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ABSTRACT

The Tecolotlan valley is a small graben ~110 km southwest of Guadalajara in the 
northeastern corner of the Jalisco block of west-central Mexico. The graben trends 
roughly north-south, is ~10 km wide and 20 km long, with ~500 m of topographic 
relief. It is bounded to the east by a horst of Cretaceous (Albian/Cenomanian) lime-
stone and to the west by a block of Late Cretaceous volcaniclastic sedimentary rocks, 
lava fl ows, and ignimbrites (one is 77 Ma). These volcanic rocks have chemical and 
mineralogical affi nities with continental volcanic arc sequences and record a history 
of arc volcanism and sedimentation during the Late Cretaceous. The sequence (over 
300 m thick) consists of rhyolitic ash-fl ow tuffs and trachytic lava fl ows (lacking pil-
low structures) interbedded with volcanic debris fl ow deposits, arkosic fl uvial sand-
stones, and volcanic conglomerates. This suggests that by the Late Cretaceous the 
continental arc was emergent, but probably still low-standing as it continued to accu-
mulate sediment after the closure of the Arperos oceanic basin and accretion of the 
Guerrero arc terrane to Mexico.

The Tecolotlan valley contains discontinuously deposited latest Miocene to 
Recent sediments that are important for their record of extension, magmatism, and 
diverse vertebrate fauna. Neogene basin fi ll is divided into older, Late Hemphillian 
age (ca. 5–4.8 Ma) sedimentary rocks (~50–60 m) that are mostly fi ne-grained fl uvial 
and overbank deposits, and younger, Late Blancan–Recent (younger than ca. 2.7 Ma) 
sediments (up to 30 m thick) that consist of coarse-grained, high-energy, fl uvial depos-
its. Intercalated with the basin-fi ll sedimentary rocks are isolated lava fl ows and pyro-
clastic-fall beds. It appears that volcanism and extension in the Tecolotlan graben 
occurred simultaneously with a period of increased volcanic activity along the ESE-
WNW–trending Tepic-Zacoalco graben. Although extension and volcanism ceased by 
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INTRODUCTION

Intra-arc extension is a distinguishing feature of the Trans-
Mexican Volcanic Belt particularly west of 101°W longi-
tude where it is underlain by Jurassic to Cenozoic rocks of the 
accreted Guerrero composite terrane with its thinner (35–40 km 
thick) crust (Ferrari et al., 2012). The Tecolotlan valley is one of 
several small (~10–20 km wide and ~20–40 km long, see Fig. 
1) extensional grabens located in west-central Mexico that are 
fi lled with latest Miocene to Recent sedimentary and volcanic 
rocks (Carranza-Castañeda et al., 1994; Carranza-Castañeda and 
Miller, 2002; Adams et al., 2006; Mercer et al., 2014). The sedi-
mentary rocks are important for their diverse vertebrate fauna 
that document the fi rst appearance in North America of several 
South American immigrants (Carranza-Castañeda and Miller, 
1980; Carranza-Castañeda et al., 1981; Miller and Carranza-
Castañeda, 1984, 1998b, 1998c, 1999; Carranza-Castañeda et al., 
2000; Miller and Carranza-Castañeda, 2001a, 2001b; Carranza-
Castañeda and Miller, 2004). These fossils, along with paleomag-
netic and radiometric dating of associated sediments, suggest that 
the land bridge between North and South America formed by or 
before 4.7–4.8 Ma (Flynn et al., 2005), 1.5–2 million years earlier 
than previously proposed (Marshall, 1985; Webb, 1997). Based 
on the ages and distribution of fossils, Campbell et al. (2010) 
have suggested that the Great American Biotic Interchange (and 
the associated land bridge) may have begun as early as ca. 9.5 Ma 
in the Late Miocene.

In order to better understand the distribution of these impor-
tant latest Miocene to Recent sediments in one of the most pro-
ductive fossil areas and to provide a framework for tying fossil 
localities with the local geology, we present here a geologic map 
and discussion of the geology of the Tecolotlan graben.

GEOLOGIC SETTING

The Tecolotlan valley is defi ned by a small north-south–
trending graben that is ~10 km wide and 20 km long with ~400 m 
of topographic relief, located in the northeastern corner of the 
Jalisco block in west-central Mexico (Fig. 1). The Jalisco block 
is the westernmost part of the accreted Guerrero composite ter-

rane and is composed mainly of a late Cretaceous to Paleocene 
batholith that intruded Jurassic-Cretaceous sedimentary and vol-
canic rocks (Campa and Coney, 1983; Schaaf et al., 1995; Valen-
cia et al., 2013; Centeno-García et al., 2003, 2011; Ferrari et al., 
2012). These rocks are unconformably overlain by subduction-
related rocks of the Trans-Mexican volcanic belt (Ferrari et al., 
2000; Valencia et al., 2013). The Jalisco block is bounded by 
the Middle America Pacifi c Trench to the south and west, by the 
Tepic-Zacoalco rift on the north, and by the Colima rift on the 
east. The beginning of extension along these two grabens is not 
well constrained, but they probably started to form in the middle 
to late Miocene (Allan, 1986; Bandy et al., 2000; Ferrari and 
Rosas-Elguera, 2000; Gómez-Tuena et al., 2006, 2007; Ferrari 
et al., 2012). Several smaller grabens in the northern part of the 
Jalisco block trend NW-SE and are considered part of the Tepic-
Zacoalco rift (Ferrari et al., 1994; Bandy et al., 2000; Ferrari and 
Rosas-Elguera, 2000; Ferrari et al., 2000, 2012). The Tecolot-
lan graben, however, is farther south and east, located ~50 km 
WSW of the triple junction for the Colima, Chapala, and Tepic-
Zacoalco rifts. It has a N-S orientation approximately parallel to 
the northern part of the Colima graben. Other short normal faults 
nearby have this same northerly orientation (Fig. 1).

The initial activity along the subduction-related Trans-
Mexican Volcanic Belt appears to have occurred in the middle 
Miocene and then developed across Mexico (Gómez-Tuena et 
al., 2006, 2007; Ferrari et al., 2012). The volcanic rocks dated in 
the large Tepic-Zacoalco and Colima rifts (Allan, 1986; Moore et 
al., 1994; Ferrari et al., 2000; Ferrari et al., 2012) suggest several 
pulses of Neogene tectonic and volcanic activity that may have 
infl uenced the geology of the Tecolotlan area (Fig. 2). Along the 
northern boundary of the Jalisco block, andesitic to rhyolitic ash-
fl ow tuffs and lavas of the Sierra Madre Occidental that erupted 
between 20 and 25 Ma are cut by normal faults and thus predate 
the formation of the Tepic-Zacoalco rift (Moore et al., 1994; Fer-
rari et al., 2002, 2007; McDowell and McIntosh, 2012; Bryan 
et al., 2014). These extensional faults and associated Early Mio-
cene intrusive and volcanic rocks are thought to be associated 
with the opening of the Gulf of California (Ferrari et al., 2013; 
Duque-Trujillo et al., 2015). Late Oligocene to Early Miocene 
volcanism, however, has not been identifi ed in the Jalisco block 

ca. 3.6 Ma in the Tecolotlan graben, it continued unabated in the adjacent Colima and 
Tepic-Zacoalco grabens. Small grabens, like the Tecolotlan graben, found in west-
central Mexico record a widespread episode of Pliocene to early Pleistocene (ca. 5–
1.5 Ma) lacustrine and alluvial sedimentation. These small basins are good examples 
of how crustal extension may begin with a period of broad, diffuse deformation and 
faulting followed by a period of concentrated deformation and extension along a few 
much larger structures. Chemically, the lava fl ows found within and on the fl anks of 
the graben represent two different magma series—a calc-alkaline, subduction-related 
suite of basalts, basaltic andesite, and rhyolite, and a more alkaline suite of minette 
lava and various trachylavas; all show trace element evidence for a subduction-zone 
component and formed during an episode of slab roll back.
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itself (Ferrari et al., 2000). Ferrari et al. (2000, 2012) suggest 
that in the western portion of the Trans-Mexican Volcanic Belt, 
the earliest phase of volcanism was dominated by mafi c, locally 
alkaline, eruptions between 11 and 7 Ma. This was followed by 
a lull in volcanic and extensional activity (Ferrari et al., 2012, 
2013; Duque-Trujillo et al., 2015). Between ca. 5 Ma and the 
present, mafi c to intermediate composition lavas were accompa-
nied by a second generation of alkaline magmas (Allan, 1986; 

Moore et al., 1994; Ferrari et al., 2000; Frey et al., 2007; Ferrari 
et al., 2012).

The volcanic activity of central and western Mexico is the 
result of subduction and consumption of the Farallon Plate and 
its descendants beneath Mexico. The thickness of the crust in 
this region is 35–40 km based on gravity and seismic data sum-
marized by Ferrari et al. (2012). Moreover, the lithospheric 
mantle is very thin or absent beneath much of western Mexico 
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Figure 1. (A) Geologic map of the Jalisco region of Mexico showing the location of the Tecolotlan graben (red box) along 
with the major volcanic suites. (B)The index map shows relevant plate boundaries in western Mexico and the contours 
show depth to the subducting slab in kilometers. (Modifi ed from Petrone et al., 2003, Gomez-Tuena et al., 2007; Ferrari 
et al. 2012).
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(Manea and Manea, 2011). The oceanic Rivera plate subducts at 
an angle of ~45° beneath Mexico and the top of the slab is at a 
depth of ~120–150 km beneath Tecolotlan today (Fig. 1; Ferrari 
et al., 2012).

In the Tecolotlan area, little previous work has been done 
related to the character and composition of the volcanic and sedi-
mentary rocks that fi ll the basin and that pre-date the basin, form-
ing its walls and fl oor. Righter and Rosas-Elguera (2001) studied 
volcanic rocks nearby in the Ayutla area, and included a few sam-
ples from the Tecolotlan graben. Freydier et al. (1997) studied the 
Cretaceous volcanic/sedimentary sequence a few kilometers east 
of Tecolotlan in Chiquilistlán. Previous geologic maps at a scale 
of 1:50,000 that cover the Tecolotlan area were published in 1974 
and 2011. The 1974 Tecolotlan quadrangle (F13-D83) published 
by the Comision de Estudios del Territorio Nacional used a very 
broad brush for the geology of the area, but was helpful in guid-
ing our fi eld work. The 2011 map of the same quadrangle was 
published after we had completed our fi eld mapping (Tortoledo 
et al., 2011). This more recent, improved map has more detail and 
map units, but does not map Quaternary units in detail, does not 
subdivide the Tertiary basin fi ll units, classifi es many of the lava 
fl ows as Quaternary that give radiometric ages showing they are 
older, and misidentifi es prominent geologic features such as the 
rhyolite fl ows forming Cerro Chipahua as intrusive diorite.

Our new work constrains the nature of the pre-rift basement, 
the age and magnitude of extension, the nature of the sedimen-
tary infi ll, as well as the volcanic history of the region. These data 
give us a better understanding of the evolution of Late Cenozoic 
extension on the Jalisco block and its relationship to the evolving 
nature of subduction along the plate boundary.

RADIOMETRIC DATING

To understand the chronologic development of the region, 
eight samples from the volcanic units in the Tecolotlan region 
were dated radiometrically (including Jal-Teco-20, Kowallis et 
al., 1998). Table 1 gives rock units dated, and the ages deter-
mined for each of the rocks and mineral separates analyzed.

Five mafi c lavas were dated by whole-rock, incremental 
laser-heating experiments at the Berkeley Geochronology Center 
(Table 2). Sanidine from the Fish Canyon Tuff (FCT) of Colo-
rado, with a reference age of 28.02 Ma (Renne et al., 1998) was 
used as a standard. Table 1 also shows a recalculation of the ages 
using the newer 28.201 Ma standard age for FCT proposed by 
Kuiper et al. (2008) for comparison. The data in Table 2 and Fig-
ure 3 have not, however, been updated with the new FCT age 
standard. All of the dated samples yielded reasonable spectra and 
isochrons with ages ranging from 4.9 to 3.6 Ma (Fig. 3). Sanidine 
and plagioclase (60–100 mesh size) were extracted from two 
tuffs by standard mineral separation procedures, and age deter-
minations were performed on these grains, also at the Berkeley 
Geochronology Center, using single-crystal laser-fusion tech-
niques described in detail in Deino and Potts (1990), Deino et 
al. (1990), Chesner et al. (1991), and Kowallis et al. (1995). The 
age spectrum for plagioclase grains from JT-K42 (a Cretaceous 
ash-fl ow tuff) has one prominent population with an age of 77.0 ± 
0.5 Ma, but it also contains two spurious young grains and a 
population of slightly older grains (Fig. 4). One of the younger 
grains (age 3.1 Ma) is likely a contaminant picked up during the 
collection of the sample. The other grain, which gives an age of 
51.7 Ma, has likely experienced a loss of Ar; its age does not fi t 
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Figure 2. Age probability diagram for dated volcanic rocks in the Tepic-Zacoalco and Colima grabens. Data from Allan 
(1986), Moore et al. (1994), Nieto-Samaniego et al. (1999), Ferrari et al. (2000, 2013, 2014), Frey et al. (2004, 2007), 
Centeno-García et al. (2011), Valencia et al. (2013), Duque-Trujillo et al. (2015).
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with any known source locally or regionally. The other sample 
dated by single-grain laser-fusion methods was from a young 
pyroclastic fall tuff (JT-K107). The age spectrum for sanidine 
from this sample shows the effects of signifi cant detrital contam-
ination; however, the youngest peak at 2.62 ± 0.03 Ma is inter-
preted to be the age of eruption and deposition of the bed (Fig. 4).

Zircon grains (mostly detrital) extracted from one sandstone 
outcrop (JT-15) were dated by the external detector, fi ssion track 
method at Brigham Young University. The location of the sand-
stone outcrop is shown on Plate 1, but it is too small to show on 
the geologic map. It lies stratigraphically just below a lava fl ow. 
Ages were calculated using a zeta factor of 310 ± 4 (2σ) deter-
mined from several irradiations of SRM-962 glass along with 
zircon from the Fish Canyon Tuff. The errors for the ages were 
determined using the method described by Green (1981). The fi s-
sion track ages are plotted on an age probability diagram (Fig. 
5; Hurford et al., 1984; Kowallis et al., 1986) and show peaks at 
4.5, 11.4, and 25.0 Ma. These peaks are in agreement with those 
shown on Figure 3.

GEOCHEMISTRY

To perform whole-rock chemical analysis, rocks were 
coarsely crushed and weathered materials and lithic inclusions 
in the tuffs were removed. The chips were then pulverized using 
a tungsten carbide shatterbox until the powder was less than 
~75 µm. For major element analysis, rock powder was mixed 
with lithium metaborate fl ux and fused to make a glass disk. 
Trace elements were analyzed in pressed powder pellets with a 
cellulose backer formed at 20 tons of pressure with a hydraulic 
press. Both major and trace element analyses were performed 

on a Siemens SRS 303 X-ray fl uorescence (XRF) spectrometer 
at Brigham Young University. The whole-rock results are sum-
marized in Table 3.

ROCK UNITS

The rocks mapped in the Tecolotlan graben area range in age 
from Late Cretaceous to Quaternary and consist of igneous rocks 
(volcanic and intrusive) and sedimentary rocks (mostly clastic). 
In this section, we present detailed descriptions of the lithostrati-
graphic units exposed in the Tecolotlan area. Units are presented 
in a stratigraphic order based on fi eld relationships that are sup-
ported by our new 40Ar-39Ar ages.

Cretaceous Sedimentary and Igneous Rocks

Limestone of Los Guajes (Cretaceous—Klg)
The limestone of Los Guajes is a light to medium gray, crys-

talline limestone, which contains some poorly preserved fossils. 
These beds are likely equivalent to the Aptian-Albian age lime-
stones found in the Tepalcatepec Formation as described to the 
south of the study area (Corona-Esquivel and Alencáster, 1995; 
Zürcher et al., 2001). Zürcher et. al (2001) describe the Middle 
Member of the Tepalcatepec Formation as “an approximately 
200-m-thick recrystallized massive limestone.” Unfortunately, 
fossils in the formation are extensively recrystallized, making 
identifi cation diffi cult. Bivalves and gastropods collected from 
the formation were not preserved well enough for identifi ca-
tion. Samples processed for microfossils were also unproduc-
tive. Therefore, the correlation to the Tepalcatepec Formation 
is tentative.

TABLE 1. AGES, LOCALITIES, AND DESCRIPTIONS OF RADIOMETRICALLY DATED SAMPLES 
 

Sample no. Description Method #  
grains 

Mean age
± 1σ 
(Ma) 

Recalculated age 
± 1σ 
(Ma) 

JT-K107 Sanidine from 
andesite ash 

Single-crystal, 40Ar/39Ar
laser step-heating 

23 2.62 ± 0.03 2.64 ± 0.03 

JT-D Basalt Whole rock, 40Ar/39Ar
laser step-heating 

 3.59 ± 0.01 3.61 ±  0.01 

JT-K101b Basaltic  
trachyandesite 

Whole rock, 40Ar/39Ar
laser step-heating 

 4.67 ± 0.01 4.70 ± 0.01 

JT-K72 Basaltic 
trachyandesite 

Whole rock, 40Ar/39Ar
laser step-heating 

 4.76 ± 0.02 4.79 ± 0.02 

JT-K115 Basaltic 
trachyandesite 

Whole rock, 40Ar/39Ar
laser step-heating 

 4.90 ± 0.02 4.93 ± 0.02 

JT-K119 Trachyandesite Whole rock, 40Ar/39Ar
laser step-heating 

 4.95 ± 0.02 4.98 ± 0.02 

JT-K18 Sanidine from 
rhyolite ash 

Single-crystal, 40Ar/39Ar
laser step-heating 

1 4.89 ± 0.16 4.95 ± 0.16 

JT-K42 Dacite 
ash-flow tuff 

Single-crystal, 40Ar/39Ar
laser step-heating 

11 77.0 ± 0.5 78.0 ± 0.5 

   Note: Weighted mean ages are calculated using the inverse variance as the weighting factor (Taylor, 1982), while errors 
in the weighted mean ages are 1σ standard error of the mean (Samson and Alexander, 1987). Ages were calculated using 
an age of 28.02 for the Fish Canyon Tuff standard. Recalculated ages based on new constants determined by Kuiper et 
al. (2008). 
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TABLE 2. DATA FOR WHOLE ROCK 40Ar/39Ar STEP-HEATING EXPERIMENTS 
 

Step Apparent 
age 

 Error Laser 
(watt) 

%39Ar Cumulative 
%39Ar 

%Radiogenic
40Ar 

Ca/K 

JT-D (Lab# 51086)       
A 14.138 ± 6.781 0.5 0.0 0.0 22.9 0.00 
B 2.353 ± 0.419 1.0 0.8 0.8 6.6 2.26 
C 3.184 ± 0.167 1.5 2.1 2.9 19.5 2.45 
D 3.408 ± 0.081 2.0 3.7 6.6 33.9 3.07 
E 3.725 ± 0.052 2.5 5.5 12.1 51.0 3.65 
F 3.630 ± 0.037 3.0 7.0 19.1 58.9 3.86 
G 3.599 ± 0.055 3.5 7.7 26.8 63.6 3.71 
H 3.572 ± 0.024 4.0 8.1 34.9 66.7 3.35 
I 3.579 ± 0.031 4.5 7.9 42.8 67.7 3.07 
J 3.591 ± 0.033 5.0 7.5 50.3 68.2 3.03 
K 3.596 ± 0.025 5.5 7.0 57.3 66.8 3.01 
L 3.578 ± 0.030 6.0 6.0 63.2 64.0 3.05 
M 3.595 ± 0.053 7.0 7.0 70.2 58.8 3.24 
N 3.655 ± 0.042 8.0 6.2 76.4 53.8 3.53 
O 3.549 ± 0.061 9.0 4.5 80.9 49.5 3.63 
P 3.567 ± 0.073 10.0 3.4 84.3 46.4 3.90 
Q 3.266 ± 0.105 11.0 2.4 86.7 40.4 4.04 
R 3.638 ± 0.116 12.0 1.8 88.6 42.1 4.84 
U 3.274 ± 0.069 21.0 8.3 96.9 30.2 16.1 
V 3.661 ± 0.135 28.0 2.0 98.9 30.5 12.1 
W 3.584 ± 0.199 35.0 1.1 100.0 29.4 11.4 

   *Plateau: 3.591 ± 0.013 Ma, steps F–P, 72.3%of the total 39Ar gas released. Irradiation parameter 
J = 0.000518 ± 0.00000031. 
         
JT-K101b (Lab# 51087)      

A 2.903 ± 6.661 0.5 0.0 0.0 2.1 0.31 
B 2.897 ± 0.774 1.0 0.4 0.4 4.2 2.22 
C 3.623 ± 0.265 1.5 1.0 1.4 13.0 2.67 
D 4.320 ± 0.102 2.0 2.4 3.8 32.7 3.09 
E 4.985 ± 0.043 2.5 4.6 8.4 57.6 3.27 
F 4.845 ± 0.033 3.0 7.1 15.5 69.3 3.09 
G 4.680 ± 0.025 3.5 8.9 24.5 75.0 2.69 
H 4.673 ± 0.021 4.0 9.7 34.1 79.3 2.29 
I 4.691 ± 0.022 4.5 10.2 44.4 81.9 2.04 
J 4.698 ± 0.016 5.0 9.1 53.4 82.8 1.83 
K 4.663 ± 0.022 5.5 8.3 61.7 81.4 1.78 
L 4.622 ± 0.026 6.0 6.8 68.4 77.3 1.75 
M 4.616 ± 0.031 7.0 7.1 75.6 71.6 1.81 
N 4.680 ± 0.023 8.0 6.0 81.6 67.8 1.94 
O 4.699 ± 0.041 9.0 4.5 86.1 62.6 2.36 
P 4.602 ± 0.035 10.0 3.5 89.6 57.8 3.41 
Q 4.610 ± 0.062 11.0 2.5 92.1 54.7 4.51 
R 4.445 ± 0.086 12.0 1.9 94.0 51.2 5.04 
S 4.607 ± 0.093 14.0 1.6 95.7 52.2 5.71 
T 4.408 ± 0.116 17.0 1.3 97.0 47.7 5.82 
U 4.842 ± 0.145 21.0 0.9 97.9 49.9 5.94 
V 4.802 ± 0.099 35.0 2.1 100.0 41.6 9.03 

   *Plateau: 4.670 ± 0.012 Ma, steps G–Q, 76.6% of the total 39Ar gas released. Irradiation parameter 
J = 0.0005162 ± 0.00000031. 

(continued) 
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These oldest sedimentary rocks in the map area are exposed 
near the town of Los Guajes in the eastern wall of the Tecolotlan 
graben (Plate 1 and Fig. 6A). The total thickness of this unit is not 
exposed, but it has a minimum thickness of over 400 m. Individ-
ual limestone beds are generally thick (0.5–2 m), dipping 55° to 
70° W and striking about N 35° E. Just to the east of Tecolotlan, 
these limestone beds are folded, with fold axes trending approxi-
mately N 10° E (Ferrari et al., 2000). One small exposure was 
found within the western footwall in Arroyo La Florida west of 

the small village of San Buenaventura (Plate 1). In this exposure 
the limestone is very dark gray, silicifi ed, contains fairly abun-
dant pyrite, and has beds that dip 50° NW and strike N 50° E. 
The silicifi cation of the limestones in Arroyo La Florida is likely 
related to metasomatism caused by a diorite intrusion that is well 
exposed farther up this same arroyo. The limestone beds are not 
exposed within the graben.

Just to the northeast of the mapped area, the limestone 
is quarried for use in cement production. During quarrying 

TABLE 2. DATA FOR WHOLE ROCK 40Ar/39Ar STEP-HEATING EXPERIMENTS (continued) 
 

Step Apparent 
age 

 Error Laser 
(watt) 

%39Ar Cumulative 
%39Ar 

%Radiogenic
40Ar 

Ca/K 

JT-K72 (Lab# 51091)      
A:  insufficient gas released      

B –8.380  ± 2.503      
 1.0 0.2  0.2 –6.4 4.32   

C 2.923 ± 0.521 1.5 1.0 1.2 5.2 4.17 
D 5.022 ± 0.155 2.0 2.3 3.5 26.7 3.79 
E 4.891 ± 0.055 2.5 5.8 9.3 55.7 3.43 
F 4.956 ± 0.033 3.0 7.5 16.9 79.1 3.05 
G 4.809 ± 0.027 3.5 10.9 27.8 84.8 2.76 
H 4.788 ± 0.024 4.0 10.2 38.0 88.9 2.50 
I 4.755 ± 0.023 4.5 10.0 48.1 89.6 2.44 
J 4.762 ± 0.026 5.0 8.6 56.7 90.6 2.42 
K 4.752 ± 0.025 5.5 7.8 64.5 90.4 2.46 
L 4.796 ± 0.035 6.0 6.3 70.8 90.4 2.51 
M 4.707 ± 0.025 7.0 6.6 77.4 86.8 2.60 
N 4.722 ± 0.031 8.0 5.1 82.5 86.7 2.73 
O 4.691 ± 0.054 9.0 3.6 86.1 85.2 3.20 
P 5.027 ± 0.068 10.0 2.7 88.8 89.2 5.07 
Q 4.914 ± 0.088 11.0 2.3 91.1 85.7 8.59 
R 4.922 ± 0.114 12.0 1.6 92.7 80.2 8.49 
S 4.615 ± 0.104 14.0 1.7 94.4 72.0 12.8 
T 4.805 ± 0.144 17.0 1.2 95.6 77.2 16.4 
U 4.293 ± 0.151 21.0 1.3 96.9 68.9 18.0 
V 4.569 ± 0.075 35.0 3.1 100.0 72.8 18.6 

   *Plateau: 4.758 ± 0.015 Ma, steps G–O, 69.2% of the total 39Ar gas released. Irradiation parameter 
 J = 0.0005207 ± 0.00000032. 
         
JT-K115 (Lab# 51089)      

A 33.829 ± 84.108  0.5 0.0 0.0 98.5 8.70 
B 2.425 ± 0.654 1.0 0.3 0.3 9.3 1.85 
C 4.285 ± 0.148 1.5 1.9 2.2 32.7 1.37 
D 4.875 ± 0.054 2.0 5.3 7.5 58.9 1.06 
E 4.907 ± 0.030 2.5 9.9 17.4 75.2 0.93 
F 4.931 ± 0.023 3.0 13.2 30.6 82.9 0.84 
G 4.863 ± 0.017 3.5 13.6 44.2 84.6 0.83 
H 4.892 ± 0.022 4.0 12.2 56.4 85.9 0.83 
I 4.929 ± 0.023 4.5 10.3 66.7 85.5 0.85 
J 4.930 ± 0.027 5.0 8.1 74.8 84.3 0.87 
K 4.952 ± 0.037 5.5 6.2 81.0 83.2 0.93 
L 5.004 ± 0.043 6.0 4.8 85.8 81.6 0.98 
M 4.824 ± 0.040 7.0 5.2 91.1 76.3 1.19 
N 4.805 ± 0.054 8.0 4.5 95.5 71.9 1.58 
O 4.763 ± 0.054 9.0 4.5 100.0 71.8 2.73 

   *Plateau: 4.904 ± 0.015 Ma, steps D–K, 78.8% of the total 39Ar gas released. Irradiation parameter  
J = 0.0005205 ± 0.00000031. 

(continued) 
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 operations, late Pleistocene mammals, including horse (Equus 
sp.) and camel (?Hemiauchenia), were discovered by quarry 
workers within a small cave in these limestones.

Formation of Juchitlan (Late Cretaceous—Kj)
Altered rhyolitic to dacitic ash-fl ow tuffs (ignimbrites), tra-

chyandesitic lava fl ows, and volcaniclastic sedimentary rocks 
comprise the formation of Juchitlan (Plate 1 and Fig. 7). The 
color of the different volcanic and sedimentary units of this for-
mation is quite variable. Immediately west of Juchitlan, Mex-
ico Highway 80 climbs up through the western escarpment of 
the graben. Here, in several road cuts, are good exposures of 
these rocks (Plate 1). The exposed thickness of this formation 
is ~300 m, however, a complete section is nowhere exposed in 
the mapped area. The lower part of the formation is comprised 

of a succession of fi ne-grained red beds, volcaniclastic sand-
stones, and channel fi ll deposits. These are overlain by a section 
dominated by ash-fl ow tuffs and lava fl ows separated by thick 
lahar deposits (Plate 1). The formation of Juchitlan probably cor-
relates to “unit 1” (Late Cretaceous volcanic and sedimentary 
rocks) described by Ferrari et al. (2000) in their geologic map 
just north of this area. The descriptions by Martini et al. (2010) 
of the Late Cretaceous Zihuatanejo and La Union Formations of 
southwestern Mexico are very similar to our formation of Juchit-
lan with volcaniclastic conglomerates, red-beds composed of 
sandstones (feldspathic litharenites) and siltstones, and meter- to 
decimeter-thick layers of tuff and lava fl ows. The lower, mostly 
sedimentary rock section of this formation contains sandstones, 
siltstones, and volcaniclastic conglomerates that appear to be 
mostly fl uvial and overbank deposits. The sandstones are lithic 

TABLE 2. DATA FOR WHOLE ROCK 40Ar/39Ar STEP-HEATING EXPERIMENTS (continued) 
 

Step Apparent 
age 

 Error Laser 
(watt) 

%39Ar Cumulative 
%39Ar 

%Radiogenic
40Ar 

Ca/K 

JT-K119 (Lab# 51090) 
A 15.149 ± 37.554  0.5 0.0 0.0 4.2 1.35 
B 2.363 ± 1.685 1.0 0.3 0.3 1.1 1.92 
C 4.553 ± 0.417 1.5 1.2 1.6 6.1 1.97 
D 5.211 ± 0.155 2.0 2.5 4.1 18.1 2.46 
E 5.143 ± 0.075 2.5 3.9 8.0 33.4 2.73 
F 5.121 ± 0.043 3.0 6.4 14.4 46.4 2.39 
G 5.032 ± 0.029 3.5 8.4 22.8 60.7 1.83 
H 4.989 ± 0.023 4.0 10.4 33.2 71.1 1.32 
I 4.967 ± 0.017 4.5 11.0 44.2 79.5 1.12 
J 4.968 ± 0.018 5.0 9.8 54.1 83.5 1.06 
K 4.966 ± 0.018 5.5 8.7 62.7 84.8 1.01 
L 4.911 ± 0.019 6.0 6.8 69.5 85.7 0.96 
M 4.926 ± 0.019 7.0 7.3 76.8 87.7 0.98 
N 4.859 ± 0.017 8.0 6.2 83.0 87.1 1.05 
O 4.792 ± 0.026 9.0 4.6 87.6 84.0 1.45 
P 4.770 ± 0.035 10.0 3.0 90.6 82.7 2.07 
Q 4.783 ± 0.043 11.0 2.3 92.9 81.7 2.60 
R 4.760 ± 0.052 12.0 1.7 94.6 79.6 3.14 
S 4.621 ± 0.052 14.0 1.9 96.5 71.4 5.68 
T 4.476 ± 0.063 17.0 1.6 98.1 62.2 10.2 
U 4.545 ± 0.099 21.0 1.0 99.0 58.8 13.0 
V 4.682 ± 0.102 35.0 1.0 100.0 55.5 17.4 

   *Plateau: 4.954± 0.014 Ma, steps H–M, 54.0% of the total 39Ar gas released. Irradiation parameter 
 J = 0.0005224 ± 0.00000032 
 
Irradiation Parameters: All 40Ar/39Ar analyses are calculated using an age of 28.02 Ma (Renne et al., 1998) for 
the co-irradiated monitor mineral Fish Canyon Sanidine. Irradiation parameter J is calculated based on 
multiple analyses of individual grains from multiple locations on the irradiation disks to account for variations 
in reactor irradiation gradients, thus values for J are listed above for each sample. 40Ar/36Ar mass 
discrimination = 1.007 ± 0.001; isotope interference corrections used are Ca 39Ar/37Ar = 0.00076 ± 0.000056, 
Ca 36Ar/37Ar = 0.00027 ± 0.00001, and K 40Ar/39Ar = 0.00014 ± 0.00006. 
 
   Note: The mean square of weighted deviates associated with our isochron fits are slightly larger than would 
be expected, indicating slightly more scatter around our fit than expected from the small uncertainties 
accompanying the plateau and isochron ages. This most likely indicates that we have underestimated the 
actual uncertainty associated with one or more parameters ( J, discrimination, etc.) associated with the 
individual increment ages. However, the congruence between the plateau, isochron and integrated ages 
indicate that this has not affected the age in either of the calculations or our confidence in our overall 
calculated age of the samples. 
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Figure 3. 40Ar/39Ar age spectra for whole-
rock analyses of mafi c lavas from the for-
mation of San Jose. The plateau ages are 
the ages reported in Table 1. MSWD—
mean square of weighted deviates.
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arkoses ( classifi cation of Folk, 1974) or feldspathic arenites and 
feldspathic wackes (classifi cation of Dott, 1964, see Figs. 8 and 
9). Below the rhyolite dome of Cerro Chipahua (near location 
4 on the geologic map), these sedimentary rocks are brick red 
siltstones and fi ne-grained sandstones that dip ~20° W and strike 
N 15° E (Fig. 10). The red color indicates an oxidizing environ-
ment of deposition in fairly quite water, likely overbank fl uvial 
deposits. No obvious sedimentary structures, such as ripples, 
mud cracks, etc., were observed in these outcrops. Some coarser 
layers of pebble conglomerate also occur here with the pebbles 
composed of volcanic rock fragments.

Farther to the south, west of the town of San Jose (between 
localities 148–151 on the geologic map), we measured a partial 
section of ~50 m thickness through the sedimentary part of this 
formation where it dips ~20° west and strikes N 45–65° E. Here 
the sandstones and siltstones are brick red to lavender to grayish 
brown with angular to subrounded grains. They often have a “salt 
and pepper” appearance through a hand lens being composed 
mostly of mafi c volcanic rock fragments and light feldspar with 
minor quartz. Cement is a combination of calcite, clay, and quartz 
(Fig. 9). Occasionally beds contain dark lavender mudstone rip-
up clasts. These sediments are mostly overbank fl uvial deposits 
with pale orange to pale greenish yellow, cross-bedded channel 
sandstones (perhaps point bar deposits) cutting into them. The 
channel sandstones are typically more resistant and form small 
cliffs ranging in thickness from ~1 m to over 10 m.

Within the upper volcaniclastic complex are at least six sub-
aerial ignimbrites, ranging in thickness from 3 to 20 m, inter-
bedded with mafi c to intermediate composition lava fl ows, and 
volcaniclastic conglomerates (interpreted to be lahar deposits).

Lahar units tend to be dark grayish red to dark brown-
ish purple, and occasionally pale green to grayish green. They 
are mostly matrix supported conglomerates, well lithifi ed, and 
composed of angular to subrounded, weathered volcanic lithic 
fragments (~60%–70% of a typical outcrop ranging in size up to 
0.5 m diameter) and a fi ne-grained matrix (~30%–40%) that con-

0.0
0 10 20 30 40 50

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
P

ro
ba

bi
lit

y

Age (Ma)

Zircon Fission Track Ages - Jal-Teco-15

4.5

11.4
25.0

Figure 5. Relative probability plot of detrital zircon fi ssion track ages 
from a sandy layer (JT-15) in the formation of San Jose.

tains variable amounts of feldspar, quartz, hornblende, biotite, 
pyroxene, calcite, and clay. The volcanic lithic fragments were 
not chemically analyzed, but appear to be mostly intermediate 
to mafi c in composition and similar to the interbedded lava fl ows 
mentioned above. Rare sedimentary lithic fragments (mostly 
sandstone) are also present.

The volcanic rocks of the formation of Juchitlan are domi-
nantly silicic ignimbrites with only small preserved volumes of 
trachyandesitic and trachybasaltic lava fl ows (Table 3 and Fig. 
11). This contrasts with the nearby Chiquilistlán area (~20 km 
east) where felsic lava fl ows dominate the Cretaceous volcanic 
section (Freydier et al., 1997), but it is similar to the Playa Azul-
San Juan de Lima area (~200 km southeast) where subaerial 
ignimbrites are common (Tardy et al., 1994). They are all gener-
ally thin outfl ow units (all but one less than 10 m) and can be 
distinguished by phenocryst content, color, and abundance of 
lithics. The ignimbrites are also more resistant than the surround-
ing volcaniclastic rocks so that they form small cliffs (Fig. 6B). 
They are designated as tuffs A-F, from oldest to youngest (Fig. 
7). These volcanic units are described in more detail here because 
their distinctive character and mineralogy may allow them to be 
used in correlation beyond the Tecolotlan area and because their 
nature has important implications for the character of the Creta-
ceous arc. These tuffs, as well as some intercalated lava fl ows, 
are described here from outcrops along Mexico Highway 80 west 
of Juchitlan (localities 30, 35–42 on the geologic map) and from 
outcrops below Cerro La Coronilla northwest of Juchitlan (near 
localities 76 and 87–88 on the geologic map).

The oldest volcanic unit is an altered lava fl ow or ash-fl ow 
tuff (JT-K76) that occurs near the base of the exposed part of the 
section below Cerro La Coronilla. This unit is porous, pinkish 
gray, with highly altered phenocrysts and is ~2 m thick.

Tuff A (JT-K42) is a light gray to pinkish gray, crystal-rich, 
welded rhyolite tuff. Pumice fragments are fl attened into thin 
black glassy stringers. This unit is ~7 m thick. It contains 10%–
15% volcanic lithic fragments, mostly aphanitic and brick red in 
color. Phenocrysts of plagioclase (17%) and sanidine (8%) are 
mostly altered and range in size up to 3 mm. Enough unaltered 
plagioclase grains were extracted from this unit to obtain an age 
of 77.0 ± 0.5 Ma.

Tuff B (JT-K41) is a pinkish brown, moderately welded rhy-
olite ash-fl ow tuff ~4–5 m thick. This unit contains ~1–2% lithic 
fragments and ~3% plagioclase phenocrysts up to 0.5 mm in size. 
Relict glass shards are obvious in thin section.

Tuff C (JT-K40) is a pinkish brown, moderately welded rhy-
olite tuff, similar to tuff B but without lithic fragments and with 
sanidine phenocrysts. It is ~4–5 m thick. Obvious altered glass 
shards in thin section make up most of the groundmass. Lithic 
fragments were not observed, but the unit has ~3% plagioclase 
and 2% sanidine phenocrysts (up to 2 mm), both extensively 
altered. Rare, small (a few mm), pumice fragments are altered to 
a light green color.

Tuff D (JT-K38) is a mottled light green to pink, crystal-poor, 
lithic-rich rhyolite tuff ~15–20 m thick. Volcanic lithic  fragments 
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comprise ~30%–40% of the tuff, with pumice fragments ~15%. 
Less than 1% of the tuff is phenocrysts of plagioclase and sani-
dine (up to 1 mm). This tuff forms the uppermost and largest cliff 
of any of the ash-fl ow tuffs in the western escarpment. This tuff 
also forms a dip slope west of the escarpment near Los Tepetates 
on the western margin of the geologic map (Plate 1).

A trachyandesite lava fl ow (JT-K37) overlies tuff D. It is 
dark gray on fresh surfaces with some altered greenish patches. 
Plagioclase phenocrysts can be seen with a hand lens. The fl ow 
is ~10 m thick.

Tuff E (JT-K36) is a welded, pinkish brown, rhyolite tuff 
with obvious pumice fragments and is ~6 m thick. Pumice frag-
ments have been altered to pale green. Phenocrysts are larger (up 
to 2 mm) and more abundant than in tuff F with ~8% plagio-
clase phenocrysts and 5% sanidine phenocrysts. It also contains 
~5% volcanic lithic fragments. A tuff with similar color, texture, 
mineralogy, lithic and pumice content outcrops within the graben 
along Arroyo Tamazula near the village of Santa Maria (Plate 1), 
central part of map area) and may be correlative.

Tuff F (JT-K35) is a whitish gray to light gray, rhyolite tuff 
with poorly welded, “punky” upper third and a more densely 

welded base (but not quite a vitrophyre). It is ~3 m thick and con-
tains ~5% volcanic lithic fragments and 7% altered plagioclase 
phenocrysts (up to 1 mm).

Near the top of the pass along Mexico Highway 80 is another 
trachyandesite lava fl ow (JT-K30) ~2 m thick located just outside 
of the area of Plate 1. It is dark gray with prominent plagioclase 
phenocrysts (up to 0.5 mm) and vugs fi lled with calcite. The 
larger phenocrysts have been altered and replaced by calcite.

The three lava fl ows in this formation are typically porphy-
ritic with phenocrysts of plagioclase as well as clinopyroxene, 
and less common hornblende. They are all trachyandesites (Fig. 
11). Similar intermediate lavas were sampled in other parts of the 
formation. One silicifi ed dacite lava (JT-K97; Table 3) was also 
found in the formation of Juchitlan just outside of the map area 
to the northeast on the road from Ojo de Agua to Tamazulita. At 
this locality the formation dips 55° west and striking N 10° W.

While no evidence of fossil animals (vertebrate or inverte-
brate) was found in these beds, fossil wood was discovered in 
one small area. The wood consisted of short tree segments along 
bedding planes or, in some cases, bases of trees that appeared to 
be in situ with some preserved root systems. Dr. Sergio Cevallos 

Ridge capping andesite flows
Ash flow D

JT-K38

Ash flow D
JT-K38Ash flow A

JT-K42
Ash flow B

JT-K41

Ash flow C
JT-K40

Tecolotlan
Graben

Neogene lava flow
Cretaceous limestone A

B

Figure 6. (A) View looking to the west from approximately locality #128 on Plate 1. The ridge is capped by a Neogene lava fl ow (dark gray) and 
underlain by Cretaceous limestone (light gray). The Tecolotlan graben lies over the ridge to the west. (B) View to the west of the western horst of 
the graben showing ridge capping Neogene andesite lava fl ows over Cretaceous volcaniclastic sediments and tuffs of the formation of Juchitlan.
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(Instituto de Geología at the Universidad Nacional Autónoma de 
México) has tentatively identifi ed these fossils as palm wood.

The 77 Ma age of Tuff A dates this formation to the Late 
Cretaceous Campanian age. Previous work by Wallace and Car-
michael (1989), Righter and Rosas-Elguera (2001); and Frey 
et al. (2007) have also examined the Cretaceous volcanic rocks 

near the Tecolotlan graben. Righter and Rosas-Elguera (2001) 
described an older “greenish to violet colored andesite breccia” 
that they called the Jalisco breccia. Overlying these volcaniclastic 
rocks, an age of 79 Ma was obtained on a rhyolite ash-fl ow tuff 
(Rosas-Elguera et al., 1997), comparable to our age of 77 Ma. A 
Late Cretaceous age for these ignimbrites and sedimentary rocks 

77.0 ± 0.5 Ma
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Figure 7. Schematic section of the Cretaceous 
formation of Juchitlan as exposed in the west-
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is expected for the Jalisco block (Köhler et al., 1988; Wallace 
and Carmichael, 1989; Allan et al., 1991; Righter et al., 1995; 
Frey et al., 2007) and these tuffs and lavas correlate with the vol-
canic part of the Lower Volcanic Complex of the Sierra Madre 
Occidental (McDowell and Keizer, 1977), particularly with the 
Tarahumara Formation of McDowell et al. (2001). This succes-
sion of volcanic and sedimentary rocks is younger than similar 
rocks of the Guerrero terrane described by Tardy et al. (1994) 
and Freydier et al. (1997), which are thought to be Late Jurassic 
to Early Cretaceous.
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Figure 8. Classifi cation diagrams for the sandstones of the 
formations of Juchitlan (Cretaceous) and San Jose (Neo-
gene). (A) QmFL composition (monocrystalline quartz-
feldspar-lithics) and (B) provenance diagrams. Composi-
tional fi elds are from Folk (1974) and  provenance–fi elds 
are from Dickinson (1985).

Diorite of La Florida (Cretaceous?—Kd)
Cropping out in the northwest corner of the map area (Plate 

1) is a diorite pluton that intrudes the Juchitlan beds and has meta-
morphosed and silicifi ed the limestone of Los Guajes in Arroyo 
La Florida. The pluton is medium gray with a uniform crystal size 
of ~1–2 mm. Mineralogically, the pluton is composed of ~38% 
plagioclase, 25% quartz, 17% hornblende, 11% biotite, and 6% 
K-feldspar. Accessory apatite and Fe-oxides are also present. 
Chlorite and sericite alteration occur throughout. Chemically, 
the rock is a diorite with 63% silica (Fig. 11). This intrusion is 
probably related to numerous other Late Cretaceous to Paleocene 
plutons found in the Jalisco block and lumped together as the 
Puerto Vallarta batholith (Ferrari et al., 2000). More recent work 
has shown that these Late Cretaceous to Paleocene diorites and 
granites range in age from 59 to 92 Ma (Valencia et al., 2013). 
Field relations constrain the diorite of La Florida to younger than 
77 Ma as it intrudes the formation of Juchitlan.

Geochemistry of the Cretaceous Igneous Rocks
The Cretaceous volcanic rocks are typically altered, espe-

cially the felsic ignimbrites. To avoid problems with mobile ele-
ments, we focus most of our interpretations for these older rocks 
on less mobile, high-fi eld-strength elements such as Ti, Zr, Nb, Y, 
and rare earth elements (REE) (e.g., Winchester and Floyd, 1977) 
and the phenocryst assemblage. Using the elemental composi-
tions, the original rock types include basalt, andesite, and rhyolite 
(Fig. 11).

The felsic rocks are most altered––as noted above quartz 
and feldspar phenocrysts have survived in some. Chemically the 
alteration is apparent in low values for K

2
O (and Rb) and per-

turbed Na
2
O, some high and some low (Table 3 and Supplemental 

Tables 1 and 21). Most of the felsic volcanic rocks are silicifi ed; 
some have as much as 83% wt% SiO

2
 on an anhydrous basis. 

Many of the altered rocks also have high LOI (loss on ignition 
at 1000 °C); this value ranges to as much as 5%. Rhyolites are 
identifi ed using immobile elements as those with less than 0.4% 
TiO

2
 and high Zr/Ti ratios (Fig. 11) and dacites with between 0.4 

and 0.6% TiO
2
.

On mantle-normalized trace-element diagrams, almost all 
of the Cretaceous rhyolites have strong enrichment of large ion 
lithophile elements (LILE), Nb-Ti depletions, and Pb enrich-
ments, consistent with derivation from a subduction zone (Fig. 
12). High La/Nb ratios (>1) and Ba/Nb (>40) are consistent with 
this interpretation. They are also light rare earth element (LREE) 
enriched (Fig. 12), an enrichment characteristic of calc-alkaline 
suites. The high La/Y ratios are more consistent with genera-
tion in a continental arc than in an island arc (Gill, 1981). The Sr 
and P depletions on normalized diagrams are probably the result 
of fractional crystallization at low pressure and the removal of 

1GSA Data Repository item 2017112, Supplemental Tables 1 and 2, is avail-
able at http://www.geosociety.org/pubs/ft2017.htm or by request to editing@
geosociety.org.
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Figure 9. Element maps for three sandstones from the Cretaceous Juchitlan formation. Each image is ~1000 microns 
wide. Element abundances are highest at the red end of the scale and lowest in black. The Al, K, and Ca maps show the 
presence of abundant feldspar, both plagioclase and K-feldspar. Clay and quartz between the grains are the main cement-
ing materials (note the abundant blue between grains in the Al maps and the reds in the Si maps). Some calcite cement 
is also present in two of the samples (the bright reds in the Ca maps). Quartz grains do not appear to comprise more than 
25%–30% of the grains in any of the samples (see the Al maps where the gray areas are mostly quartz grains or quartz 
cement), with sample JT-K149 having the most quartz.
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Figure 10. (A) View to the northwest. Low hill in middle distance is a mafi c lava fl ow (Tm) surrounded by rocks of the formations of San Jose 
and San Buenaventura. Distant hills are capped by thick rhyolite lava fl ow (Tr) and underlain by the Cretaceous formation of Juchitlan (Kj). 
(B) Reddish sandstones and siltstones of the Cretaceous formation of Juchitlan (Kj) near point #4 on geologic map at base of hills capped with 
rhyolite fl ows (Tr) seen in photo A. Here the rocks dip ~20° to the west. (C) Coarse cross-bedded fl uvial and alluvial sediments of the forma-
tion of San Buenaventura (QTsb, Blancan-Irvingtonian) lying unconformably on the fi ner grained beds in the formation of San Jose (Tsj, 
Hemphillian). (D) Formation of San Jose (Tsj) in road cut along Mexico Highway 80 ~10 km south of Tecolotlan. Exposed section is ~10 m 
thick. The uppermost layers (top 1–2 m) are sandy carbonate lacustrine beds, while the rest of the exposure is composed of silty mudstone 
and interpreted to be fl uvial and overbank deposits. (E) Locality of ash bed JT-K18 (or Jal-Teco-20 of Kowallis et al., 1998) in the formation 
of San Jose. (F) Tilted beds of the limestone of Los Guajes along the road to the quarry located just outside the map area to the northeast. 
Hammer for scale. The beds here dip 55° to the west.
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 feldspars and apatite. Ti depletions were accentuated by fraction-
ation of Fe-Ti oxides. The rhyolites mostly plot within the volca-
nic arc fi eld of Pearce et al. (1984) (Fig. 12). A notable exception 
is a “dacitic” ash-fl ow tuff (JT-K130) that has high concentra-
tions of Zr and plots in the within plate granite (WPG) fi eld. In 
most regards, these silicic rocks are similar to the Type V rhyo-
lites of Playa Azul identifi ed by Tardy et al. (1994). They found 
that silicic volcanic rocks were rare in the Guerrero terrane; but 
they are common in the vicinity of Tecolotlan.

The mafi c and intermediate composition volcanic rocks 
in this sequence are less geochemically altered. They contain 
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Figure 11. Chemical compositions of the Cretaceous igneous rocks of 
the Tecolotlan area. (A) Total alkali-silica classifi cation diagram (Le 
Maitre, 1989). The rhyolites are altered and have low alkali contents. 
(B) Nb/Y-Zr/TiO

2
 ratios confi rm the presence of Cretaceous basalts, 

andesites, and rhyolites (after Winchester and Floyd, 1977). This dia-
gram distinguishes dacites from andesites more effectively than does 
Pearce’s (1996) revision as judged by the compositions of the fresh 
Neogene rocks.

altered phenocrysts of plagioclase in a dark groundmass that 
was probably composed of plagioclase, pyroxene, Fe-oxides, 
and perhaps olivine. Secondary calcite, Fe-oxides, and clays 
have replaced much of the matrix and most of the phenocrysts. 
They range from trachybasalt to trachyandesite in composi-
tion (Fig. 11). If K has not been disturbed, they are part of a 
medium- to high-K suite. P

2
O

5
 is also high (>0.4 wt%) and con-

sistent with the high-K character. About half of the mafi c-inter-
mediate rocks have rather low MgO (2–5%) and high Fe

2
O
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Figure 12. Trace element compositions of Cretaceous igneous rocks 
from the Tecolotlan graben. (A) Tectonic discrimination diagram of 
Pearce et al. (1984). Both Cretaceous and Neogene silicic rocks are 
plotted. The high Nb and Y concentrations in two of the Cretaceous 
samples are probably the result of alteration. JT-K107 is a distal fallout 
tuff and also strongly altered. (B) Average trace element patterns for 
Cretaceous igneous rocks all show negative Nb-anomalies, positive Pb 
anomalies and enrichments in LILE. Normalization values for primi-
tive mantle are from Sun and McDonough (1989).



 The Geology of the Tecolotlan Graben, Jalisco, Mexico 19

(>10 wt%) and consequently are ferroan on FeO/(FeO+MgO) 
versus SiO

2
 diagram (Miyashiro, 1974). The basalts have high 

TiO
2
 (1.5–2%) as compared to typical basalts from subduction 

zones, but they have rather high Al
2
O

3
 (>18%), which is typical 

of subduction-related lavas. The trachyandesites have high Na, 
K, and P compared to the trachybasalts in this sequence. On 
primitive mantle normalized trace element diagrams (Fig. 12), 
the trachybasalts lack strong negative Ti-anomalies so typical 
of subduction zone magmas, but they have negative Nb anoma-
lies and positive Pb and Sr anomalies. The Ti-Zr-Y concentra-
tions of the basalts fall in the range of volcanic arc basalts and 
the more evolved trachyandesites lie on the border between the 
arc and within plate basalt fi elds (Fig. 13; Pearce and Cann, 
1973). But their relatively low Nb concentrations and negative 
Nb anomalies make them more similar to volcanic arc basalts. 
Sr declines regularly with silica indicating the plagioclase 
remained stable in the mafi c to silicic differentiation trends; this 
accords with the petrography. They are moderately enriched in 
LREE (Fig. 11) and other large ion lithophile elements, but this 
could be the result of alteration.

Ferrari et al. (2014) showed that igneous rocks 93–70 Ma 
in western Mexico are virtually restricted to the Jalisco block; 
they relate the magmatism to subduction of the Farallon plate 
to the east beneath Mexico. The Cretaceous igneous suite of the 
Tecolotlan graben very similar to other Cretaceous to Paleogene 
magmatic rocks of Jalisco as compiled by Ferrari et al. (2014). 
They are notably different than a Cretaceous to Paleocene suite of 
adakitic rocks found to the SE. They have deeper Nb anomalies, 
lower concentrations of LREE and Y, positive Sr anomalies (even 
in the felsic rocks), and signifi cantly higher Sr/Y and La/Y ratios. 
Ferrari et al. (2014) interpret these distinctive magmas to have 
formed when a tear and slab window developed and the basaltic/
eclogitic oceanic crust partially melted.

In short, the Cretaceous igneous rocks show many of the 
mineralogical and geochemical features of subduction-related 
continental margin volcanic rocks—the trace element patterns of 
the mafi c rocks, a wide range of compositions, predominance of 
rhyolite, high LILE/HFSE (high fi eld strength elements) ratios, 
along with quartz and biotite in the more felsic rocks. How-
ever, some of the mafi c lavas have high Fe/Mg ratios and high 
TiO

2
 concentrations and a few of the felsic rocks have within 

plate characteristics with high Y and Nb. Thus, the environment 
seems to have been in a continental arc that was experiencing 
extension—much like the modern Trans-Mexican volcanic belt. 
We conclude that the Cretaceous igneous rocks were not formed 
in an island arc that became accreted to North America. Instead, 
the compositions are more consistent with an arc that was built 
on already established continental crust.

Neogene and Quaternary Units

Formation of San Jose (Late Hemphillian—Tsj)
Within the Tecolotlan graben, Hemphillian age (North 

American Land Mammal age, Wood et al., 1941), poorly con-

solidated sedimentary rocks unconformably overlie the Late 
Cretaceous rocks (Plate 1 and Fig. 14). These rocks (herein 
informally called the formation of San Jose because of the good 
exposures along the Arroyo San Jose and near the village of San 
Jose (Plate 1), are the oldest sedimentary fi ll associated with the 
onset of extension.

The formation of San Jose is comprised mostly of fi ne 
siltstones and mudstones, alternating in color from light gray 
green to light reddish brown with a minimum thickness of 
~30–35 m (Fig. 14). Some white caliche horizons occur, usu-
ally within the light gray green mudstones; these may be quite 
laterally extensive. Coarse detritus is rare in the formation, but 
a few fl uvial sandstone and conglomerate layers are present, 
usually within the reddish brown siltstones and mudstones. 
The sandstones are litharenites (classifi cation of Folk, 1974), 
with quartz + feldspar generally less than ~20% (Fig. 8). The 
formation appears to be mostly fl uvial and overbank deposits, 
except near the middle of the formation where thinly bedded, 
carbonate cemented sands and interbedded mudstones were 
probably deposited in a small lake (Fig. 10D). The lacustrine 
beds are only a small part of the total section and may have 
been deposited when lava fl ows dammed the drainage at the 
southern end of the map area.

Age control for the formation of San Jose comes from inter-
bedded volcanic rocks and from fossils. A trachyandesite lava 
fl ow (Tables 1 and 2, Tm sample JT-K119), has been dated at 
4.95 ± 0.02 Ma. A rhyolite ash fall bed (Fig. 10E), in places up 
to 0.5 m thick, at about the same stratigraphic level as the trachy-
andesite fl ow was previously dated at 4.95 ± 0.16 Ma (Table 1; 
JT-K18; recalculated age from original publication of Kowallis 
et al., 1998 with new FCT age standards). The youngest mafi c 
lava fl ow (JT-D), with a 40Ar/39Ar age of 3.59 ± 0.01 Ma, is near 
Los Duendes, ~4 km northeast of Tecolotlan (Plate 1). It sits atop 
the formation of San Jose and fi lls a small valley with little or 
no topographic inversion. The age of the formation of San Jose, 
based on mammal fossils, is latest Hemphillian to possibly earli-
est Blancan. The age of the Hemphillian-Blancan boundary is 
between 4.7 and 4.8 Ma (Flynn et al., 2005); the radiometric ages 
confi rm this age assignment. The formation has produced a wide 
variety of excellently preserved vertebrate fossils. Included are 
horse, mastodon, camel, rhinoceros, crocodile, turtle, capybara, 
sloth, etc. Some of these fossils have been described (Miller and 
Carranza-Castañeda, 1998c; Carranza-Castañeda and Miller, 
2002; Carranza-Castañeda and Miller, 2004; Lucas, 2008; 
 Carbot-Chanona et al., 2009) while others are still being studied. 
Key index fossils found in these sediments include: Dinohippus 
mexicanus, Neohipparion eurystyle, Teleoceras fossiger, Canis 
ferox, and Notolagus velox.

A signifi cant unconformity (Fig. 10C) occurs at the top of 
these beds. This period of erosion likely removed some of the 
Blancan age sediments, which were deposited in the graben. 
Based upon the isotopic data from this formation, its age appears 
to range between ca. 5 Ma and 3.6 Ma being deposited during 
active rifting of the graben.



20 Kowallis et al.

  

 

  

 

 

 

 

 

0

2

4

6

8

10

12

45 50 55 60 65 70 75

N
a

2
O

 +
 K

2
O

 (
w

t%
)

SiO2 (wt%)

Trachy
basalt

Trachy-
andesite

Trachyte

Dacite

Andesite
Basaltic

Andesite

Rhyolite

Basalt

trachyandesite
Basaltic

Neogene
Calc-alkaline
Transitional
Minette

-10

-8

-6

-4

-2

0

2

4

6

8

10

40 45 50 55 60 65 70 75 80

N
a 2O

 +
 K

2O
 

- 
C

aO
) 

(w
t%

)

SiO2 (wt%)

CalcicCalc-alkalic
Alkali-c

alcicAlkalic

0.2

0.4

0.6

0.8

1.0

45 50 55 60 65 70 75 80

F
eO

*/
(F

eO
*+

M
gO

)

SiO2 (wt%)(wt%)

Magnesian

Ferroan

Petrone et al. 2003
Calc-alkaline
Transitional
Na Alkaline

0

5

10

15

20

25

30

35

40

45

50

0 500 1000 1500 2000 2500 3000

N
b 

(p
pm

)

Ba (ppm)

40 6020

0

2

4

6

8

10

12

14

16

18

0.0 0.5 1.0 1.5 2.0 2.5 3.0

F
e 2O

3 
(w

t%
)

TiO2 (wt%)

A B

C D

E F
Ti/100 (ppm)

Zr (ppm) Y * 3 (ppm)

Volcanic arc basalt

WIP basalt

MORB

Neogene

Cretaceous

Calc-alkaline
Transitional
Minette

Trachylavas
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2
 for a given Fe

2
O

3
 concentration. (F) Zr-Ti-Y ternary for mafi c rocks with the 10% 

probability ellipses of Pearce (1996). Taken as a whole, the Neogene volcanic rocks are most similar to volcanic arc basalts. The compositions 
that fall out of the ellipse are dominantly more evolved than basalt. The Cretaceous mafi c lavas plot in a similar part of the diagram, consistent 
with an arc affi liation.
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Formation of San Buenaventura (Late Blancan to 
Early Irvingtonian—QTsb)

Sediments of Late Blancan to Early Irvingtonian age have 
been mapped as the formation of San Buenaventura (Plate 1). 
This unit is deposited unconformably on the Early Blancan-
Hemphillian age formation of San Jose suggesting a period of 
erosion removed middle Blancan age sediments, which may 
have been deposited in the graben. It consists of generally 
coarse-grained poorly consolidated sediment. The thickness of 
the formation of San Buenaventura is quite variable. In some 
places it is over 30 m thick and in other places only a meter or 
two thick. At the base of the unit, poorly bedded gravels, sands, 
and mudstones, grade upwards into discontinuous small chan-
nels (<1 m deep) fi lled with gravel that are cut into fi ner grained 
siltstone and sandstone (Fig. 10C and Plate 1). Based on this, 
we conclude that the unit was deposited in a fl uvial environment 

with higher overall energy than the older formation of San Jose, 
probably in braided streams fl owing across alluvial fans. The 
contact with the underlying formation of San Jose is an irregular 
surface and shows that either considerable topography existed 
within the basin at the time these deposits were laid down, or 
that there have been repeated periods of downcutting, stabiliza-
tion of the topography with deposition of sediment, and then 
renewed downcutting. A pyroclastic fall tuff in these sediments 
has an age of 2.62 ± 0.03 Ma (JT-K107, Table 1 and Fig. 4), 
consistent with a Late Blancan age for the older part of the unit. 
This Late Blancan age is further substantiated by the presence 
of the horse Nannippus peninsulatus, which is only known from 
rocks of this age.

In addition to the horse fossil, other vertebrate fossils found 
in these sediments include teleost fi sh, lizard, turtle, tortoise, 
crocodile, camel, peccary capybara, mastodont, and glyptodont. 
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Vertebrate fossils, in general, are not as common as in the under-
lying formation of San Jose.

Alluvium and Colluvium (Qac)
This unit consists of colluvium and alluvium found on gen-

erally fl at surfaces, but at a higher elevation than Quaternary 
alluvium (Qa). It is typically composed of unconsolidated sand 
and gravel and has thicknesses of 0.5 m to perhaps as much as 
10 m. This material has been deposited post-rifting and suggests 
periods of renewed downcutting of the valley, perhaps related to 
changes in base level.

Colluvium (Qc)
This unit is composed of unconsolidated sand and gravel 

deposited on slopes.

Mass Movement Deposits (Qms)
Small landslide or mass movement deposits formed in the 

southern part of the map near the town of Juchitlan on the fl anks 
of a small volcano, which lies mostly to the south of the map area 
on Plate 1, where erosion along the drainage has destabilized the 
slope. The largest is ~0.5 km across.

Recent Alluvium (Qa)
Recent alluvium consists of unconsolidated sand and gravel 

deposited in modern drainages. Currently, the older valley fi ll of 
the formations of San Jose and San Buenaventura, along with 
the higher level alluvium and colluvium are being dissected 
and eroded with the modern basin drainage mostly to the south 
through Arroyo Tamazula (Plate 1). Within the major arroyos, 
thin (<5 m) deposits of unconsolidated sand and gravel comprise 
the youngest sedimentary deposits in the mapped area.

NEOGENE VOLCANIC ROCKS

A variety of Pliocene volcanic units occur in and near the 
Tecolotlan graben. The Cenozoic volcanic rocks are generally 
less altered than the Cretaceous volcanic rocks (Fig. 13 and 
Table 4). The lava fl ows are correlative with the Chapala Group 
basalts and andesites mapped by Ferrari et al. (2000) just to the 
north and east of the study area and form the volcanic front of 
the Late Pliocene to Quaternary episode of Ferrari et al. (2012). 
They are dominated by small lava fl ows and cinder cones that 
erupted from central vents in and near the graben. However, the 
lavas did not erupt to form a single central volcano as they have 
in much of the Trans Mexican volcanic belt. Several of the mafi c 
and silicic fl ows appear to have erupted from vents close to the 
graben-bounding faults. A thick stack of these lavas lies on the 
southern border of the map. Capping the top of the western foot-
wall escarpment (at Cerro la Coronilla) are several andesite fl ows 
(JT-34) that have fi lled an old channel cut down through the older 
Cretaceous volcanic and clastic rocks below (Fig. 6B). The fl ows 
are ~15 m thick in the center of the old channel. Another small 
fl ow of trachyandesite and trachybasalt (JT-K72 and 73), which 
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has been partially down-faulted along the western margin of the 
graben, is located just to the west of the city of Juchitlan. It has 
an age of 4.76 ± 0.02 Ma (Table 1 and Fig. 3).

We have subdivided the volcanic sequence into a calc-
alkaline and a transitional suite, following the nomenclature 
of Petrone et al. (2003) for volcanic rocks in the nearby Tepic-
Zacoalco graben. The volcanic rocks are divided into four types 
on Figure 15: calc-alkaline basalt to andesite lavas and scoria, 
calc-alkaline rhyolite lava, transitional trachylavas, and minette 
lava fl ows. Two distal fallout tuff beds are also discussed here.

Pliocene Calc-alkaline Suite

The calc-alkaline suite includes basalt, basaltic andesite, and 
andesite lavas (Figs. 12 and 13). Beds of dark colored volcanic 
sediment (sand to gravel size) and cinders (unit Tms), which are 
variably inclined 20–55° to the east, outcrop east of Los Corrales 
where they are 30+ m thick and interpreted to be the remnants 

Figure 15. Map of Neogene volcanic rock outcrops subdivided by 
chemical composition.
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of a buried basaltic andesite cinder cone that is currently being 
dissected and eroded along a steep arroyo. Dacite is absent, but 
the Cerro Chipahua rhyolite (Tr) formed a grayish red fl ow-dome 
complex on the western margin of the graben (Plate 1 and Fig. 
10A). The rhyolite has previously been mapped as an intrusive 
diorite pluton (Vasquez-Tortoledo et al., 2011), but thin section, 
fi eld evidence, and compositional data show it to be an accumula-
tion of rhyolite lavas. The lavas consist of a fi ne-grained matrix 
with phenocrysts of quartz, sanidine, plagioclase, biotite and 
Fe-Ti oxides. None of the lavas of the calc-alkaline suite have 
been radiometrically dated, but based on stratigraphic relations 
they must be between 4 and 5 Ma (Plate 1).

The mafi c and intermediate calc-alkaline rocks typically 
have plagioclase as the main phenocryst phase, accompanied by 
olivine and clinopyroxene. The rhyolite dome has phenocrysts of 
quartz, plagioclase, sanidine, and hornblende.

The calc-alkaline series forms a nearly continuous trend 
on most variation diagrams (Figs. 13 and 16). The lavas are dis-
tinctly magnesian using the Miyashiro (1974) criterion on a SiO

2
 

versus FeO/MgO diagram. They are medium K
2
O and calcic to 

calc-alkaline rocks comparable in most ways to the “calc-alka-
line” suite identifi ed by Ferrari et al. (2001) and Petrone et al. 
(2003) in this region and similar to volcanic rocks found in arc 
settings worldwide. The most mafi c members of the suite also 
have distinctly lower TiO

2
 than the more alkaline rocks described 

below and are thus typical of volcanic arc basalts (TiO
2
<1.2%; 

Gill, 1981). Zr-Ti-Y systematics of these rocks are also con-
sistent with their classifi cation as part of a subduction-related 
calc-alkaline suite (Fig. 13; Pearce and Norry, 1979; Pearce and 
Cann, 1973; Pearce, 1982). The calc-alkaline basalts and basaltic 
andesites range from 9 to 7% MgO and are fairly primitive with 
high concentrations of Cr (400–600 ppm) and Ni (250–300) as 
well (Table 4; Fig. 16). They can be distinguished from the tran-
sitional series by their lower TiO

2
 (<1.2%), P

2
O

5
, Rb, La, Ce, Y, 

Zr, Nb, Ba and higher MgO, Cr, Ni, Cu, Sr, Pb at a given silica 
content (Figs. 13 and 16; Table 4). The Cerro Chipahua dome is 
a low-silica rhyolite (~70% SiO

2
) with rather high Zr, Ba, and Sr, 

attesting to its unevolved nature.
Normalized trace element patterns of members of the calc-

alkaline series (Fig. 17) display deep Nb and Ti anomalies, cou-
pled with strong enrichments of Ba, U, K, Pb, and Sr—elements 
considered to be soluble in subduction zone fl uids (or enriched 
in subducted sediment). P is fl at to negative, indicative of apatite 
fractionation, and in contrast to the trace element patterns for the 
transitional suite described below. The magnesian character (Fig. 
13) of the calc-alkaline rocks indicates high magmatic fO

2
, also 

consistent with subduction zone processes.
The calc-alkaline lavas form a broadly bimodal association 

of rhyolite and the basalt to andesite suite with no dacite to span 
the gap. However, the rhyolite lava fl ow has a trace element com-
position more akin to those generated in volcanic arcs than with 
bimodal volcanic suites associated with extension in the Basin 
and Range province of North America. For example, the rhyolite 
lava is not particularly enriched in incompatible trace elements, is 

enriched in LILE, and has a strong negative Nb-anomaly on trace 
element diagrams (Fig. 17) and plots with volcanic arc granites 
on the discrimination diagram of Pearce et al. (1984).

Pliocene Transitional Suite

In contrast to the calc-alkaline rocks, a distinctive group of 
minette, trachybasalt, basaltic trachyandesite, and trachyandesite 
lavas erupted in and on the fl anks of the Tecolotlan graben. We 
call this the transitional suite in accord with the nomenclature of 
Petrone et al. (2003).

The trachylavas (included in unit Tm of Plate 1; Fig. 13) are 
either intercalated with or cap the formation of San Jose. Within 
the graben, transitional fl ows are interbedded with the formation 
in the southern half of the mapped area (trachyandesite JT-K119 
is 4.95 ± 0.02 Ma from a road cut along Highway 80) as well 
as to the northeast of the mapped area (basaltic trachyandesite 
JT-K101b with an age of 4.67 ± 0.1 Ma also from a road cut 
along Highway 80 in the northeastern most part of the map area). 
The youngest mafi c fl ow (basalt JT-D dated at 3.59 ± 0.01 Ma) 
is ~4 km northeast of Tecolotlan. It fi lls a small valley with no 
evidence of signifi cant topographic inversion. Minette lavas (unit 
Tm) have been found in two places (Plate 1 and Fig. 15). The 
4.95 Ma La Mesa minette (JT-K115) caps a mesa on the western 
footwall of the graben and another is exposed with the trachy-
basalts in the fl ows that blocked the south end of the valley.

In the fi eld, the transitional lavas can be distinguished from 
the calc-alkaline rocks by the general absence of plagioclase 
phen ocrysts. Instead, olivine or olivine-clinopyroxene assem-
blages are dominant; a few trachyandesite fl ows also have amphi-
bole phenocrysts. These phenocrysts are contained in a ground-
mass of fl ow-aligned plagioclase, augite, and Fe-Ti oxides. The 
minette lavas have phenocrysts of olivine, clinopyroxene, and 
phlogopite and what appear to be blebs of magmatic carbonate. 
Righter and Rosas-Elguera (2001) identifi ed similar minette lavas 
of the same age in the nearby Ayutla volcanic fi eld. The lack of 
plagioclase phenocrysts in the transitional series is probably the 
result of high pressure crystallization (Petrone and Ferrari, 2008) 
or high water contents (3%–5% H

2
O) as found by Moore and 

Carmichael (1998), Righter and Carmichael (1996), and Blatter 
and Carmichael (1998) for lavas near the volcanic front in Jalisco 
and in central Mexico.

The lavas of the transitional series have higher alkalies 
and FeO/(FeO+MgO) ratios (Fig. 13) than the contemporane-
ous calc-alkaline series. In spite of their high alkali contents, 
all but the minettes and one trachyandesite are silica-saturated. 
The trachylavas have prominent negative Nb and Ti anomalies 
and positive Pb and Sr anomalies on normalized trace element 
diagrams (Fig. 17), indicating a link to subduction processes; 
in this way, they are unlike the Na-alkaline series of Petrone et 
al. (2003). Chemically, the trachylavas are distinguished from 
the contemporaneous calc-alkaline suite by lower MgO, Ni, 
and Cr, and higher concentrations of Ba, Sr, LREE, Zr, Nb, 
Ti

2
O, K

2
O, and P

2
O

5
 at similar silica contents (Figs. 13 and 16). 
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from the Tecolotlan graben. Representative members of the Na-
alkaline, transitional, and calc-alkaline series of Petrone et al. 
(2003) are shown for comparison. The calc-alkaline and transi-
tional series are similar to those in the western part of the Trans-
Mexican volcanic belt, but no members of the Na-alkaline series 
erupted in the Tecolotlan graben. Fields are shown for the Teco-
lotlan data in (A) and (B); the average pattern for each rock-type 
is shown in (C). Normalization values for primitive mantle are 
from Sun and McDonough (1989).
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P
2
O

5
 ranges from 0.3 to 0.7% and exceeds 1% in the minettes 

(Fig. 16). With increasing silica content, Sr increases reaching 
1800 ppm in the most evolved trachyandesites (Figs. 16 and 
17). In contrast, Sr declines with evolution in the calc-alkaline 
series. Y also displays anomalous behavior in the trachylavas; 
Y concentrations decline from 35 to 15 ppm as silica or other 
measures of differentiation increase (Table 4). Differentiation at 
high pressure where plagioclase (in which Sr is compatible) was 
unstable and garnet and amphibole (in which Y is compatible) 
were stable explains these geochemical characteristics. Petrone 
and Ferrari (2008) also discussed the role of high pressure crys-
tallization for more silicic volcanic rocks in the Tepic-Zacoalco 
graben. The combined increase in Sr and decrease in Y concen-
trations with differentiation leads to high Sr/Y ratios (Fig. 16) in 
the trachyandesites that are similar to those in adakites (Drum-
mond et al., 1996), but which we interpret to be the result of 
differentiation at high pressure.

In general, this suite of lava fl ows is most similar to the “tran-
sitional series” of Ferrari et al. (2001) and Petrone et al. (2003) 
in the Tepic-Zacoalco graben north of Tecolotlan. There, they are 
transitional between a calc-alkaline suite and a Na-alkaline suite 
of lavas with characteristics of ocean island basalts (Figs. 13 and 
16; Ferrari et al., 2001); these Na-alkaline lavas did not erupt in 
the Tecolotlan graben; apparently rifting was not advanced far 
enough to produce this sort of alkaline, silica-undersaturated, 
Nb-Ti rich magma. Righter and Rosas-Elguera (2001) include 
some of these transitional lavas on the Jalisco block in an “intra-
plate alkaline series,” but they are unlike the Na-alkaline series 
with distinctly lower Nb and TiO

2
 concentrations and have many 

characteristics suggesting a relationship to plate-margin pro-
cesses. The lavas in the transitional series are similar to what Car-
michael et al. (1996) called absarokites, shoshonites, and latites, 
but because they are not typically potassic (K

2
O<Na

2
O-2), we 

use the more general terms trachybasalt, basaltic trachyandesite, 
and trachyte (Fig. 13). The Tecolotlan transitional series is not as 
extreme as the lavas at Mascota and Ayutla (Righter and Rosas-
Elguera, 2001) with higher Al

2
O

3
 and lower Ba, Sr, Fe

2
O

3
, MgO, 

and K
2
O.

The minettes share chemical similarities with other mem-
bers of the transitional series but they are more enriched in most 
incompatible trace elements (Figs. 13, 16, and 17). For example, 
they have the highest concentrations of P

2
O

5
, Nb, Sr, Ba, LREE, 

Zn, Pb, and U of the rocks erupted here (Table 4). However, they 
are not as enriched in high fi eld strength elements (e.g., Ti, Zr, 
and Nb) as the Na-alkaline series found in the adjacent grabens 
and they have deep negative Nb anomalies (Fig. 17). The minettes 
generally have MgO, Ni, Cr concentrations comparable to other 
members of the transitional series, and considerably lower than 
in the mafi c calc-alkaline rocks found in the Tecolotlan area (Fig. 
16). They lie on slightly different chemical trends than the tra-
chylavas and must have an independent origin.

Phlogopite and the typical absence of plagioclase pheno-
crysts in the minettes must refl ect relatively high concentrations 
of water in the magmas, which suppressed the crystallization of 

plagioclase. Experiments suggest 3.5–6% water in the minette 
melts (Carmichael et al., 1996). Carmichael et al. (1996) inter-
prets their composition to mean that phlogopite, apatite, zircon, 
spinel, garnet, and sulfi des were present in veins in a lithospheric 
mantle source and contributed in varying proportions to minette 
melts that grade into the trachylavas. Similarly, Vigouroux et 
al. (2008) concluded that minettes formed by partial melting of 
mantle veined with clinopyroxene, phlogopite, garnet and that 
apatite was consumed by melting. The presence of garnet in the 
source requires pressures greater than 25 kb within the mantle 
wedge rather than the lithosphere.

The chemical composition of minettes from Tecolotlan fall 
within the range for other minettes in the Jalisco block, but they 
are richer in Na

2
O and lie on the less incompatible trace element 

enriched end of the spectrum reported by others. Minette lavas 
are rare in the volcanic record elsewhere, but here they are com-
monly found in a NW-trend along the front of the Trans Mexican 
volcanic belt (Fig. 1) including San Sebastian (Lange and Carmi-
chael, 1990), Mascota (Carmichael et al., 1996; Maria and Luhr, 
2008), Los Volcanes (Wallace and Carmichael, 1992), Tapalpa 
(Righter and Rosas-Elguera, 2001), and north of Volcan Colima 
(Maria and Luhr, 2008; Luhr et al., 1989; Crummy et al., 2014). 
They form a lineament parallel to the trench and to the Tepic-
Zacoalco graben (Fig. 1) and are younger than ca. 4.5 Ma.

Pyroclastic Fall Tuffs

Two thin beds of fallout tuff are interlayered with the basin-
fi ll sediments and do not have local eruption sources. One rather 
altered fallout tuff (JT-K99) in the formation of San Jose has high 
Al

2
O

3
, MgO, and LOI values (Table 4) that are the result of sec-

ondary alteration, but immobile element ratios suggest that it was 
originally rhyolitic (Fig. 11). Its high concentrations of Zr, Y, Zn, 
and Ga are most likely the result of enrichment during alteration 
and weathering and probably do not indicate that the tuff was 
originally peralkaline. Based on the Al

2
O

3
 enrichment of ~1.5 

times, the original Zr concentration would have been ~360 ppm, 
about the same as the local non-peralkaline lava Tr.

Within the overlying formation of San Buenaventura is 
another clay altered and Al

2
O

3
-rich fallout tuff (JT-K107), with 

an age of 2.62 Ma (Table 1 and Fig. 4). It appears to have been 
originally dacitic based on immobile element concentrations 
(Fig. 11). Its enrichment in high-fi eld strength elements (Table 
3; Fig. 12) is also likely due to weathering and alteration. More-
over, both fallout tuffs have large negative Nb and positive Pb 
anomalies on trace element diagrams (not shown) inconsistent 
with peralkaline compositions.

STRUCTURE

Cretaceous Tilting or Folding

The primary focus of our work in the Tecolotlan area 
was to map, determine ages, and further document the 
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Neogene-Quaternary mammal-bearing strata. However, we 
collected limited structural data from the older rocks in the 
area. Figure 18 shows bedding orientations in the Cretaceous 
formations. In general, the beds strike NE-SW and dip ~15–
25° W in the western part of the map, while in the central 
area they strike either NW-SE or NE-SW ~90° apart and dip 
from horizontal to as much as 70° (Figs. 10F and 18). The few 
measurements taken in the eastern part of the map area strike 
NE-SW and dip steeply 55–65° either to the west or east. The 
simplest interpretation of the structural data is that the Cre-
taceous strata are folded. Folding, tilting, and thrusting, have 
been documented in the Cretaceous rocks of the Guerrero com-
posite terrane elsewhere in southwestern Mexico (e.g., Nieto-

Samaniego et al., 2006; Cerca et al., 2007; Martini et al., 2009; 
Martini and Ferrari, 2011). Martini et al. (2010) indicate that 
the Albian age limestones of the Ixtapa Formation of south-
western Mexico have “experienced a moderate phase of short-
ening, which produced NW-SE–trending upright open folds,” 
while the overlying Coniacian to Maastrichtian volcaniclastic 
rocks and continental sediments of the La Union Formation 
“display NW-SE–trending kilometric upright gentle folds.” We 
expect that similar deformation has affected the Cretaceous 
rocks of the Tecolotlan area with the trends of the folds in this 
area more to the N-NE, similar to observations by Ferrari et al. 
(2000). The deformed Cretaceous rocks are overlain uncon-
formably by nearly horizontal sedimentary and volcanic strata 

N = 22 N = 8

N = 4

Western

Eastern

Central

Figure 18. Stereonet diagrams showing the orientation of bedding in the western, central, and eastern parts of the map 
area. Diagrams produced using the Stereonet program described in Allmendinger et al. (2013) and Cardozo and All-
mendinger (2013).
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(Plate 1), implying a distinctive change in tectonic setting after 
Cretaceous(?) folding.

Neogene Faulting

Righter and Rosas-Elguera (2001) suggest that this region 
was unaffected by Neogene extension. This is probably true 
since ca. 3 Ma, but the area experienced a limited amount of 
extension between ca. 3 and 5 Ma, based upon the accumulation 
of sediment, basin-bounding faults, and dated volcanic rocks as 
outlined below.

The north-trending basin-bounding faults of the Tecolotlan 
graben are generally poorly exposed and buried under colluvium, 
but they are clearly exposed in road cuts that cross them and in 
a few natural outcrops (Plate 1). All of the observed faults trend 
more or less NS, approximately parallel to the normal faults 
bounding the Colima graben (Fig. 1). The total vertical offset on 
the two major bounding faults is less than 1 km (perhaps as little 
as 100–200 m) based upon a tentative correlation of some of the 
Cretaceous tuffs of the Juchitlan beds exposed within the graben 
to exposures on the western basin-bounding block (Plate 1).

The Neogene and Quaternary sediments and lava fl ows fi ll-
ing the graben are undeformed with essentially horizontal atti-
tudes and have a maximum thickness of ~100 m. The graben 
appears to have been dammed at the southeastern end by mafi c 
lava fl ows—equivalent to JT-K119 in Table 1, which erupted at 
ca. 4.95 Ma—fi lling the paleo-drainage and creating a temporary 
lake in part of the basin during deposition of the formation of 
San Jose.

The age of extension near Tecolotlan is well constrained 
by the faunal and radiometric ages of the formation of San Jose, 
which we interpret to be contemporaneous with rifting. These 
volcaniclastic rocks have distinctive Early Blancan to Late 
Hemphillian vertebrate fossils that are older than 3.6 Ma, the age 
of the youngest lava fl ow capping them. In addition, the forma-
tion of San Jose is interbedded with four dated mafi c to inter-
mediate composition lava fl ows with ages ranging from 4.67 to 
4.95 Ma and a fall-out tuff with an age of 4.95 Ma.

Volcanism outside and on the margins of the graben is con-
temporaneous with sediment fi ll. One minette lava fl ow on the 
western block is 4.90 Ma (JT-K123). A rhyolite lava dome (Tr, 
JT-K96) may be contemporaneous with the mafi c and interme-
diate composition lava fl ows, but its age is unknown and it is 
cut by the western bounding fault. The non-volcanic formation 
of San Buenaventura forms a post-rift, basin-fi lling package 
that is late Blancan to Irvingtonian in age (younger than 3.6 Ma 
to perhaps as recent as a few hundred thousand years) based 
upon fossils. It is interbedded with a distal fallout tuff with 
an age of 2.62 Ma. The basin is currently being uplifted and 
eroded. Thus, we conclude that extension was active between 
ca. 5 and 3.6 Ma. Apparently, extension was synchronous with 
arc volcanism that swept through this area ca. 5–3.6 Ma before 
becoming established farther north along the Trans Mexican 
volcanic belt.

GEOLOGIC HISTORY OF 
THE TECOLOTLAN GRABEN

Cretaceous History

In the Jalisco block, the Guerrero terrane consists of late 
Cretaceous to Eocene granitoids (65–90 Ma) that intruded mid- 
to late-Jurassic schists (135–161 Ma) covered by Late Cretaceous 
to Eocene ignimbrites and lavas (Schaaf et al., 1995; Valencia et 
al., 2009; Ferrari et al., 2000; Frey et al., 2007; Valencia et al., 
2013). The igneous rocks of this terrane have an arc geochemi-
cal affi nity (Centeno-García et al., 1993; Valencia et al., 2013). It 
has been proposed that the Guerrero terrane has an oceanic affi n-
ity and collided with and accreted onto western Mexico during 
the Cretaceous (Campa and Ramirez, 1979; Campa and Coney, 
1983; Centeno-García et al., 1993; Tardy et al., 1994; Freydier 
et al., 1997). However, Martini et al. (2009), Martini and Ferrari 
(2011), and Valencia et al. (2013) concluded that the Guerrero 
terrane consists mostly of autochthonous or parautochthonous 
units on the rifted margin of the North American continent. Parts 
of the Cretaceous batholith have low to negative εNd values (2.4 
to –1.7) and Precambrian Nd model ages also suggesting an older 
continental basement is present in the Jalisco block (Schaaf et al., 
1995; Righter and Rosas-Elguera, 2001).

In the Tecolotlan graben, we fi nd that the model proposed 
by Martini et al. (2009) and Martini and Ferrari (2011) better 
explains the chemical and mineralogical nature of the Cretaceous 
volcanic and sedimentary rocks. During the Late Cretaceous, the 
area was part of a shallow carbonate shelf as evidenced by depo-
sition of the limestone of Los Guajes. In Chiquilistlán, just east of 
the Tecolotlan graben, limestones of this age are interbedded with 
clastic sediment and volcanic rocks from an active volcanic arc 
(Freydier et al., 1997), but no interbedded volcanic rocks were 
observed in the Cretaceous limestones of the Tecolotlan area.

Following deposition of the limestone, input from a nearby 
volcanic arc became important as the sediment record includes 
thick volcanic debris fl ow deposits and dacite to rhyolite ash-fl ow 
tuffs and mafi c to intermediate composition lava fl ows. During 
volcanically quite intervals, rivers and streams fl owed across the 
area depositing sand and mud in point bars and overbank fl u-
vial deposits. The Cretaceous felsic rocks, have the geochemi-
cal characteristics of a subduction-related suite erupted on a 
continental margin. The predominance of rhyolite implies the 
presence of thick felsic crust that allowed the mantle-derived 
magma to be contaminated and to fractionate in shallow magma 
chambers. Phenocrystic biotite, rare in arc volcanic sequences, 
is also consistent with this interpretation. The Cretaceous mafi c 
to intermediate lavas have characteristics intermediate between 
those of intraplate and arc magmas. They have high Fe/Mg ratios 
and moderately high TiO

2
 contents (to 2.0 wt%; Table 4), like 

intraplate suites, but they nonetheless have spikey trace ele-
ment patterns with negative Nb and positive Pb anomalies like 
 subduction-related suites (Fig. 12). The continental sedimentary 
rocks with which the volcanic rocks are interbedded and the 
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abundance of quartz and K-feldspar (Fig. 9) in the clastic rocks 
support a continental margin to transitional arc setting. These 
observations and the shelf limestone are all inconsistent with an 
origin of the basement of this part of the Jalisco block in an oce-
anic island arc.

The subduction-related magmatic arc continued to be active 
into the Late Cretaceous and Paleocene (Valencia et al., 2013). 
Associated with the arc were basins that accumulated sediments 
and volcanic deposits similar to those describe by Martini and 
Ferrari (2011) in southwestern Mexico. Intrusion of granodiorite 
in the northwest part of the area likely occurred during this period 
(Valencia et al., 2013). The near vent lavas and breccias rocks and 
the intrusion show that a Cretaceous magmatic arc transected this 
region. The setting may have been similar to that developed here 
in the Cenozoic—a continental arc experiencing rifting (to explain 
the slightly alkaline character of some of the intermediate rocks).

The tilting and folding of these Late Cretaceous rocks were 
probably part of a broad Late Cretaceous–Early Paleogene 
shortening event in central and southern Mexico that has been 
tied to the Laramide orogeny of the North American Cordillera 
(Campa et al., 1976; Dickinson et al., 1988; Salinas-Prieto et al., 
2000; Nieto-Samaniego et al., 2006; Martini and Ferrari, 2011). 
Accompanying the shortening was regional uplift (Martini and 
Ferrari, 2011) that created the continental/transitional arc setting 
for the deposition of the clastic sediments. Martini and Ferrari 
(2011) have interpreted similar deposits in southwestern Mex-
ico as “infi ll of a piggyback basin” in the Laramide uplift. This 
model may similarly apply to the formation of Juchiltan.

Pliocene Rifting and Volcanism

Between the time that compressional deformation began in 
the Cretaceous and before 5 Ma, the Tecolotlan area was uplifted 
from near sea level to its current elevation of 1100–1600 m above 
sea level. The lack of any sedimentary and volcanic deposits with 
ages between ca. 75 Ma and 5 Ma in the Tecolotlan area sug-
gests a period of erosion and a lack of tectonics that could have 
produced basins where sediment could have been trapped and 
preserved. According to Righter et al. (2010) signifi cant Ceno-
zoic uplift and river incision of the Jalisco block were caused by 
the onset of subduction tectonics beneath the region. No rocks of 
Eocene to Late Miocene age are exposed in or near the Tecolot-
lan graben, but volcanism occurred persistently to the north along 
a subduction-related arc between ca. 75 Ma and 35 Ma with a 
signifi cant change in character at ca. 56 Ma from wet, oxidized 
adakitic magmas to dryer and more reduced magmas (Ferrari 
et al., 2014). Peaks in magmatic activity occurred at ca. 45 Ma, 
32 Ma, and 25 Ma (McDowell and Keizer, 1977; Allan, 1986; 
Moore et al., 1994; Ferrari et al., 2012). About 11 Ma another 
pulse of regional volcanic activity occurred (Fig. 2). Evidence 
of these volcanic pulses is seen in the detrital zircon fi ssion track 
ages from a sandstone sample collected from the formation of 
San Jose (Fig. 5) suggesting that a fl uvial connection between the 
regions to the north and the Jalisco block existed. This may be 

evidence that the Tepic-Zacoalco graben did not exist until after 
ca. 4.5 Ma, the youngest age peak in our sample. This agrees 
generally with the previous work of Rosas-Elguera et al. (1996) 
and Ferrari and Rosas-Elguera (2000) who show that extensional 
deformation along the complex series of faults that are often 
lumped together as the Tepic-Zacoalco graben began in the Late 
Miocene or Early Pliocene.

Righter and Rosas-Elguera (2001) proposed that the sedi-
mentary deposits in the Tecolotlan basin accumulated in a non-
extensional, tectonic depression during the Late Miocene before 
5 Ma. In contrast, our mapping and isotopic dating suggest that 
EW-extension, normal faulting, and volcanism began in the Late 
Miocene to Early Pliocene (before ca. 5 Ma), as evidenced by the 
cross-cutting faults, accumulation of fl uvial and lacustrine sedi-
ment (formation of San Jose), and the ages of vertebrate fossils. 
Diverse magmas (minette, transitional and calc-alkaline) with 
subduction-signatures erupted along the graben. Local lava fl ows 
may have partially or completely blocked the drainage system 
during deposition of the formation of San Jose (the pile of mafi c 
lavas at the south end of the map area is over 100 m thick). This 
period of volcanism and E-W extension corresponds to a fl areup 
of rhyolite ignimbrites in the Tepic-Zacoalco graben to the north 
(Fig. 1) and perhaps to the initial stages of rifting of the Jalisco 
block away from North America (Frey et al., 2007). Hydrous 
mafi c lavas formed in this area even though Ferrari et al. (2012) 
proposed that the wedge above the Rivera Plate was less hydrous 
than to the east above the Cocos Plate.

Extension during subduction and volcanism at this time may 
be due to accelerated rollback of the descending slab beginning 
at ca. 5 Ma as proposed by Ferrari et al. (2001; 2012), precisely 
the timing of the pulse of volcanic activity and start of sediment 
accumulation (Late Hemphillian) in the Tecolotlan graben. The 
volcanic rocks of Tecolotlan mark the front of the Pliocene arc as 
it migrated southward as the slab rolled back (Fig. 18). The vol-
canic front reached the Tecolotlan, Ayutla, Mascota, and Los Vol-
canes areas ca. 4–5 Ma. Ferrari et al. (2001; 2012) suggest that 
slab rollback induced lateral fl ow of the deep asthenosphere into 
an enlarging wedge of mantle above the subducting slab (Fig. 19). 
They, Luhr (1997) and Righter and Rosas-Elguera (2001), all con-
sider the source of alkaline volcanic transitional series and related 
minettes to be “enriched mantle” in the asthenosphere. Petrone et 
al. (2003) propose that the magmas have hetero geneous sources 
with enriched mantle giving rise to the Na- alkaline series and a 
combination of mantle and subduction components (LILE-rich 
fl uids/melts derived from the down going slab) forming the calc-
alkaline to transitional series. Vigouroux et al. (2008) expanded 
on this idea to conclude that enriched mantle, a subduction zone 
fl uid, and previously metasomatized mantle participated in gene-
sis of the calc-alkaline to potassic magmas. Moreover, they point 
out that since garnet appears to be in the source of the minettes, 
they are unlikely to have been generated in lithospheric mantle 
and instead must form in the asthenosphere within the mantle 
wedge. The abundance of potassic magmas at the volcanic front 
is attributed to metasomatism of the forearc wedge (stabilizing 
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Figure 19. Tectonic model for the for-
mation of minette and transitional se-
ries along with a normal calc-alkaline 
suite on the Jalisco block related to 
slab rollback (Vigouroux et al., 2008). 
Isotherms are a generalization of those 
calculated in Ferrari et al. (2012). (A). 
During the Miocene, the volcanic arc 
was to the north and apparently related 
to low-angle subduction. Dehydra-
tion of the subducting slab hydrated 
and metasomatized the mantle wedge 
(shaded region) and at deeper levels de-
hydration triggered melting of the hotter 
wedge and subduction zone volcanism. 
(B) Following steepening of the slab, 
this metasomatized zone was dragged 
toward the trench and downward by slab 
movement and corner fl ow into higher 
temperature part of the wedge. Variable 
degrees of incorporation of the metaso-
matized material in the partial melting 
zone created a range of derivative melts 
from potassic minettes to transitional 
or “normal” calc-alkaline magmas 
(e.g., Luhr, 1997) as seen on the Jalisco 
block. Alternatively, corner fl ow could 
bring hot mantle into contact with the 
metasomatized base of the lithosphere 
at the arc front and induce partial melt-
ing. However, Manea and Manea (2011) 
contend there is no lithospheric mantle 
beneath southern Mexico.
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phlogopite) by mid-Miocene (or older) subduction at a shallow 
angle. This is followed in the Pliocene by steepening of the slab, 
migration of the arc front to the south, and incorporation of the 
previously metasomatized region into the magma source region 
(Fig. 19). Melting is driven by ongoing dehydration of the steeply 
subducting slab.

We concur with these conclusions and propose that the calc-
alkaline suite was produced by slab dehydration and fl ux melt-
ing of the mantle and that the minettes were produced by small 
degrees of melting of previously veined, phlogopite-bearing 
metasomatized mantle. Both types are wet, oxidized, and have 
distinctive enrichments of soluble elements. The chemical char-
acter of Tecolotlan’s transitional magmas, with their signifi cant, 
but small Nb-anomalies, argues that magmas involved compo-
nents from both the calc-alkaline series and the minettes, but also 
from a component like the Na-alkaline series erupted to the north 
(Figs. 16 and 20). Mixing might have occurred in the mantle 
wedge or crust to create trachybasalt, which then fractionated 
at high pressure where plagioclase was unstable to produce the 
evolved trachyandesites. Clinopyroxene and garnet dominated 
the fractionating mineral assemblage. The high pressure differ-
entiation produced strong enrichments of incompatible elements 
and high Sr/Y ratios in the most evolved trachyandesites (Fig. 
16). Extension was not suffi cient to generate or tap un-hybrid-
ized magmas of the Na-alkaline series that erupted in the Tepic-
Zacoalco graben.

The formation of the Tecolotlan graben appears to coincide 
with a widespread phase of diffuse, non-localized extension in 
the Jalisco Block during the period of slab rollback and arc-
front magmatism. The close association of arc-front volcanism 
and extension suggests extension may have been necessary for 
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magma generation in the fore arc or at the arc front (Fig. 1). 
However, this model provides no explanation of the brief interval 
of EW extension and normal faulting. The EW extension was 
likely related to extensional opening of the northern Colima rift, 
which occurred ca. 5 Ma (Allan, 1986; Allan et al., 1991; Rosas-
Elguera et al., 1996; Norini et al., 2010), but was terminated once 
the Tepic-Zacoalco rift started to form in middle to late Miocene 
(Ferrari et al., 2012) and was suffi ciently developed by slab roll-
back and trench suction.

Post-Rift History

Sometime after ca. 3.6 Ma, the lower energy deposits of the 
formation of San Jose were truncated by an erosional surface onto 
which the coarser, higher energy deposits of the formation of San 
Buenaventura were laid down. Rifting and volcanism within the 
graben also ceased at this time. This change in sedimentation 
from fi ne-grained fl uvial-lacustrine beds to coarse clastic alluvial 
fan deposits was likely due to processes related to the change in 
volcanism/tectonism, likely assisted by climatic changes. First, 
with the end of volcanic activity, lava fl ows no longer dammed 
up the valley allowing for downcutting and a drop in local base 
level. Second, once active rifting ceased, coarse clastic mate-
rial was able to prograde out across the basin, perhaps similar to 
the observations of Paola (1988) and Heller et al. (1988) on the 
progradation of coarse material into a foreland basin once active 
thrusting ceases––albeit on a much smaller scale. This type of 
sediment change has been observed in other extensional basins 
(Blair, 1987; Blair and Bilodeau, 1988; DiGiuseppi and Bartley, 
1991). For example, DiGiuseppi and Bartley (1991) showed that 
fi ne-grained lacustrine and alluvial sediments of the Neogene 
White River Narrows Formation in Nevada changed to coarse-
grained prograding fan deposits when rifting ceased and the 
internally drained basin became integrated into the larger Colo-
rado River drainage.

The character of Pleistocene climate change in west central 
Mexico appears to be quite variable and still rather poorly under-
stood (Metcalfe et al., 2000; Metcalfe, 2006; Lozano-García et 
al., 2013); however, the climate was certainly cooler, a condition 
that would have infl uenced soils, vegetation, and erosion. Oliva-
Urcia et al. (2016) studied Late Pleistocene sediments in the 
Añavieja Basin in Spain and observed “that during cold periods, 
a sparser vegetation cover favored the incoming of higher energy 
runoff bearing coarser sediments to the basin….” A similar situ-
ation may have occurred in the Tecolotlan graben with cooler 
temperatures and less vegetation stimulating the production of 
coarser detritus.

Subsequent extension was localized in the major bounding 
grabens (the Colima and Tepic-Zacoalco grabens). These gra-
bens started to form and have continued to extend and be volca-
nically active until today. As a result, these grabens are broader, 
deeper, and have more abundant young volcanic rocks (Fig. 
1). Currently, the rate of extension is ~5–6 mm/year for these 
larger grabens (Selvans et al., 2010). This pattern of early diffuse 
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 extension followed by more focused extension matches the pre-
dicted pattern of extensional deformation given by the numerical 
modeling work of Cowie (1998) and Cowie et al. (2000).

The localized lithospheric extension also captured the sub-
duction zone magmatism, focusing eruption sites in the grabens 
to the north and east. Contemporaneous eruption of alkaline and 
calc-alkaline magmas attest to the results of ongoing extension 
and subduction. Extension in Tepic-Zacoalco graben is suffi cient 
to allow some basalts of the Na-alkaline series to erupt separately 
without mixing with the calc-alkaline series.

Regional Comparison of Sedimentary Successions

The Hemphillian and Late Blancan age sediments found 
in the Tecolotlan graben show similarities and differences 
compared to coeval deposits in the other basins across central 
Mexico For example, the Hemphillian formation of San Jose 
is similar in lithology (mostly fi ne grained silts and sands, with 
some caliche layers) and depositional setting (fl uvial/lacustrine) 
to the Hemphillian Rancho El Ocote and the Blancan Rancho 
Viejo beds deposited ~350 km ENE of Tecolotlan in the San 
Miguel de Allende basin in the State of Guanajuato (Carranza-
Castañeda et al., 1994; Adams, 2001). The Rancho El Ocote 
and Rancho Viejo beds range in age from ca. 3 to 5 Ma (Kow-
allis et al., 1998; Adams, 2001; Adams et al., 2006), while the 
formation of San Jose is ca. 3.6–5 Ma. The deposits in the San 
Miguel de Allende basin have a well-preserved assemblage of 
vertebrate fossils (Miller and Carranza-Castañeda, 1984, 1998a; 
Carranza- Castañeda and Miller, 1996; Carranza-Castañeda et al., 
2000; Miller and Carranza-Castañeda, 2001b) that is comparable 
with the one found in the formation of San Jose in the Tecolotlan 
graben. The Rancho el Ocote and Rancho Viejo formations in 
Guanajuato, however, contain many more silicic fallout tuff beds 
and they lack young (<5 Ma) locally erupted volcanic rocks like 
those in the Tecolotlan graben. In addition, no sediments equiv-
alent in age to the Late Blancan/Irvingtonian formation of San 
Buenaventura occur in the San Miguel de Allende basin.

CONCLUSIONS

Rocks of the Tecolotlan graben in west-central Mexico 
record a history beginning with the Cretaceous accretion of the 
Guerrero arc terrane, then through a period of Neogene exten-
sion, volcanism, and sedimentation, and fi nally to Neogene and 
Quaternary post-extension alluvial fan deposition and downcut-
ting of the modern drainage. The valley is host to signifi cant fos-
sil mammal bearing strata of Blancan to Irvingtonian age (North 
American land mammal ages).

The older Cretaceous rocks in the Tecolotlan area consist 
of carbonate and clastic sedimentary rocks, plutonic rocks, and 
proximal volcanic and volcaniclastic rocks that formed in or 
near a subduction-related volcanic arc built on already estab-
lished continental crust, not as part of an island arc that became 
accreted to North America. We propose that the situation in the 

Cretaceous may have been similar to that in the late Cenozoic 
where calc-alkaline and slightly alkaline suites erupted simulta-
neously in a rifting arc that was also accumulating considerable 
amounts of sediment. These Cretaceous rocks were subsequently 
folded, uplifted, and eroded prior to deposition of overlying Neo-
gene and Quaternary sediments.

Cenozoic faulting, volcanism, and sedimentation in the 
Tecolotlan graben is refl ective of a period of relatively diffuse 
early to late Pliocene extension that created small graben struc-
tures with limited sedimentation (<100 m) throughout the Jalisco 
block but then ceased to be active by ca. 3.5–2.5 Ma.

This contrasts with the thick, and relatively continuous, Mio-
cene to Recent packages of volcanic and sedimentary rock found 
in the Tepic-Zacoalco and Colima rifts––major grabens bound-
ing the Jalisco block (Allan, 1986; Allan et al., 1991; Michaud et 
al., 2000). Extension and associated sedimentation began in the 
Tecolotlan graben at ca. 5 Ma, approximately the same time as 
rifting and related volcanism began along the Colima Rift, which 
parallels the Tecolotlan graben to the east (Allan, 1986; Moore et 
al., 1994; Rosas-Elguera et al., 1996; Ferrari et al., 2000; 2012; 
Selvans et al., 2010). The lack of evidence for any modern fault 
activity in the graben suggests that the larger Colima and Tepic-
Zacoalco grabens are accommodating any regional extension that 
is still occurring, and that the smaller grabens, like the Tecolotlan 
graben, have become essentially inactive.

At ca. 3.6 Ma, when extension and volcanism ceased in the 
Tecolotlan graben, the Hemphillian-Early Blancan fi ne-grained 
deposits were truncated by an erosional surface onto which 
coarser Late Blancan-Irvingtonian deposits were laid down. This 
change in sedimentation may have been infl uenced by several 
factors including the end of active rifting, downcutting through 
lava fl ows that blocked the south end of the valley, and by Pleis-
tocene climatic cooling.
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