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ABSTRACT

Three groups (Miocene, Pliocene, and Pleis-
tocene) of oceanic-type basalts associated with
normal faulting have been identified in an area
surrounding the city of Guadalajara, Mexico.
Although most basalts within these groups
have compositional characteristics of an as-
thenospheric source, each group is also asso-
ciated with lavas that have subduction-related
traits. The first group, the San Cristobal pla-
teau basalts, has a minimum volume of 1,800
km® of predominantly alkali olivine basalt and
lesser basaltic andesite and fills a pre-existing
extensional basin of unknown configuration
~10 m.y. ago. The relatively rapid eruption of
these basalts along with their volume, struc-
tural association, and chemistry suggest an up-
welling mantle plume beneath the Guadalajara
region. This region may be the earliest indica-
tion of the separation of the Jalisco block from
North America.

The second basalt group, the Guadalajara
basalts, consists of small volumes of porphy-
ritic basalts and basaltic andesites, 3.3-5.0 Ma
in age, that outcrop near the northern outskirts
of Guadalajara and near the town of Hostotip-
aquillo to the northwest, The youngest basalts
in the Guadalajara area are the 0.4-1.4 Ma
Santa Rosa suite of basalts-hawaiites-mugear-
ites close to the contemporary (>0.2 Ma)
andesitic central volcano, V. Tequila; these ei-
ther flowed from nearby cinder cones toward
the Rio Santiago canyon or erupted in the can-
yon to dam the river.

*Present address: Department of Earth, Atmo-
spheric and Planetary Sciences, M.I.T., Cam-
bridge, Massachusetts 02139.

The flat-lying Tertiary (23-27 Ma) ash flows
of the Sierra Madre volcanic province that lie
to the north of Guadalajara are faulted (north-
northeast) into horsts and grabens that in one
case can be dated as being older than 21.8 Ma.
This fault trend has been reactivated closer to
Guadalajara, as normal fauits (200- to 300-m
displacement) cut the Miocene plateau basalts
but are hidden by a cover of younger volcanic
rocks close to the city. Also hidden by the
young volcanic succession there is the north-
west-southeast fault zone that extends to the
Gulf of California as the Tepic-Zacoalco gra-
ben system. Faulting of this zone is well dis-
played in the region of the Santa Rosa dam in
the Santiago canyon, northwest of Guadala-
jara. Two styles of faulting are found there: an
older (>1 Ma, <5.5 Ma) episode of normal
faulting, with blocks downthrown to the south-
west, and a currently active (Nieto-Obregon
and others, 1985) dextral strike-slip style. The
trend of this faulting suggests, along with
northwest-southeast lines of cinder cones in the
area, that the direction of least principal stress,
03, has been approximately north-northeast
for at least 4 m.y., characteristic of the Mexi-
can Basin and Range province.

INTRODUCTION

This paper is concerned with a region near
Guadalajara, Mexico, where the Sierra Madre
Occidental (SMO) volcanic province abuts
sharply against the Mexican Volcanic Belt
(MVB) (Fig. 1). At this junction, there are
prominent changes in topography, in struc-
tural features, and in the age and type of vol-
canism. Because of the occurrence of these
unique tectonic and volcanic boundaries in
the Guadalajara region, a chronicle of the age

Data Repository item 9406 contains additional material related to this article.

Geological Society of America Bulletin, v. 106, p. 383-394, 8 figs., 5 tables, March 1994.

383

and trend of faulting, along with a description of
the volcanism, provide an opportunity to not
only assess tectonic models for western Mex-
ico, but to also investigate the connection be-
tween extension and volcanism in this region.

Although Guadalajara is 250 km from the
coast, and perhaps 400 km from the conti-
nental margin as it existed before 5.5 Ma, it is
well within the region of Mexico affected by
Basin and Range extensional faulting over the
last 30 m.y. (Fig. 1) (Henry and Aranda-Go-
mez, 1992; Stock and Hodges, 1989). This
area encompasses the intersection of older
flat-lying Tertiary ash flows and extensional
structures of the Basin and Range with
younger extensional features of the active
volcanic belt; it is also the tectonic boundary
of the Jalisco block with the North American
plate (Allan and others, 1991).

The rocks exposed in the area include ash
flows, lava flows, extrusive domes, and vol-
caniclastic deposits that range from 27 million
years old (Ma) to Holocene in age. The vol-
canic succession in the region was first de-
scribed and dated by Watkins and others
(1971) and Gilbert and others (1985). Associ-
ated with the predominantly silicic, and
young, volcanism in the Guadalajara region
(Mahood, 1980, 1985) are three groups of ba-
salts: the Miocene San Cristobal group,
found just north of Guadalajara; the Pliocene
Guadalajara basalts that outcrop in and
around the city; and the Pleistocene Santa
Rosa Basalts that are found to the northwest
of Guadalajara. All of these groups contain
two contemporaneous magma types distin-
guished by contrasting major and trace ele-
ment compositions—one characteristic of a
subduction-related magma source, and the
other of an asthenospheric source.



Figure 1. Index map of
western Mexico showing
late Miocene to Quater-
nary volcanic rocks of the
Mexican volcanic belt
(dotted pattern; MVB)
from Nixon and others,
1987. Basin and Range
province (stipple) from
Henry (1989) and present-
day plate boundaries.
SMO is Sierra Madre Oc-
cidental physiographic
province. Area of Figure 2
is outlined.

Pacific Plate

MOORE AND OTHERS

100°W
T

110°W

30°N

20°N

Cocos Plate

Cenozoic Tectonic History
of Western Mexico

Isolated from the Basin and Range north-
northwest normal faulting that has affected so
much of northern Mexico is the 800-km-long
Sierra Madre Occidental (SMO), which has
an area of 296,000 km? (Swanson and Mc-
Dowell, 1984) and is composed of silicic ash
flows and rhyolitic lava (on average the as-
semblage is 1 km thick; Swanson and Mc-
Dowell, 1984). This physiographic province
should not be confused with the SMO vol-
canic province, which covers a much larger
area, extending into the southwest United
States and eastern Mexico, and is defined by
the occurrence of silicic volcanism of similar
age to that found in the SMO physiographic
province (26-32 Ma; McDowell and Cla-
baugh, 1979). The unfaulted SMO physio-
graphic province is surrounded to the east
(Aguirre-Diaz and McDowell, 1991) and west
by Basin and Range extensional faulting that
started about 30 Ma, with major episodes at
2324 Ma and 12-13 Ma; on the mainland
coast of the Gulf of California, faulting has
continued to 2 Ma, where it is overlain by
young unfaulted alkali olivine-basalts (Hen-
ry, 1989).

The regional extension that has affected
northern Mexico has had a particularly strik-
ing result: the Gulf of California. Miocene
marine sediments close to the axis of the
present Gulf require that the opening existed
before 13 Ma. Lyle and Ness (1991) proposed
that there was a slow continental rift phase of
opening from about 14 Ma, with oceanic crust
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forming by about 8.3 Ma. In the later stages
of the opening of the Gulf, spreading began at
what is now a fossil spreading center, then
jumped northwest to the present Rivera Rise
at 4 Ma (Mammerickx, 1980; Mammerickx
and Klitgord, 1982). If movement along
transform faults in the Gulf since 5.5 Ma
(~300 km) is corrected for, then a ““pro-
togulf” existed with a southern opening of
perhaps 250 km (Stock and Hodges, 1989).
This opening was between the western mar-
gin of the Sierra Madre Occidental mountain

range (~3,000 m in elevation) and a fault-con- -

trolled escarpment that runs the length of
eastern Baja California (Fig. 1) (Stock and
Hodges, 1989); this area is called the Guif
Extensional Province. The Gulf Extensional
Province is itself part of the vast area (19 x
10° km?) of the Basin and Range tectonic re-
gime that extends southward from the United
States (California, Arizona, New Mexico,
and Texas) into northern Mexico (Henry and
Aranda-Gomez, 1992) to intersect the ap-
proximately west-northwest—east-southeast
Mexican Volcanic Belt (MVB) in the middle
of Mexico (Fig. 1).

In the central part of the MVB, the domi-
nant fault trend is east-west (Suter and oth-
ers, 1992), and many of these faults are active
today. In the segment of the MVB that ex-
tends from Guadalajara to the Pacific coast,
however, the faults have a more northwest-
erly trend (Fig. 2) and are also believed to be
active (Luhr and others, 1985; Johnson and
Harrison, 1990). Just south of Guadalajara is
a graben triple junction, where the Tepic-Za-
coalco graben, in which the northwest arm of

the MVB occurs; the Colima graben; and the
Chapala graben all intersect (Fig. 2) (Allan,
1986).

Models for extension in this part of west-
ern Mexico include stretching induced by the
rise of an asthenospheric plume (White and
Mackenzie, 1989) beneath Guadalajara, and/
or beneath the graben triple junction that lies
~50 km southwest (Fig. 2) of the city. Alter-
natively, the tectonics and volcanism near
Guadalajara are a response to plate reorgani-
zation offshore in the eastern Pacific, perhaps
accompanying an upwelling plume. Analyz-
ing Pacific-North American plate motion,
Lyle and Ness (1991) suggested that a right-
lateral shear extends from the ‘‘proto-gulf*
into the mainland of Mexico from about 14
Ma, presumably generating an extensional
basin at the site that the crust ruptured. Stock
and Hodges (1989) have calculated that about
110 = 80 km extension adjacent to the Guif
must have been generated in the last 12-10
Ma to counterbalance the strike-slip motion
partitioned on the Tosco-Abreojos fault zone
along the western margin of the continent.
One place that this extension could be man-
ifested is in the region near Guadalajara, for
the nearby graben triple junction is the apex
of the tectonic boundaries of the Jalisco block
of western Mexico (Luhr and others, 1985;
Allan and others, 1991).

DESCRIPTION OF VOLCANISM
(27 Ma-0.5 Ma): GEOLOGY AND
PETROLOGY

Early Miocene Silicic Ash Flows and
Basaltic Andesites

Ash Flows. Approximately 60 km north of
Guadalajara is the intersection of the SMO
volcanic province with the MVB (Fig. 1). The
silicic ash flows and volcanic deposits of the
SMO volcanic province in this area are hor-
izontal, or have very gentle dips, and form
large flat-topped mesas that dominate the to-
pography. A prominent hill, El Tambor, just
north of Garcia de la Cadena (Fig. 3), displays
three ash and pumice flows and interbedded
volcaniclastic horizons, with a total thickness
of >160 m. All the eruptives here have scat-
tered phenocrysts of quartz, plagioclase,
sanidine, and occasional biotite, together
with basaltic lithics enclosed in a matrix of
abundant glassy fragments or their devitrifi-
cation products; some glasses are replaced
by yellow palagonite. Sanidine crystals were
separated and dated by “°Ar/*°Ar techniques.
The uppermost deposit is an ash flow (IL-
89-12) that was dated at 22.92 + 0.05 Ma
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Figure 2. The northwest volcanic belt of Mexico showing the central volcanoes: 1, V. San Juan; 2, V. Sanganguey; 3, V. Tepetiltic; 4, V.
Ceboruco; 5, V. Tequila; 6, silicic domes of Sierra la Primavera; 7, V. Colima. The Michoacan-Guanajuato Volcanic Field (MGVF; Hasenaka
and Carmichael, 1985) is outlined and the locations of two historic eruptions (Paricutin and Jorullo) are shown. Graben structures are represented
by dashed lines with ticks indicating the downthrow direction. The offshore features are taken from Bourgois and others (1988a, 1988b) and
DeMets and Stein (1990). The area represented in Figure 3 is outlined. GDL is Guadalajara; MZ is Manzanillo.

(Table 1) and is underlain by a pumice flow
(I1.-89-10) dated at 22.92 Ma and by yet an-
other slightly older ash flow (IL-89-14; 23.80
Ma). North of El Tambor, along the road to
Teul (Fig. 3), ash flows crop out intermit-
tently but are difficult to correlate one with
another as faulting only becomes evident if
thin basaltic lavas are found in the succes-
sion. A partially welded ash flow from this
area (IL-89-1, Fig. 3) was dated at 22.99 Ma,
and just south of Teul, in a large quarry de-
veloped to make roads, is an altered rhyolitic
lava (IL-89-5) dated at 27.11 Ma. This assem-
blage of ash flows and rhyolites is also found
far to the north, east, and west of Teul (Fig. 3)
but is of unknown, and yet substantial,
volume.
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Teul Basaltic Andesite. Approximately 10
km north from the town of Teul de Gonzalez
Ortega is a basaltic andesite shield volcano
known as Cerro San Vicente (Fig. 3). This
volcano is found ~1,000 m in elevation above
the base of the Santiago canyon. It is also the
youngest (21.8 Ma + 1.0; A-60, Table 1) of
the eruptions in this region of the Sierra
Madre Occidental and is banked up against
an escarpment of an older north-northeast—
south-southwest normal fault system (Fig. 3).
The uppermost lava of this shield volcano is
thin (4-6 m) and forms a prominent capping
on mesas of older silicic ash flows. This unit
can be very fresh, despite a thick lateritic soil
horizon, and appears to have erupted locally
onto an older basaltic andesite unit of un-

known thickness. Samples of the top flow are
fine-grained with intersertal texture and re-
sidual glass surrounding tiny grains of Fe-Ti
oxides. Phenocrysts of plagioclase (Ansg) and
olivine (Fos;) are common, with the olivine
often being completely altered in those lavas
capping mesas not associated with the shield
volcano (that is, at the thinnest outcrop). This
top flow (A-60, Table 2) is of peculiar com-
position, namely rich in TiO, and P,Os, and
for its soda content, unusually rich in K,O.
The older basaltic-andesite unit associated
with Cerro San Vicente (18-126, 21-131, Ta-
ble 2) has a more typical composition, with a
lower concentration of these three oxides,
and is more altered than the younger flow. All
of the lavas of Cerro San Vicente have similar
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trace element characteristics and similar ages
(20-29 Ma} as the Southern Cordilleran Ba-
saltic Andesites (SCORBA) that have been
found near Chihuahua city, 500 km to the
north (Cameron and others, 1989).

Miocene San Cristobal Basalts (10 Ma).
This basaltic sequence, which is at least 600
m thick, is named after a small village at the
junction of the Juchipila and Santiago Rivers
(Fig. 3). The San Cristobal group of plateau
basalts is composed of thin (<20 m) flat-lying
flows, with gentle dips (~5°~10°) to the south-
southeast. Well-developed columnar jointing
occurs in a few flows, and occasionally red
dust horizons (20-25 cm) occur between
them. The group is well exposed in the can-
yons of the Santiago and Juchipila rivers, but
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the latter canyon is far too precipitous and
deep to be easily accessible; the lower con-
tact has not been found anywhere. Two ba-
saltic dikes, trending north-south and feeding
lava flows, have been found in well-exposed
sections. The lowermost lavas are coarse-
grained porphyritic olivine basalts with phe-
nocrysts of olivine that range in composition
(Fog,_7g), rare plagioclase, and subophitic ti-
tanaugite partially enclosing plagioclase in
the groundmass. At higher levels in the can-
yon walls, more-evolved lavas (basaltic an-
desites with abundant plagioclase and less al-
tered olivine) are prevalent; analyses of these
lavas are given in Table 3. The more-silica-
poor members are typical alkali basalts, high
in MgO (as much as 9.6%) (Fig. 4), Ni and

Sierra Madre Ashflows
22-27 Ma; silicic ashflows, tuffs

Figure 3. The area north of Gua-
dalajara with locations of dated sam-
ples (Table 1). Dark shading repre-
sents the outcrop of the San
Cristobal Basalts, and light shading
is the SMO Tertiary ash flows.
Faults are represented with hash
marks on downthrown side, Heavy
dashed line represents estimated
area of extent of San Cristobal Ba-
salts. G is Guadalajara; Teul is Teul
de Gonzalez Ortega; S.L.P. is Sierra
La Primavera. Single numbers refer
to positions of stratigraphic columns
in Figure 4.

Cr, and with low concentrations of alkaline
earths (Ba, Sr). Extensive low-grade meta-
morphism has occurred, with pervasive chlo-
rite, iddingsite, zeolites, chalcedony, and
carbonate. The abundance of secondary min-
erals is greatest in the vesicular parts of the
flows and generally increases downward in
the volcanic pile, with the secondary assem-
blage being consistent with a maximum over-
burden of 1,000 m (Walker, 1960).

Two distinctive stratigraphic markers oc-
cur in this sequence of basalts. Both are si-
licic ash flows, and they are serendipitously
found at the top and near the bottom of the
exposed section, giving good structural con-
trol. The uppermost ash flow is known as the
Los Caballos Tuff (LCT) and consists of a

Geological Society of America Bulletin, March 1994
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TABLE 1. SUMMARY OF K-Ar AND “Ar°Ar DATES

Sample no. Locality Rock type Age Reference
(m.y.)
TQ-308 Near Hostotipaquillo Megacryst basalt 3.19 = 0.26 1
Mas-530 Near Hostotipaquitlo Megacryst basalt 326 £ 0.18 1
Mas-704 Cinder cone in Colima Graben Basaltic andesite 329 £ 0.12 1
Mas-521 North of Rio Santiago, La Coronilla Megacryst basalt 3.69 = 0.13 1
JNO-CM4 Near Hostotipaquillo Mugearite 3.77 £ 0.10 2
Mas-504 South of Rio Santiago, La Coronilla Basaltic andesite 4.40 = 0.38 3
GD-6 North of Rio Santiago, La Coronilla Megacryst basalt 4.60 = 0.13 1
995-7B San Isidro, north of Guadalajara San Gaspar ignimbrite 48+ 0.1 3
Mas-512 South of Rio Santiago, La Coronilla Basaltic andesite 4.92 = 0.15 1
55-30 Mesa Colorado, north of Guadalajara Rhyolite 5.19 = 0.16 3
995-3 San Isidro, north of Guadalajara Rhyolite 5.47 £ 0.17 3
A-28 San Cristobal, north of Guadalajara Olivine basalt 9.61 + 0.28 1
IL-89-8 San Cristobal, north of Guadalajara Welded pumice 10.17 * 0.04* 1
61-180 San Cristobal, north of Guadalajara Olivine basalt 10.23 + 0.34 1
A-30 San Cristobal, north of Guadalajara Qlivine basalt 10.25 = 0.82 1
A81 Garcia de la Cadena Olivine basaltic andesite 10.99 + 0.23 1
Mas-712 Santa Rosa dam Fault gouge in dacite 152x25 1
Mas-714 Santa Rosa dam Fault gouge in dacite 14.50 £ 0.41 1
A0 Cerro San Vicente, Teul Basaltic andesite 21.81 + 1.4 1
1L.-89-12 El Tambor, north of Garcia de la Cadena Ash flow 22.92 + 0.05* 1
IL-89-10 El Tambor, north of Garcia de la Cadena Pumice flow 22.92 + 0.05* 1
1L-89-14 El Tambor, north of Garcia de la Cadena Ash flow 23.80 + 0.05* 1
JL-89-1 North of El Tambor, Garcia Ash flow 22.99 + 0.05* 1
11.-89-5 South of Teul de Gonzalez Ortega Rhyolite 27.11 = 0.05* 1

*%Ar9Ar on sanidine separate.

References: 1, this pzper; 2, Nieto and others (1985); 3, Gilbert and others (1985).

Note: for K-Ar and

'At/PAr age determination data and exact locations, see Tables 6 and 7 (GSA Data Repository item 9406), which

are available on request from Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301.

100-m-thick sequence of white silicic ash
flows, pumice flows, reworked pumice beds,
fluvial deposits, and local, interbedded basai-
tic andesites (Fig. 5). In the Santiago Canyon,
this unit directly overlies the San Cristobal
basalts, with no evidence of an unconformity
(that is, no soil is found between the units).
Preliminary trace element analyses of pum-
ices sampled from various stratigraphic posi-
tions within this unit indicate several phases
of eruption. Dating and a detailed stratigraph-
ic correlation of this unit is in progress and
will be reported in a later paper (Moore and
Carmichael, unpub. data).

The second stratigraphic marker is known
as the Inversely Welded Tuff (IWT). This dis-
tinctive unit is found low in the exposed ba-
saltic succession within the lower gorge of the
Rio Santiago (Fig. 5). It is a 2- to 8-m-thick
silicic ash flow, with induration and fiamme
occurring only in the top 30-40 cm of the
flow, with welding being most intense at the
upper contact with overlying alkali basalt.
The lack of evidence of theomorphism in the
fiamme (that is, aspect ratios are near 5:1) and
the fact that the welding occurs only in the
top portion of the unit indicate that the pum-
ice flattening and welding are caused by the
weight and heat of the overlying basaltic la-
vas. In thin section, there are myriads of frac-
tured, angular sanidine and quartz microphe-
nocrysts, with subordinate green augite and
fayalite in a glassy matrix of flattened glassy
shards that may also contain small basaltic
fragments. Sanidine from I1-89-8 gave a date
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of 10.17 Ma (Table 1) by “°Ar/*°Ar. Two ba-
saltic lavas, one underlying (A-30) and one
overlying (61-180) the inversely welded tuff
gave K-Ar whole rock dates of 10.2 + 0.8 Ma
and 10.2 * 0.3 Ma, respectively, which
within their respective errors (Table 1) are
consistent with the sanidine date.

Perched 1,000 m above the San Cristobal
basalts, near the town of Garcia de la Ca-
dena, is a 200- to 300-m-thick basaltic-ande-
site shield volcano, of which an upper flow
has been dated at 11.0 = 0.2 Ma (A-81,
Table 1). The lavas of this volcano are ex-
posed in prominent cliffs on the volcano’s
southeast flank, along a north-northeast—
south-southwest normal fault (Fig. 3), and
overlie the Tertiary ash flows of the SMO.
Plagioclase is the predominant phenocryst in
these lavas, and the less abundant olivine is
invariably altered to secondary chlorite, or
iddingsite.

The position of this 11 Ma shield volcano,
which is overlying even older ~22 Ma ash
flows, at an elevation 1,000 m higher than the
younger, 10 Ma San Cristobal basalts, along
with the lack of evidence of large-scale nor-
mal faulting of the San Cristobal lavas, sug-
gests that the San Cristobal group was
erupted into a pre-existing basin. The config-
uration of this basin is unknown, but should
it extend southward under, and beyond, the
city of Guadalajara, then the estimated area
(~3,000 km?) covered by this group of basalts
(heavy dashed line, Fig. 3) may be only half
the original area.

Volume of San Cristobal Basalts and
Eruption Rates

In order to calculate an eruption rate for
the San Cristobal sequence, we have dated
an upper basaltic flow (A-28, Table 1) at
9.61 = 0.28 Ma. This date, in conjunction
with the 10.17 = 0.04 date on the IWT (IL-
89-8, Table 1) 500 m below A-28, constrains
the duration of eruption of the San Cristobal
group to as little as 0.24 m.y., or as much as
(.84 m.y. A minimum estimated volume for
this basalt group of 1,800 km?> has been cal-
culated by assuming the basalts are on aver-
age 600 m thick over the entire area, namely
the same thickness as is exposed in the San-
tiago Canyon (Fig. 6). Using this estimated
volume with the eruption duration gives an
eruption rate between 0.002 and 0.02 km?/yr,
consistent with the general absence of weath-
ering horizons and dust bands between the
plateau basalts. The upper estimate for the
eruption rate is similar to the output for
Kilauea (Crisp, 1984) and yet smaller than for
basaltic shield volcanoes of similar composi-
tion in western Mexico (Righter and Car-
michael, 1992). The estimated volume, how-
ever, could be only half the actual volume if
this basalt group extended far to the south
under Guadalajara.

TABLE 2. MAJOR AND TRACE ELEMENT ANALYSES
FOR TEUL BASALTIC ANDESITES

Sample A-60* 18-126 21-131
age (Ma) ns=im -
Si0, 52.6 55.8 55.8
TiO, 2.03 0.89 1.02
ALO, 15.7 189 189
Fe;05 1.80

FeOt 7.95 6.58% 6.43%
MnO 0.14 0.11 0.11
MgO 4.8 4.0 29
Ca0 7.65 7.38 6.94
Na,0 2.99 3.60 3.32
K,0 2.10 1.2 1.88
P,0;5 0.79 0.17 0.30
LOI/H,0+ 0.83 0.24 .
H,0- 0.26

Total 9.7 98.9 976
Trace metals in ppm

v 225 127 135

Cr 115 75 0

Ni 18 22 5
Rb 55 15 32

Sr 520 995 920

Y 36 23 21

Zr 29 95 130
Nb <5 <5 <5
Ba 920 485 730
La 38 24 23
Ce 88 59 63

*Wet chemical analysis by I.S.E. Carmichael; alkali flame
photometry by Joachim Hampel.

{Total iron as FeO.

Note: uncertainties in XRF data are given in Table 3.
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TABLE 3. XRF MAJOR AND TRACE ELEMENT ANALYSES OF THE MIOCENE SAN CRISTOBAL BASALTS

Sample A2 A3 A28 A-30* A-73 A-85 3-106 4-107 2135 48-166 61-180 A-81
Age (Ma) 9.61 = 0.28 1055082 10.23 = 0.34 10.99 = 0.23
SiO, 45.2 46.6 48.9 47.1 417 49.2 47.4 482 477 47.5 50.9 56.1
TiO, L15 1.08 1.56 1.25 1.41 1.40 1.14 1.40 1.96 1.27 1.43 0.90
Al,O3 15.1 16.4 16.5 16.3 16.7 17.5 157 16.7 16.4 16.3 17.1 17.4
FeOt 9.37 8.54 8.82 9.88 9.23 9.43 9.08 10.28 9.82 8.83 9.01 6.48
MnO 0.15 0.15 0.13 0.16 0.16 0.17 0.15 0.17 0.16 0.16 0.15 0.11
MgO 9.6 8.9 6.2 8.2 6.9 6.9 9.2 8.3 5.9 8.6 4.9 3.9
CaO 8.20 9.58 8.21 9.25 9.61 9.91 9.15 9.17 8.30 9.32 8.67 6.77
Na,O 2.10 2.82 3.74 2.66 312 3.86 2.81 346 3.51 2.46 38 3.38
K0 0.85 0.60 0.90 0.44 0.69 0.52 0.82 0.30 1.4 1.10 1.11 1.73
P,0s 0.17 0.20 0.37 0.14 0.84 0.20 0.22 0.16 0.41 0.15 0.32 0.33
LOIH,0+ .- .. .. 2.35 .. .. 3.39 1.06 321 4.05 0.86 .
H,0 1.94

Total 91.89 94.88 95.30 99.67 96.35 99.04 99.05 99.22 98.36 99.76 98.24 97.05
Trace metals in ppm

v 180 165 175 200 210 145 165 225 155 175

Cr 430 430 260 185 270 370 195 95 255 90

Ni 207 173 145 61 113 175 112 56 111 37

Rb 23 10 7 13 10 15 5 16 29 21

Sr 505 440 365 540 370 470 315 573 1050 670

Y 22 21 23 25 49 23 24 30 23 23

Zr 95 95 97 124 132 96 109 17 104 132

Nb <5 <5 <5 <5 <5 <5 <5 <5 <5 <5

Ba 260 227 12 234 264 279 130 315 224 413

La 7 10 5 11 25 9 S 15 9 16

Ce 47 47 43 50 47 49 43 58 42 54

*Wet chemical analysis by 1.S.E. Carmichael: 4.59% Fe,0s, 5.75% FeO; alkali fiame photometry of dated samples done by Joachim Hampel and Kevin Righter.
Note: XRF techniques and uncertainties are described by Righter and Carmichael (1992). The uncertainties are as follows: SiO, (0.6%), TiO; (1.4%), Al O3 (0.9%), FeO, (1.9%), MnO (2.6%), MgO (4.5%),
Ca0 (2.7%), Na;O (14.7%), K;0 (2.4%), P,0s (4.7%). Trace elements: V (2.8%), Cr (4.3%), Ni (6.4%), Cu (8.1%), Zn (3.4%), Pb (9.4%), Rb (5.4%), St (0.55%), Y (4.5%), Zr (2.6%).

Pliocene Guadalajara Basalts

Overlying the San Gaspar ignimbrite (Gil-
bert and others, 1985; 4.8 Ma), which forms
prominent cliffs (at ~1,550 m) to the north
and east of Guadalajara, is a series of volca-
niclastic beds overlain by a porphyritic oli-
vine-basalt, notable for its abundant and large
(~3 cm) plagioclase megacrysts. The subor-
dinate olivine is rarely fresh, commontly being
replaced by iddingsite. This unique lava type
is found above the San Gaspar ignimbrite, on
both sides of the Santiago canyon near La
Coronilla (Fig. 6). K-Ar dates of the mega-
cryst basalt, however, indicate that there
must be several flows of similar lithology
above the San Gaspar, as the ages of two
samples (Mas-521, at 3.7 = 0.1 Ma, and
GD-6, at 4.7 = 0.2 Ma; Table 1) differ by over
amillionyears, despite their close association
(Fig. 6).

So striking are these megacryst basalts,
and so rare are they in the volcanic record of
western Mexico, that their occurrence above
a volcaniclastic horizon at an altitude of 1,500
m, near the town of Hostotipaquillo (Fig. 6),
suggested that they could be parts of the La
Coronilla group displaced ~75 km by strike-
slip faulting. Certainly the compositions of
these two lavas from each locality (GD-6 and
Mas-530; Table 4) are close enough to make
this postulate plausible. K-Ar dates on two
samples (TQ-308 and Mas-530) from Hosto-
tipaquillo, however, are significantly younger
(3.2 = 0.2 and 3.3 = 0.3 Ma, respectively;
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Table 1) than those of the megacryst basalts
at La Coronilla and cannot be their correla-
tives. But, intriguingly, Nieto-Obregon and
others (1985) report a K-Ar date of 3.7 Ma for
a mugearite near Hostotipaquillo, identical in
age to the 3.7 Ma date for sample Mas-521
found at La Coronilla.

Interbedded with the megacryst basalt
group is a series of basaltic andesites that
form cliffs or cap mesas on the southern
shoulder of the Santiago canyon on the north-
ern boundary of Guadalajara. One of these,
at La Coronilla (Mas-504, Table 4), gave a
K-Ar date of 4.4 + 0.4 Ma (Gilbert and oth-
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ers, 1985). Another, Mas-515 (Table 4), forms
prominent cliffs along the highway on the
brink of the canyon (Fig. 6). As noted above,
a group of porphyritic lavas also immediately
underlies the San Gaspar ignimbrite to the
east of the city, and one lava near the top of
the succession {Mas-512, Table 4) has been
dated to give 5.0 = 0.2 Ma (Table 1), consist-
ent with the age (4.8 £ 0.1 Ma) of the over-
lying San Gaspar ignimbrite (Gilbert and oth-
ers, 1985).

The Pliocene Guadalajara basalts fall into
two compositional groups; one group con-
sisting of megacryst basalts distinguished

Figure 4. Plot of MgO against SiO, for the Santa

group (stars), Guadalajara group (solid

squares), San Cristobal group (open squares), and
Teul basaltic andesites (solid squares); analyses from
V. Sanganguey (Nelson and Carmichael, 1984) are
also plotted as solid squares. Lavas from Kauai, Ha-
waii (Clague and Dalrymple, 1988), fall in the ha-
chured area. Colima basanites (open circles with dots)
are taken from Luhr and Carmichael (1981).
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Figure 5. Schematic stratigraphic
columns showing relative positions
and thicknesses of units in the San-
tiaga River Canyon from the San
Cristobal area to east of Guadala-
jara. Column locations correspond
to numbers in Figure 6. Dashed lines
indicate correlations. Dates (in mil-
lion years) taken from Table 1, Gil-
bert and others (1985), and Nieto
and others (1985).

Guadalajara Basal

Rhyolite Fiows,
Dikes, Plugs

(Table 4) by high TiO, and total alkalies rel-
ative to typical arc-related basalts, and the
second group of lavas composed of typical
arc-related basaltic andesites. The megacryst
basalts contain clear, weakly zoned mega-
crysts (1-3 cm in diameter) of plagioclase
(Angs_g,), together with smaller phenocrysts
of plagioclase (Angy_s¢), and less olivine
(Fogg_sg), which is always partially altered
to iddingsite. The groundmass is made of
plagioclase, olivine, augite (sometimes sub-
ophitic), Fe-Ti oxides, occasional phlogopite,
and glass or its chloritic alteration. The ba-
saltic andesites are distinguished by their
abundant phenocrysts of plagioclase, with
subordinate orthopyroxene and augite, en-
closed by a groundmass that contains glass
with tiny oxide grains. The composition of
these lavas will be discussed later in relation
to the other basalt groups in the region.

Pleistocene Santa Rosa Basalts

West-northwest of Guadalajara is the large
andesitic central volcano, Volcan Tequila.
The main cone is made of monotonous, re-
peated, but mixed pyroxene-andesite lavas
(Wallace and Carmichael, unpub. data), with
an intrusive central spine, dated at 0.21 Ma
(Harris, 1986). The andesites of the main vol-
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canic structure overlie older (0.24-0.67 Ma)
rhyolites on the north side (Harris, 1986),
which are also overlain by the olivine basalts
from the two cinder cones on either side of
the town of Tequila (Fig. 6). These basalts,
which we call the Santa Rosa basalts, have
flowed north toward the Santiago canyon and
form faulted cliff escarpments at the southern
margin of the canyon. Farther to the south-
east, the line of scoria cones continues as
larger shield volcanoes that used to constrict
the southward expansion of Guadalajara
(Fig. 6). Young lavas from two of these ba-
saltic-andesite centers have been dated at 1.4
and 1.8 Ma (Fig. 6; Gilbert and others, 1985).

In addition to these cones, the course of
the Santiago River has provided conduits for
small eruptions of young, Santa Rosa basalt.
These lavas form columnar lava piles, which
ponded in the canyon and dammed the river
at one time. Subsequent erosion has left flat-
topped remnants perched on the slopes of the
canyon, with the river bed often far beneath.
These lavas have been sampled and dated ex-
tensively by Wopat (1990), and his dates
range in age from 1.4 to 0.4 Ma (Fig. 6). Po-
tassium-argon dates of other occurrences of
these lavas are given by Nieto-Obregon and
others (1985) and by Gilbert and others (1985)
and are also shown in Fig. 6.

The Santa Rosa lavas are predominantly
hawaiites or mugearites in the simple (Na,O
+ K,0) versus SiO, classification of Le-
Maitre (1984), but they range from basalts,
through hawaiite, mugearite, benmoreite, to
trachyte and have been the subject of detailed
investigation by Wopat (1990). Average anal-
yses of the various lava types categorized by
him, but renamed in accord with LeMaitre
(1984), are given in Table 5. The lavas have
plagioclase as the most abundant phenocryst,
followed by olivine (often with Cr-spinel in-
clusions) and augite. The typical groundmass
is of plagioclase, augite, Fe-Ti oxides and
varying amounts of dark brown glass, and
olivine.

DESCRIPTION OF FAULTING

North-Northeast Normal Faulting,
North of Guadalajara

Approximately 80 km north of Guadala-
jara, near the town of Teul de Gonzalez Or-
tega (Fig. 3), large normal faults are found
cutting the 22-27 Ma silicic ash flows. These
faults form large, unrotated horsts and gra-
bens that have a north-northeast trend and
that die out as they approach the intersection
of the SMO with the MVB. Constraints on
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Figure 6. Pliocene to Holocene “oceanic’ lavas along the westward course of the Santiago River on the north side of Guadalajara. K-Ar ages
of basic lavas given in millions of years. Faults are represented by lines with ticks on the downthrow side. Stars are cinder and lava cones and
small shield volcanoes. Locations of dated and analyzed samples are also shown. H is Hostotipaquillo; TQ is Tequila; SC is San Cristobal; GC
is Garcia de la Cadena; GDL is Guadalajara. Dates taken from Nieto and others (1985), Gilbert and others (1985), Wopat (1990), and Table 1.

the age of this faulting are rarety found in the
area, as younger volcanic rocks do not occur.
The 22 Ma shield volcano north of Teul,
however, has flows that reach normal fault
scarps (Fig. 3) but remain unfaulted, thereby
constraining the age of faulting between 27
and 22 Ma. The style, trend, and age of this
faulting are similar to the early period of Ba-
sin and Range faulting found in other parts of
northern and central Mexico and described
by Henry and Aranda-Gomez (1992).

Normal Faulting at San Cristobal

As was described above, the ~10 Ma San
Cristobal plateau basalts appear to have been
erupted into a fault-bounded basin that had as
a northern boundary the older ash flows of
the SMO province. Presumably these were
downfaulted to underlie the basalt sequence,
but there is no evidence in the region of
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whether this is so, nor of the volcanism that
could have occurred between 11 Ma and 22
Ma. Smaller-scale normal faulting has been
found within the San Cristobal sequence
(Fig. 3). These faults generally have an ap-
proximately north-south trend, with displace-
ments of 200-300 m (Fig. 5). The exact age of
this faulting is unknown, but it is younger
than 10 Ma as it displaces the TWT and also
the younger Los Caballos Tuff at the top of
the group. The general north-south trend sug-
gests reactivation of older Basin and Range
structures.

Northwest-trending Normal Faulting at
Hostotipaquillo and Santa Rosa (5.5-1 Ma)

It has been suggested that the Tepic-Za-
coalco graben (Fig. 2), which contains the
northwest arm of the MVB, is the northern-
bounding graben to the Jalisco block and the

site of the extension of the offshore Tamayo
transform onto the continent (Luhr and oth-
ers, 1985; Allan and others, 1991; Lyle and
Ness, 1991). It is also the locus of the large
andesitic central volcanoes (Fig. 2), and of
the parallel lines of northwest-southeast cin-
der cones that erupt lavas of oceanic-island
type at Volcan Sanganguey (Fig. 2) and
northwest of Guadalajara (Fig. 6). These lines
of cinder cones are consistent with a north-
northeast direction of o, the least principal
stress, which dominates this segment of the
MVB.

Normal faulting, trending northwest, is
found to the northwest of Guadalajara, either
in or on the southern margin of the Santiago
canyon (Fig. 6). Near the old mining area of
Cincas Minas, close to the town of Hosto-
tipaquillo, there is a striking wall of polished
fault surface on rhyolite, striking northwest
and downfaulted to the south. This is the
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TABLE 4. XRF MAJOR AND TRACE ELEMENT COMPOSITIONS OF THE PLIOCENE GUADALAJARA BASALTS

Sample MAS 506

Sample SC55* MAS 521 GD+6 MAS 530 TO-308 MAS 504 MAS 515 MAS 512
Age (Ma) 3.97 % 0.12* 3B 04 47Tz 0.8 329% 030 39026 440 = 0.38° 496 0.17
Si0, 49.54 48.54 49.41 48.40 4338 917 55.55 55.62 52.76
TiO, 232 1.81 2.40 2.03 218 172 118 1.19 1.86
ALO; 16.83 18.30 16.37 17.25 17.79 19.16 17.43 17.45 17.44
Fe,0; 3.96 7.53 4.96 7.52 6.90 3.20 2.29 2.29 3.25
FeO 7.14 3.10 6.43 3.9 432 6.01 450 4.87 514
MnO 0.10 0.16 0.17 0.13 0.17 0.17 0.10 012 0.15
MgO 5.03 4.41 5.19 5.08 4.5 4.89 4.07 42 3.3
Ca0 8.08 9.45 8.11 9.00 9.14 9.69 7.08 7.10 7.71
Naz,0 3.63 3.50 3.66 3.4 3.65 3.61 3.79 3.84 3.96
K0 141 0.75 1.43 0.81 0.92 0.69 .79 1.81 1.67
P,0s 0.59 0.26 0.43 0.26 0.34 0.24 0.26 02 0.43
H,0+ 131 L17 0.82 L.14 0.9 0.68 1.18 0.80 1.44
H,0- 0.38 0.59 0.40 0.29 0.37 0.2 0.34 0.32 1.10
Total 100.32 99.57 99.68 99.54 99.68 99.45 99.56 99.85 100.14
Trace metals in ppm

v 240 195 265 220 235 195 115 125 165
Cr 40 65 55 65 65 40 50 45 15
Ni 37 4 28 40 50 41 50 55 27
Rb 2 9 15 9 11 6 35 36 32
St 525 545 515 560 580 565 615 615 655

Y 32 2% 90 2% 28 25 26 26 35
Zt 188 138 148 139 165 132 164 158 23
Nb 28 13 16 15 17 14 10 10 14
Ba 42 295 242 256 381 267 43 621 721
La 30 11 34 34 18 13 15 17 26
Ce 50 8 54 30 39 2 40 3 50

*Analysis and/or date taken from Gilbert and others, 1985. Remaining major element data are wet chemical analyses by I.S.E. Carmichael.
Note: XRF trace element uncertainties given in Table 3.

same strike as the bounding faults of a series
of small horsts and grabens nearby, which
displace 3.3-3.8 Ma basalts (Fig. 6), and
which may continue to the southeast into the
course of the Santiago river. This trend is
similar to the alignment of cinder cones in the
area (Fig. 6) and parallels the trend of the
western portion of the MVB.

The north wall of the Santiago canyon is
the site of extensive normal faulting near the
Santa Rosa dam. Here an ash flow, dated at
5.5 Ma by Nieto-Obregon and others, 1985),
has been successively downthrown to the
south by about 600 m (Fig. 6). However, the

~1 Ma basalt piles that blocked the river to
the west, as described above, show no sig-
nificant displacement of their upper surfaces
from one side of the fault zone to the other.
Therefore, the faulting in this area has been
constrained as younger than 5.5 Ma, yet older
than 1 Ma.

Projection of the trend of normal faulting at
the Santa Rosa dam to the southeast, under
the young volcanic cover of the city of Gua-
dalajara, would suggest that evidence for
downfaulting to the south could again be
found in the Santiago canyon just to the east
of Guadalajara (Fig. 6). But a widespread ho-

rizon here, the 4.8 Ma San Gaspar ignimbrite
sheet, has only been downfaulted a modest
few tens of meters to the south (Gilbert and
others, 1985). This observation indicates that
the Guadalajara plain has remained relatively
unaffected by faulting for at least 4 Ma.

Dextral Strike-Slip Motion at the
Santa Rosa Dam

The landslip topography of the north wall
of the Santiago river canyon, just west of the
Santa Rosa dam, is full of ridge notches sug-
gesting young faulting. The Santa Rosa fault

TABLE 5. AVERAGE MAJOR AND TRACE ELEMENT COMPOSITIONS OF SANTA ROSA LAVA TYPES

No. of analyses A7 B9 Cl4 D31 E8 F9 G30 HS8 15
SiO; 50.4 49.5 51.2 521 53.3 54.6 52.8 59.1 66.1
TiO, 2.06 2.44 2.07 1.89 1.95 1.66 2.50 1.38 0.81
ALO; 17.0 16.2 16.5 16.7 16.5 16.7 16.4 173 16.4
FeOt 10.45 11.23 9.74 9.76 9.14 8.54 10.68 6.90 3.87
MnO 0.17 0.19 0.18 0.16 0.16 0.15 0.17 0.11 0.09
MgO 6.0 5.8 5.9 5.6 5.3 4.6 3.9 2.8 0.9
CaO 8.64 9.07 8.29 7.84 7.43 7.67 7.01 5.51 2.45
Na,O 3.47 3.80 3.67 3.68 3.76 kNl 3.9 426 5.30
K0 1.32 1.20 1.60 1.70 1.96 1.89 1.89 2.29 3.9
P05 0.47 0.58 0.83 0.57 0.58 0.42 0.67 0.40 0.27
Trace metals in ppm

v 243 300 240 235 223 206 283 161 47
Cr 85 23 127 99 126 53 14 28 18
Ni 82 38 69 76 71 42 19 19 5
Rb 16 15 20 20 28 24 26 40 69

Sr 544 523 546 544 472 477 546 532 330

Y 29 34 36 31 33 26 37 31 34
Zr 180 205 262 252 243 166 240 214 431
Nb 20 26 29 25 30 17 22 16 25
Ba 502 370 677 647 574 524 778 834 1283
La 29 37 33 39 54 34 30 37
Ce 58 61 80 69 72 51 68 66 84

Compositional groups: A, basalt; B, hawaiite, group 1; C, hawaiite, group 2; D, mugearite, group 1; E, mugearite, group 2; F, mugearite, group 3; G, mugearite, group 4; H, benmoreite; J, trachyte.
Note: XRF analyses are taken from Wopat (1990) and renamed in accord with LeMaitre (1984).
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zone is currently the site of active right-lateral
strike-slip translation (Nieto-Obregon and
others, 1985). They measured 1,078 fracture
orientations from aerial photographs and
showed that the most frequent lineaments are
N55°W and N35°E. They interpreted these as
Riedel shears, and concluded “‘that a large
strike-slip fault passes through the area, strik-
ing N65° to N70°W” (Nieto-Obregon and
others, 1985, p. 646). The active deformation
and local topographic rift at the dam trends
~290°-300° and Nieto-Obregon and others
(1985) report ~4 km of strike slip offset along
this trend, but without citing the field evi-
dence for this.

Horizontal slickensides are well developed
on a sheared rhyodacite that forms the north-
ern abutment of the Santa Rosa dam and are
preserved as gouges in oxidized (red) flinty
rock, which under the microscope is seen to
be extensively silicified and cataclastic. The
rhyodacite, with phenocrysts of plagioclase,
sanidine, less hornblende and biotite, and
sporadic quartz, set in a silicified microcrys-
talline groundmass (see analysis in Nieto-
Obregon and others, 1985), has been dated by
K-Ar at 13.6 + 0.1 Ma (Nieto-Obregon and
others, 1985). We have dated silicified red
fault gouge, and soft red gouge, in an attempt
to estimate the age of the slickensides in-
duced by strike-slip faulting. The K-Ar dates
are given in Table 1, and both the young un-
silicified gouge (Mas-712; 15.2 £ 2.5 Ma),
sampled from a fault presently being moni-
tored for active displacement, and the older
flinty gouge (Mas-714; 14.5 + 0.4 Ma) gave
comparable ages within error to that of the
rhyodacite itself. As the gouge material is
composed of fragments of quartz and feld-
spar, together with fragments of the silicified
lava, it is the feldspar rather than the younger
silicification that has been dated in both
cases. Our data therefore cannot be used to
. constrain the age of the strike-slip faulting re-
corded by the silicified slickensides; we note
that intense and pervasive silicification is not
a normal feature of a cooling lava, but typical
of subsequent burial.

The dam itself lies astride part of the fault
zone, and triangulation from 1964 to 1981
shows a right lateral shear displacement
(Nieto-Obregon and others, 1985). The trian-
gulation data were ignored by Michaud and
others (1991), who discount active faulting in
the area.

Nieto-Obregon and others (1985) interpre-
tation of Riedel shears is problematic, since

Riedel shears are characteristic of more-

evolved fault zones, forming well after shear
localizes on a throughgoing fault (Logan and
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others, 1979; Marone and Scholz, 1989). In-
stead, we suggest that these fractures, at 35°
and 305°, are an en echelon fracture set,
which are linking to form the overall dextral
transform (for example, Naylor and others,
1986; Cox and Scholz, 1988). This is a differ-
ent interpretation from that of Nieto-Obregon
and others (1985), who also consider the short
northerly trending segments of the Santiago
river to the west (Fig. 6) to be pull-apart ba-
sins, later to be flooded by basalt eruptions.

The timing of the initiation of dextral
strike-slip faulting is not well constrained, ex-
cept that it must be younger than 13.6 Ma. As
noted above, fragments of silicified rhyo-
dacite are caught in the fault gouge, so that
faulting must be younger than the silicifica-
tion, which is a feature of subsequent burial
of the flow, rather than a result of cooling.
The model of Lyle and Ness (1991) suggests
that it could be as early as 14 Ma.

A very indirect way to estimate the age of
strike-slip faulting could be obtained from the
north-south Colima graben, which connects
with the Tepic-Zacoalco graben southwest of
Guadalajara. The oldest lavas in the northern
Colima graben were dated at 10 Ma (Allan,
1986), but the lava types associated with ex-
tension are younger (5 Ma). This region is
actively extending and is seismically active.
It was the site of a large earthquake (estimat-
ed magnitude 7.2-7.5 [M,]) in 1568 (Suarez
and others, 1991). Additional evidence for the
youth of the extension of the Colima graben
is the repeated normal faulting of a cinder
cone, dated at 3.29 Ma, Mas-704, Table 1),
which was quarried to provide aggregate for
the new Guadalajara-Colima superhighway.

DISCUSSION

Chemistry of Lavas from an Asthenospheric
versus Subduction-related Source

Basalts from a subcontinental lithospheric
source have characteristic relative enrich-
ments in the large-ion lithophile elements
(LILE) (for example, Ba, Sr) and light rare-
earth elements (LREE) over the high field
strength elements Nb, Ta, Ti, and Zr (Fitton
and others, 1991; Gill, 1981). The enrichment
of the source regions of these magmas is pre-
sumably a consequence of the underthrusting
of an oceanic plate, and the migration of flu-
ids into the overlying mantle wedge (the litho-
spheric mantle) arising from the dehydration
and metamorphism of the oceanic crust (Pea-
cock, 1990). Basalts from an asthenospheric,
or mantle plume, source, such as basalts from
oceanic islands (OIB), in contradistinction to

the basaitic lavas of convergent plate mar-
gins, do not have these systematic enrich-
ments. By using these chemical criteria, Fit-
ton and others (1991) showed that within the
last 5 m.y. the basic lavas of the western Cor-
dillera of the United States, particularly those
of the Basin and Range, have changed from a
lithospheric source to display the character-
istic asthenospheric chemical fingerprint.
Within the confines of the Jalisco Block,
Wallace and others (1992) demonstrated that
an enriched lithospheric mantle signature
was not only present in basaltic andesites and
andesites, but was also seen in the contem-
porary lava types minette, leucitite, and ab-
sarokite, which occur within the same vol-
canic fields as the basaltic andesites. Thus,
these unusual lava types are linked to the sub-
duction process that caused the systematic
relative enrichments in Ba, Sr, and the
LREE. In this part of western Mexico, how-
ever, the occurrence of OIB-type basaltic
shield volcanoes (Righter and Carmichael,
1992) interspersed between the subduction-
related andesitic-lamprophyric volcanic cen-
ters, and synchronous with them, indicates
that an asthenospheric source was active co-
evally with lithospheric sources. It is also
clear that there was no systematic temporal
or spatial transition from one magma type to
the other as in the western United States.
We have plotted the element Ba against Nb
to illustrate the contrast between oceanic-is-
land lavas and lavas related to a mantle chem-
ically modified by subduction processes
(Fig. 7). As examples of the latter we have
used analytical data from Mascota (Car-
michael and others, unpub. data), San Sebas-
tian (Lange and Carmichael, 1990; Lange and
Carmichael, 1991), Los Volcanes (Wallace
and Carmichael, 1992) all of which are vol-
canic centers (<5 Ma) within the Jalisco
Block, and also from Colima (Allan and Car-
michael, 1984; Luhr and Carmichael, 1980,
1981), which is an active volcano in the east-
ern marginal graben of the Block. The ana-
lyzed lavas range from basalt, to basaltic an-
desite and andesite, minette, and other
varieties of lamprophyre, to basanite. These
are clearly separated from Hawaiian basalts
and their congeners, as represented by lavas
from Kauai (Clague and Dalrymple, 1988)
and Haleakala (Chen and others, 1991).
Although the Miocene and younger alkali
basalts of the Guadalajara region do not fall
completely within the field for the Hawaiian
lavas, they are clearly separated from the
subduction-related series. Another way to
represent this distinction between subduc-
tion-related and oceanic-island-type compo-
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Figure 7. Ba plotted against
Nb (ppm) for the Santa Rosa
group and the Guadalajara
group (solid squares); data for
oceanic-type lavas (Atenguillo
and V. Sanganguey) of western
Mexico are taken from Righter
and Carmichael (1992) and Nel-
son and Carmichael (1984) and

. are also solid squares. The data
for the subduction-related types
(solid circles) are from Wailace
and Carmichael (1989), Car-

. michael and others (unpub. data),

Lange and Carmichael (1990,
1991), and Luhr and Carmichael
(1981). Lavas from Hawaii (Chen
—  and others, 1991; Clague and Dal-

sitions is by plotting K,O/TiO, against Z1/Ba
(Fig. 8) (Kempton and others, 1991). Those
authors consider that high K,O/TiO, ratios
are indicative of a fluid-enriched source re-
gion, whereas Zr/Ba ratios in excess of ~0.4
are typical of lavas with an asthenospheric
source. Note that the basaltic andesites of
Teul (Table 2) cluster with lavas with a sub-
duction signature, and the Santa Rosa, Gua-
dalajara, and San Cristobal basalts resemble
oceanic-island-type lavas.

To what extent the San Cristobal basalts
(Table 3) have had their composition modi-
fied by low-grade metamorphism is un-
known, but they are clearly the most Mg, Ni,
and Cr rich of the lavas of oceanic-island
type, although they do not match the most
Mg-rich lavas of Hawaii, or indeed the basa-
nites of V. Colima (Fig. 7). Although we have
no isotopic data to substantiate our conclu-
sion, we believe that the Miocene basalts of
San Cristobal are derived from an astheno-
spheric source, as are the younger alkali ba-
salts from the Santa Rosa and Guadalajara
lavas, based on their major and trace element
compositions.

The younger Santa Rosa lavas do have an
appropriate isotopic signature for such a
source (Luhr and others, 1989; Verma and
Nelson, 1989). These younger extrusives are
smaller volume eruptions than the San Cris-
tobal lavas, however, essentially having is-
sued from parallel lines of cones along the
strike of the northwest arm of the MVB, sim-
ilar to those at V. Sanganguey (Fig. 2) (Nel-
son and Carmichael, 1984). Although basalts
occur in this zone, the predominant varieties
are derivatives such as hawaiites, mu-
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5000 rymple, 1988) are represented by
the hachured area.

gearites, and even benmoreites. The occur-
rence of these more-evolved lavas suggests
that although the parental magma may have
been generated in the asthenosphere, the de-
rivatives may have been fractionated high in
the crust, and thus bear a more muted chem-
ical signature.

One explanation for the rarity of the more-
evolved lava types in the San Cristobal group
is the association of large-scale extensional
faulting with basaltic volcanism. It seems
likely that the north-south dikes found in the
area represent crustal weaknesses that are in-
herited from the older structures of the Sierra
Madre Occidental province. These weak-
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nesses have provided an easy path to the sur-
face for the magmas derived from an up-
welling mantle plume. This group of plateau
basalts, and the tectonic basin that it filled,
provides the earliest evidence (so far) of the
separation of the Jalisco Block from the
North American plate.

Consistent with the upwelling of a mantle
plume are the younger (0.17-0.03 Ma) silicic
volcanoes west of Guadalajara (Mahood,
1981), and the graben triple junction south-
west of the city may be another manifesta-
tion. However, the close geographical and
temporal association of both subduction-re-
lated and asthenospheric lava types (that is,
the basaltic-andesite shield volcano at Gar-
cia) hints at the complexity of the melt gen-
eration and transport processes in this area
and suggests that simple models for these
processes are inadequate.

CONCLUSIONS

The Guadalajara area has undergone sev-
eral periods of basaltic volcanism with dis-
tinct, oceanic-island-type (mantle plume)
composition being associated with each pe-
riod. Prior to ~10 Ma, a fault-bounded basin
of unknown extent was generated in the si-
licic ash flows (27-23 Ma) of the Sierra Madre
volcanic province, into which at least 1,800
km?® of olivine-basalt was erupted. These pla-
teau basalts were erupted relatively rapidly
(<1 Ma) and presumably overlie buried ash
flows; they signify the earliest indication of
the separation of the Jalisco Block from the
North American plate and are consistent with

Figure 8. K,O/TiO, plotted
against Zr/Ba for the basalts of
Tables 2 (solid squares), 3 (solid
squares), 4 (open squares with
dot), and 5 (stars). The data for
the subduction-related types of
western Mexico are taken from
the sources given in Figure 7, as
are those for Hawaii (hachured
area).
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an upwelling mantle plume beneath the
Guadalajara region. Faulting within the San
Cristobal plateau basalts has an approxi-
mately north-south trend, consistent with
known dike orientations and inherited from
the older faults of the SMO province to the
north.

This period of intense basaltic volcanism
was succeeded in the Pliocene (5-3.3 Ma) by
small volumes of very distinctive porphyritic
olivine-basalts of oceanic type, accompanied
by arc-related basaltic andesites and ash
flows, including the San Gaspar ignimbrite
(Gilbert and others, 1985). This succession
forms major cliffs on the shoulders of the
Santiago canyon on the north side of Gua-
dalajara, and also 75 km to the northwest,
near the town of Hostotipaquillo, also adja-
cent to the Santiago canyon. There small
northwest grabens cut the basaits and are
younger than 3.3 Ma, with faults of similar
strike cutting 5.5 Ma ash flows at the Santa
Rosa dam closer to Guadalajara. This normal
faulting does not affect the young (0.4-1.4
Ma) small volume oceanic-type basaltic la-
vas, which range from basalt to hawaiite and
mugearite, and either flow toward the canyon
from a northwest-southeast line of cones at
the foot of V. Tequila or erupt from centers
within the course of the river itself.

The trend of the active dextral strike-slip
motion near the Santa Rosa dam (Nieto-
Obregon and others, 1985), along with north-
west-southeast lines of Pleistocene cinder
cones in the area, is consistent with the con-
tinuation from the Tertiary of a north-north-
east least principal stress direction.
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