcaniclastic detritus, Chortis terrane,
13
volcaniclastic rocks, 14
Cochimf terrane, 22
Cuicateco terrane, 24
Guachichil terrane, 27
Mixteco terrane, 37
Nahuatl terrane, 40, 41
North Americaterrane, 43, 46
Serf terrane, 52
Tahué terrane, 54, 55
Tepehuano terrane, 58
Y uma composite terrane, 63, 64, 66
volcaniclastic sedimentary rocks, 33
Cochimf terrane, 21
volcaniclastic wackes, Mayaterrane,
33
volcanism, 7, 8, 71
Chortisterrane, 13
Guachichil terrane, 25
Mayaterrane, 33
Trans-Mexican Volcanic Belt
(TMVB), 71
Y uma composite terrane, 66
volcanoes, 7
volcanogenic rocks
Cochimf terrane, 18
Nahuatl terrane, 41
Serf terrane, 49
Zapoteco terrane, 68

W

Wadati-Benioff zone, 5, 7

wall rocks, Cochimf terrane, 19
Washington, 50

wehrlite, Tepehuano terrane, 61
wells, Mayaterrane, 28, 29, 31, 32
Western Baja subterrane, 18, 22
Wrangelliaterrane, 112

X

xenoliths

Cuicateco terrane, 25

Nahuatl terrane, 38

North Americaterrane, 43, 46

Tepehuano terrane, 58

Y uma composite terrane, 66
Xolapa Complex, 11, 109
Xolapa Complex footwall, 73
Xolapaterrane, 11

Y

Y ucatan basin, 28, 74
Y ucatan block, 71, 97
Y ucatan Peninsula, 28, 31, 87, 105
northwestern, 33
tsunami, 16
Y ucatan platform, 28, 31, 32, 34, 76,
84, 96, 97, 105
Y ucatan terrane, 28
Y uma-Cochimf fault boundary, 66
Y uma composite terrane, 63
Yuma-Santa Ana, 10



Y uma subterrane, 65, 70, 102, 107
Y umaterrane, 48, 49, 54, 70, 80, 99,
100, 102, 105, 106, 107, 110,
111, 114
radiometric data, 64

z

Zacatecas, 8, 62, 103, 114
central, 59
northern, 58, 59, 79
southeastern, 59

Index

Zacatecas Formation, 59, 61, 62, 71
Zacoalco graben, 7, 41, 42, 116
Zapoteco continental massif, 23
Zapoteco terrane, 11, 23, 25, 34, 35,
37,67,72,73, 85, 86, 90, 91,
93, 95, 96, 98, 99, 102, 103,
104, 105, 108, 109, 113, 116
radiometric data, 68
Zapoteco-Mixteco block, 93
Zapoteco-Mixteco composite terrane,
106
zenoliths, 42
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Zihuatanejo, Guerrero, 40, 72, 73
Zihuatanejo subterrane, Guerrero
terrane, 41
zinc, 10
zircon, 11
Mayaterrane, 28
Nahuatl terrane, 41
North Americaterrane, 43, 46
Pericii terrane, 47
zoisite, Pericii terrane, 47
Zuloaga Formation, 27, 62, 105
Zuloaga Group. See Zuloaga Formation
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