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ABSTRACT

A volcanic sequence formed by calc-alkaline basalts and basaltic andesites interbedded with
pelagic limestones, black shales, radiolarites, and epiclastic rocks that are in tectonic contact with
flysch-like strata, is reported in the vicinity of San Miguel de Allende, in Guanajuato state. An upper
Aptian age is suggested by paleontological evidence. The sequence isinterpreted as the eastern rem-
nant of an allochthonous, lower Cretaceous volcanic stage in central Mexico.
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RESUMEN

Se consigna la ocurrencia de una secuencia volcanica formada de basaltos y andesitas basal-
ticas calcialcalinos intercalados con calizas pelagicas, pizarras negras, radiolaritasy rocas epiclas
ticas que estan en contacto tecténico con rocas flyschoides, en las inmediaciones de San Miguel de
Allende, en €l estado de Guanajuato. Su edad del Aptiano Superior es sugerida en base a la eviden-
cia paleontologica. Esta secuencia se considera como el testigo més oriental de un evento de vulca-
nismo del Cretacico Inferior en posicién aldctona, presente en México central.

Palabras clave: Terreno Guerrero, vulcanismo calcialcalino, petrografia, geoquimica, Guanajuato,

México.

INTRODUCTION

The Guerrero suspect terrane of south-central Mex-
ico is characterized by the presence of Upper Jurassic-
Early Cretaceous volcano-plutonic and vol canosedimen-
tary sequences formed in an intra-oceanic arc environ-
ment (Monod et al., 1990; Ortiz-Hernéndez et al., 19914,
Lapierre et al., 1992; Talavera-Mendoza et al., 1995).
The arc rocks either rest unconformably on partially
metamorphosed Triassic-Jurassic assemblages, formed
by turbidites, basalts, graywackes, and blocks of chert

and limestone (Centeno-Garcia, 1994), or are to be found
in tectonic contact with Lower Cretaceous basin rocks
from the Arperos Formation (Monod et al., 1990;
Freydier et al., 2000).

In central Mexico, the alochthonous outcrops of
the Guerrero terrane have been exposed by Neogene gra-
bens crosscutting the Mesozoic basement, as is the case
of the volcano-plutonic and volcanosedimentary se-
guences of the Sierra de Guanajuato, located between the
Guanajuato mining district and the town of Comanja de
Corona, in Jalisco state. Other isolated outcrops of this
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terrane are found in Zacatecas state, in the Fresnillo min-
ing district (de Cserna, 1976) or in the Saucito and
Zacatecas areas where pillow lavas are interbedded with
pelagic limestone, chert and vol caniclastic rocks.

The occurrence and the petrographic and geo-
chemical characteristics of the upper Aptian San Miguel
de Allende volcanic sequence, located in central Mexico,
are reported in this paper. This sequence may be the
eastern remnant of an allocthonous volcanic stage in cen-
tral Mexico and is a key element in understanding the
petrologic evolution of the Guanajuato segment of the
Guerrero terrane, and in constraining the time of em-
placement of the arc series of the Mexican cordillera
over the North America craton.

FIELD RELATIONSHIPSAND AGE
OF THE SEQUENCE

The San Miguel de Allende volcanic sequence is
situated in central Mexico, amost 50 km east of the city
of Guangjuato, at the boundary between two physi-
ographic provinces: the eastern edge of the Mexican
Central Plateau and the northern edge of the Transmexi-
can Volcanic Belt (Figure 1). This sequence was referred

to as the Mesozoic basal rocks by Pérez-Vénzor et al.
(1996), and is exposed south of the city of San Miguel de
Allende (see Plate 1 from Pérez-Vénzor et al., 1996).
The San Miguel de Allende sequence forms a small
4 km? outcrop over 100 m thick. Its abrupt topography
contrasts with the adjacent plain relief. The areais cut by
the San Miguel de Allende-Cuernavaca fault system,
which strikes N-S and the Chapala-Tula system fault
with a N8O°E strike. The sequence is made up of basalts
and basaltic andesites, interbedded with graywacke con-
taining lenticular, pelagic, fine-grained limestone, and
also thin strata of black shale, radiolarite layers and epi-
clastic breccias. These rocks are in tectonic contact with
flysch-type strata formed by sandstones and shales, lime-
stones, and marls of probable Upper Cretaceous age
(Figure 2). Limestones of the San Miguel de Allende s=-
guence have amphibole and plagioclase debris, and un-
determined bivalves and tests of planktonic Foraminifera
determined as Hedbergella (Caron, verbal communica
tion) that suggest a Cretaceous age sensu lato, after the
biostratigraphic zonation of Longoria and Gamper
(1975) and Longoria (1977). Nevertheless, the morphol -
ogy of this fauna suggests a pre-Vraconian age (Caron,
verbal communication), and a cold, epipelagic open-sea
environment (Moullade, 1974). This age is confirmed by
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Figure 1. Location of the San Miguel de Allende sequence, situated north of the Transmexican Volcanic Belt (after Aguirre-Diaz, et al., 1997, modi-

fied).
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Figure 2. Geological cross-section of the San Miguel de Allende sequence showing location of the analyzed samples. 1: Graywacke; 2: shale; 3: pe-
lagic limestone; 4: basic tuff; 5: massive basdltic lava; 6: basdtic and andesitic pillow lavas; 7: Upper (?) Cretaceous sandstone and shale; 8: Oligo-

cenerhyalitic ignimbrite; 9: Ammonite fossils; 10: planktonic foraminifera.

the occurrence of ammonites (Acanthohoplites sp.) in
black shales interbedded between two horizons of ande-
sitic lavas (Chiodi et al., 1988), suggesting an upper Ap-
tian age (Clansayesian) for this horizon.

No evidence of metamorphism is present in the San
Miguel de Allende lavas. Nevertheless, in some places,
they have been transformed into prasinites, which are
formed by ouralitized sigmoid clinopyroxene crystals,
saussuritized plagioclase crystals and acicular actinolite
crystals showing a clear schistosity. The groundmass of
these rocks is recrystallized to variable degrees, and con-
sists of quartz and albite assemblages.

The graywackes and fine-grained breccias are
mostly epiclastic and are derived from the erosion of
volcanic rocks. They consist dominantly of small suban-
gular debris of sericitized plagioclase, zoned clinopyrox-
ene, microlitic, intersertal and trachytic-textured basalts,
basic tuffs, orthopyroxenes transformed into smectite
and chlorite aggregates, magnesio-hastingsitic amphi-
boles, recrystallized micritic limestones, dacites and sili-
ceous sandstones with micritic cement. The debrisis ce-
mented either by micritic and argillaceous assemblages
or by chlorite and clay mixtures.

Upper (?) Cretaceous rocks are formed from bot-
tom to top by a succession of thin strata (1-2 cm thick) of
gray to cream-colored limestone interbedded with shale.
These rocks progressively turn into graywacke with
laminar to thick stratification (1 cm to 1 m) interbedded
with some conglomerate layers. There is cream-colored
limestone interbedded with marls and laminations of
gypsum at the top. Slump and convulate structures are
common in the sequence, suggesting turbidite-related
gravity flows.

The Middle Oligocene El Obrgje rhyolitic ignim-
brites dated at 28.6+0.7 Ma (K-Ar in sanidine; Nieto-
Samaniego et al., 1996), dacites of the Cerro Colorado
sequence (16.1+1.7 Ma K-Ar in plagioclase; Pérez-
Venzor et al., 1996), the Allende andesite (11.1+0.4 Ma;
K-Ar in whole-rock; Pérez-Venzor et al., 1996), and
volcanic and volcaniclastic rocks of the Pado Huér-
fano volcano (<11 Ma) unconformably overlie the Meso-
zoic rocks.

PETROGRAPHY AND MINERALOGY OF THE
LAVAS

The minerals in the lavas were anayzed on a
CAMEBAX microbeam electron microprobe at Joseph
Fourier Grenoble University, France, using the matrix
corrections of Hénoc and Tong (1978). Accelerating
voltages of 15 kV and cup beam current of 10 hA were
used. All elements were counted for a maximum of 15
seconds. Standards were obtained from representative
mineral compositions.

Basdltic lavas have both microlitic and porphyritic
textures with euhedral to subhedral clinopyroxene
phenocrysts and microphenocrysts (15%), ranging in
composition from diopside (W04s.0.466 ENug 2511 FS3.352)
with high Mg numbers (91 < #Mg < 94) in the core to
salite (WO0as 2478 ENag0-443 FSi05-130 800 77 < #Mg < 81)
or calcic augite (W0425449EN0 2428 FS125168a0d 72 <
#Mg < 77) in the rim, as is shown in the conventional
pyroxene quadrilateral (Figure 3 and Table 1). Scarce
amphibole microphenocrysts, ranging in composition
from hornblende magnesio-hastingsite to hornblende



84 Ortiz-Hernandez et al.

SALITE /

40

35_/ ENDIOPSIDE AUGITE

30 0%0
© %
25 / / / / / 7 VA 7
0 5 0 15 20 25 30 35

Figure 3. Pyroxene quadrilateral showing the clinopyroxene and amphibole composition. Full circle: clinopyroxene phenocryst core in basalt; open
circle: clinopyroxene phenocryst rim in basalt; full star: clinopyroxene phenocryst core in basaltic andesite; open star: clinopyroxene phenocryst rim
in basaltic andesite; full rhombus: amphibole microphenocryst in basalt; open rhombus: amphibole phenocryst in basaltic andesite.

hastingsite (5.76 < Si < 6.27 and 0.80 < Mg/Mg+Fé&** <
0.89) after the classification of the International Minera-
logical Association (Leake et al., 1997; Figure 4 and Te-
ble 2), and labradorite microlites (Aby4z.4g), are dissemi-
nated in the groundmass (Figure 5 and Table 3).

Basdltic andesites also have microlitic and porphy-
ritic textures with subhedral phenocrysts of zoned clino-
pyroxene ranging from diopside (WO0462468 ENus1-469
Fsss90and 84 < #Mg < 88) to sdite (W0ss.7.475 Eniizare
Fspiopzand 77 < #Mg < 79) and scarce augite (Woy34
445 ENa16aa4FS114139and 76 < #Mg < 80) in the rim
(Figure 3). Clinopyroxene aso occurs as micro-
phenocrysts with a composition of W04z .1.426 ENu1 5409
Fsius164and 73 < #Mg < 76. Subhedral phenocrysts of
sericitized plagioclase with normal zonation (core Abys
Ansz Or, and rim Abyg Ansg Ory) or sieve textures with a
labradorite core (Aby, Ans, Ory), an external core of an-
desine (Abgy Angz Or;) and a rim of labradorite (Abys
Ansz Ory) suggest magma mixing. Orthopyroxene relicts
with apatite inclusions are completely transformed into
smectite, chlorite, calcite and sphene aggregates in the
core, and are replaced by actinolite in the rim. Some-
times, the orthopyroxene phenocrysts are surrounded by
salitic clinopyroxene (Woys6EmsgFspsand #Mg=75).
Some augite phenocrysts are replaced by prismatic an-
phiboles with a hornblende magnesi o-hastingsite compo-
sition (5.78 < Si < 6.20 and 0.77 < Mg/Mg+Fe** < 0.89)
and oxide rims (magnetite rims), suggesting disequilib-
rium between the phenocrysts and the rock groundmass
or oxidation at low pressure. Scarce hornblende hasting-
site (Si=6.33 and Mg/Mg+Fe?*=0.75) crystal's have small
andesine inclusions (Abss Ang Orz). The microlitic
groundmass contains plagioclase with the composition
Abys 51 Angz.53 Ora.zand secondary minerals such as chlo-
rite and clays. In other cases, basaltic andesites have

subangular, cogenetic inclusions of microlitic basalts
with scarce pyroxene phenocrysts, and actinolite, chlo-
rite and sphenein interstices.

Two trends in the compositional variation of both
basaltic and basaltic andesites lavas are evident in quad-
rilateral pyroxene: (1) diopside to salite, and (2) diopside
to calcic augite (Figure 3). Both the salitic and the augi-
tic trends are characteristic of island arc lavas (Marcelot
et al., 1988). Thefirst one is marked by moderate enrich-
ment in CaO, TiO, and greatly increased Al,Os, and high
recal culated Fe,O4/FeO that suggest an early clinopyrox-
ene-dominated fractionation in water-bearing melts, a
hydration process due to an increase in Pyo in the melt
or alow silica content in the magma. Evidence of the last
trend is shown by dight CaO depletion while Al,O3 and
TiO, increase to constant levels. The augitic trend is
interpreted as a low-pressure fractionation trend. Never-
theless, there is areverse trend from augite cores to more
magnesium augite rims that suggests a possible magma
mixing process. The trend is closer to the Teloloapan
cac-akaline trend (Talavera-Mendoza et al., 1995) than
to the Alisitos calc-akaline trend (Almazén-Vazquez,
1988) (Figure 3). Amphiboles show a normal ferro-
magnesian trend in the pyroxene quadrilateral, evidenced
by constant values of Fe and Mg in function of Ca
(Figure 3), indicating MgU Fe&*" substitutions. Oxide
amphibole rims around augitic clinopyroxene suggest an
increase in both the water content and f O, in the magma
during differentiation.

On the other hand, the “other” quadrilateral com-
ponents (Papike et al., 1974) in the case of clino-
pyroxenes are mainly the CaTschermak molecule
(CaAl,SiOg) and in lesser proportion the molecules of
Acmite-Jadeite-Ureyite (AC=NaFeSi ,0g; JD=NaAlSiOg;
UR=NaTiSIAIOg), that suggest the presence of two cli-
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Table 1. Microprobe analyses of clinopyroxene phenocrysts (wt %) from basalt (sample SMA-3, analyses 1 to 15) and basaltic andesites (samples
SMA-4 and SMA-5, analyses 16 to 29) from San Miguel de Allende sequence (c: core; r: rim).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

C C C C C C C r r r r r r r C
SO, 5457 5546 5513 5493 5520 5515 5520 5446 5465 5503 5517 5512 5448 54.88 50.51
TiO, 0.13 0.12 0.09 0.16 0.09 0.14 0.18 0.20 0.08 0.19 0.15 0.09 0.07 0.12 0.78
Al;03 0.84 0.74 0.59 0.86 0.90 0.81 0.98 0.95 0.74 0.97 0.92 0.77 0.72 0.86 4.88
FeO 248 2.33 252 2.62 3.15 2.96 2.66 3.09 2.58 292 271 211 2.59 2.52 7.55
Cr203 0.55 0.52 0.37 0.23 0.56 0.54 0.54 0.27 0.47 0.29 011 0.41 0.62 0.53 0.02
MnO 0.07 0.15 0.10 0.06 0.14 0.16 - - 0.20 0.18 0.07 0.01 0.17 0.02 0.20

MgO 1826 1831 1840 1788 1734 1765 1742 1768 1798 17.66 1748 1814 1814 1816 13.89
Ca0 2274 2248 2306 2322 2257 2279 2297 2315 2242 2269 2292 2297 2249 2254 2150
Na.O 0.07 0.21 0.03 0.16 0.22 0.15 0.09 0.08 0.20 0.06 0.15 0.12 0.18 0.19 0.42
TOTAL 99.71 100.32 100.29 100.12 100.17 100.35 100.04 99.8 99.32 99.99 99.68 99.74 99.46 99.82 99.75

S 1981 1996 1990 1988 1998 1.993 1.996 1980 1.992 1.993 2001 1995 1985 1988 1.877
Ti 0.004 0.003 0.002 0.004 0002 0004 0005 0005 0002 0005 0.004 0.002 0002 0.003 0.022
Al 0.036 0031 0.025 0.037 0038 0034 0042 0041 0032 0041 0.039 0.033 0031 0.037 0214
Fe? 0.075 0.07 0.076 0079 0095 0.089 0.080 0094 0079 0.08 0.08 0.064 0079 0.076 0.235
Cr 0.016 0015 0.011 0.007 0016 0015 0.015 0.008 0014 0008 0.003 0.012 0.018 0.015 0.001
Mn 0.005 0.005 0.003 0.002 0.004 0005 - - 0.006 0.006 0.002 - 0.005 0.001 0.006
Mg 0.990 0982 0.990 0964 0935 0951 0939 0958 0977 0953 0945 0979 0985 0981 0.769
Ca 0.885 0.867 0.892 0900 0875 0882 0890 0902 0876 0880 0891 0891 0878 0.875 0.856
Na 0.0005 0.015 0.002 0.011 0015 0011 0.006 0.006 0014 0.004 0.011 0.008 0.013 0.013 0.030

TOTAL 3997 3984 3991 3992 3978 3984 3973 3994 3992 3978 3978 3984 399 3.989 4.010

% En 50.7 511 505 49.6 49 49.3 49.2 49.0 504 49.5 49.2 50.6 50.6 50.7 412

%Fs 4.0 3.9 4.0 4.2 52 4.9 4.2 4.8 44 4.9 44 33 43 4.0 129
%Wo 453 45 455 46.2 458 458 46.6 46.2 45.2 45.6 46.4 46.1 45.1 453 45.9
Y 0.019 0.004 0.010 0.012 0.002 0.007 0.004 0020 0008 0.007 - 0.005 0.015 0.012 0.123
AV 0.017 0027 0.015 0025 0036 0027 0.038 0020 0024 0034 0039 0.028 0016 0.025 0.091

#Mg 88 89 88 87 85 86 87 85 87 86 87 90 88 88 65

16 17 18 19 20 21 22 23 24 25 26 27 28 29

C C C C r r C C C C C r r r
SO, 51.43 4991 5160 5217 5238 5124 50.89 5065 49.38 5200 5260 491 50.88 53.68
TiO, 0.36 0.69 0.27 0.19 0.19 0.58 0.45 0.55 0.77 0.41 0.19 0.75 0.42 0.16
Al;03 158 4.26 257 1.95 191 2.90 2.98 384 4.67 2.38 1.69 4.95 291 112
FeO 9.78 7.59 5.50 443 4.43 8.20 6.10 822 7.45 854 4.87 6.78 6.88 411
Cr203 - 0.07 0.15 0.38 0.37 - 0.16 - 0.17 0.08 0.43 - 0.14 0.18

MnO 0.48 0.20 0.17 0.10 0.03 0.19 0.21 0.28 0.27 0.41 0.05 0.14 0.25 0.18
MgO 1454 1427 1555 16.68 1644 1488 1582 1422 1475 1488 1653 1426 15.64 17.00
Ca0 2054 2179 2297 2293 232 2092 2222 2117 2140 2054 2329 2285 2172 2344
Na.O 0.33 0.26 0.24 0.18 0.23 0.28 0.24 0.35 0.24 0.32 0.17 0.24 0.22 0.13
TOTAL 99.04 99.04 99.02 99.01 9918 99.19 99.07 99.28 99.10 9956 99.82 99.07 99.06 100.00

S 1943 1873 1922 1933 1938 1917 1899 1896 1352 1939 1938 1843 1.902 1.964
Ti 0.010 0.019 0.008 0.005 0005 0016 0.013 0015 0022 0.011 0.005 0.021 0.012 0.004
Al 0.070 0.188 0.113 0.085 0.083 0128 0.131 0.169 0206 0105 0.073 0219 0.128 0.048
Fe? 0309 0238 0171 0137 0137 0257 0190 0257 0234 0266 0150 0213 0215 0.126
Cr - 0.002 0.004 0.011 0.011 - 0.005 - 0.005 0.002 0.013 0.000 0.004 0.005
Mn 0.015 0.006 0.003 0.003 0.001 0006 0.007 0.009 0009 0013 0.002 0.004 0.008 0.006
Mg 0819 0.798 0.863 0.921 0907 0830 0880 0.794 0825 0827 0908 0.798 0.872 0.927
Ca 0.832 0876 0.917 0910 0920 0839 0888 0.849 0860 0821 0919 0919 0870 0.919
Na 0.024 0019 0.017 0013 0016 0020 00.017 0.025 0017 0023 0.012 0.017 0016 0.009

TOTAL 4.022 4.019 4018 4020 4.018 4.013 403 4014 4030 4.007 4.020 4.034 4027 4.008

% En 415 416 440 46.7 46.2 43 448 416 428 429 45.8 413 443 46.9
%Fs 16.4 127 9.1 71 7.0 136 10.0 139 12.6 145 7.7 11.2 114 6.6
%Wo 421 45.7 46.8 46.2 46.8 434 45.2 445 446 42.6 46.5 475 443 46.5
Y 0.057 0.127 0.078 0.067 0.062 0083 0101 0.104 0148 0061 0.062 0.157 0.098 0.036
AV 0.014 0062 0.035 0.018 0.021 0045 0.03 0.066 0.058 0.044 0.011 0.062 0031 0.013
#Mg 60 65 86 79 79 64 72 63 66 64 77 68 69 81
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Figure 4. Si-(Nat+K)a diagram (after Leake et al., 1997) showing the
amphibole composition. Full circle: amphibole microphenocryst in ba
salt; open circle: amphibole phenocryst in basaltic andesite.

nopyroxene populations: the first one probably crystal-
lizing a higher pressure (diopside) than the second
(augite-salite), which is corroborated by their contrasting
Al/Ti ratios. Silica undersaturated liquids favour incor-
poration of larger amounts of the Ca-Tschermak mole-
cule in pyroxenes whereas the AC-JD-UR substitutions

Ortiz-Hernandez et al.

suggest the role of variable pressure and oxygen fugacity
prevailing over these crystallizing phases during mag-
matic differentiation.

“Other” quadrilateral components for the amphi-
boles are the Pargasite-Hastingsite-K aersutite molecules
(NaCaxMgyFe, > Fe**SigAl,) that suggest the role of the
bulk rock compodtion and the change in the pressure
and fugacity prevailing at the time of crystallization of
these ferromagnesian minerals.

According to Semet and Ernst (1981), hastingsitic
amphibole is stable over awide range of P, T, and f O,
but is characteristic of upper crustal rocks crystallizing at
relatively low oxygen fugacity (Thomas, 1982). The
presence of Mg, K, and F in small amounts expands their
stability field under higher fO, values. The incipient
melting of a fluid-modified upper mantle may leave
magnesi 0-hastingsite amphibole as a refractory residua
phase (Semet and Ernst, 1981).

CHEMICAL COMPOSITION

Three analyses of the lavas were performed by X-
ray fluorescence spectrometry for major elements
(expressed in weight %) and for trace elements, includ-
ing rare earth elements (expressed in ppm), by ICP-

Table 2. Microprobe analyses (wt %) of amphibole microphenocrystsin basat (sample SMA-3, analyses 1 to 7) and amphibole phenocrystsin basd-
tic andesites (samples SMA-4 and SMA-5, analyses 8 to 18). Table 2. Microprobe analyses (wt %) of amphibole microphenocrystsin basalt (sample
SMA-3, analyses 1 to 7) and amphibole phenocrystsin basaltic andesites (samples SMA-4 and SMA-5, analyses 8 to 18). Structural formulae calcu-
lated using the method of Robinson et al. (1982). Fe partition calculated using the charge balance equation of Papikeet al. (1974).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

SiO, 3953 39.69 39.83 43.04 4254 4351 41.09 4255 426 416 41.33 39.05 41.00 39.98 40.36 40.48 40.74 41.67
TiO, 182 180 193 241 147 277 170 300 269 28 231 184 222 299 205 204 218 302
Al,0; 1521 158 15.03 11.79 1275 10.85 1398 10.38 101 111 11.09 1395 1156 11.89 13.39 13.22 13.27 10.71
FeO 1092 11.00 11.96 10.36 10.19 10.95 10.32 11.92 1291 1152 1192 112 1148 1225 11.22 11.01 11.18 12.52
Cr0Os 004 009 011 - 008 - 013 - - - - 006 002 010 003 - 009 -
MnO 014 006 009 005 004 032 018 020 022 028 028 028 015 015 - 013 015 018
MgO 13.87 13.85 1341 1556 1552 15.07 14.31 1355 134 1421 14.47 1424 1479 1425 1393 1429 13.89 13.61
CaO 1200 11.93 12.04 1117 1127 10.82 11.83 111 1084 11.10 11.18 1212 11.63 1110 1212 11.97 11.57 11.07
NaO 227 226 235 258 231 245 254 242 255 255 255 246 216 229 239 244 229 245
K20 116 112 112 087 065 093 08 072 077 062 049 060 065 065 057 055 055 059
Tota 96.96 97.60 97.87 97.83 96.82 97.67 96.94 95.84 96.08 95.83 9532 95.80 95.66 9565 96.06 96.13 95.91 95.82
S 5788 5.756 5.807 6.172 6.115 6.265 5.997 6.330 6.330 6.153 6.111 5.784 6.051 5.910 5.972 5946 5999 6.192
Ti 0.200 0.196 0.212 0.260 0.159 0.300 0.187 0.33¢ 0.301 0.317 0.257 0.205 0.246 0.332 0.228 0.226 0.241 0.338
Y 2212 2244 2193 1828 1.885 1.735 2.003 1.670 1.670 1.847 1.889 2216 1.949 2.072 2.028 2036 2001 1.808
AV 0.413 0.458 0.391 0.165 0.276 0.107 0.403 0.151 0.099 0.089 0.045 0.221 0.062 - 0.308 0.263 0.303 0.069
Fe? 0.571 0.502 0.729 0.410 0.179 0.486 0.628 1.010 0.968 0.670 0.511 0.478 0.973 0.380 0.765 0.616 0.582 0.836
Fe* 0.767 0.832 0.730 0.833 1.046 0.833 0.632 0.473 0.637 0.755 0.964 0.908 0973 1.117 0.624 0.741 0.795 0.72
Cr 0.005 0.01C 0.013 - 0.009 - 0.015 - - - - 0.007 0.002 0.012 0.004 - 0.010 -

Mn 0.017 0.007 0.011 0.006 0.005 0.03¢ 0.022 0.025 0.026 0.035 0.035 0.035 0.019 0.019 - 0.016 0.019 0.023
Mg 3.027 2994 2914 3326 3.326 3.235 3.113 3.005 2968 3.133 3.189 3.144 3.253 3.140 3.072 3.138 3.049 3.015
Ca 1883 1.854 1.881 1.717 1.736 1.670 1.850 1.770 1.726 1.760 1.772 1.924 1.839 1.758 1.922 189 1.826 1.763
Na 0.644 0.636 0.665 0.717 0.644 0.684 0.719 0.698 0.735 0.731 0.731 0.707 0.618 0.657 0.686 0.697 0.654 0.706
K 0.217 0.207 0.208 0.159 0.120 0.171 016 0.137 0.146 0.117 0.092 0.113 0.122 0.123 0.108 0.103 0.103 0.112
NaB 0.117 0.146 0.119 0.283 0.264 0.330 0.15 0.230 0.274 0.240 0.228 0.076 0.161 0.242 0.078 0.110 0.174 0.237
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Figure 5. Ab-An-Or ternary plot showing the plagioclase composition
for the lavas. Full circle: phenocryst in basalt; open cirde: phenocryst
in basaltic andesite.

Atomic Emission Spectrometry. All analyses were car-
ried out at the Centre des Recherches Pétrographiques et
Géochimiques of Nancy, France, following the analytical
procedures of Govindaraju and Mevell (1987). Accuracy
of analysis is 1% for major elements and 2% for trace
elements. Loss on ignition (LOI) was performed at 900 °
Cin amuffle furnace.

The basalt sample analyzed (SMA-3) is depleted in
SO, TiO,, Al,O; and akalis, and rich in Fe03, CaO
and MgO (Table 4), suggesting a primitive nature that is
corroborated by high values for the transition elements

(Cr and Ni), and by their Mg number [(100Mg/
(Mg+Fe*)] = 45. The basalt is enriched in Sr (637 ppm)
but depleted in Ba (204 ppm) and Rb (16 ppm) com-
pared to mean values reported for typical calc-alkaline
basalts (Sr=428 ppm, Ba=260 ppm, and Rb=23 ppm).
Their Ti/V ratio is equal to 17, which is characteristic of
volcanic rocks from modern island arcs. Their Nb con-
tent (20 ppm) is high compared to island arc basalts, but
this is a geochemical characteristic of basic lavas from
the Guangjuato segment of the Guerrero terrane
(Lapierre et al., 1992). This Nb-enrichment has been re-
ported from Nb-enriched basalts associated with adakitic
lavas (Nb = 15-17 ppm).

Isdand arc basdlts (IAB) have variable concentra-
tions of Al,O3 (13-18 wt%), TiO, < 1.2 wt% and total
FeO ranging from 6 to 15 wt% (Perfit et al., 1980). IAB
are distinguished from other basalt types by their high
V/Ni and V/Cr ratios and also the absolute abundance of
LILE, and their chondrite-normalized REE patterns, that
vary from relatively flat (La/Yb ~1) in low-K basalts to
light-REE enriched (Lac, = 20-100; Y b= 6-30) in mod-
erate to high-K basalts (Perfit et al., 1980).

Basdltic andesites (samples SMA-4 and SMA-5)
are depleted in SIO,, TiO,, F&,03 and MgO (Mg number
ranging from 36 to 41), but they are moderately rich in
Al,O3 and K0 (K0 < 2 wt%) (Table 4). Trace element
concentrations are typical of volcanic rocks from recent
isand arcs, and are characterized by a relatively high
LILE content and a depletion of highly charged incom-
patible elements (Dixon and Batiza, 1979; Bailey, 1981).
According to Bailey (1981), the geochemical character-
istics of orogenic andesites are: high Al,O3; values
(generally >15.5 wt%, often >17wt%), low FeO* (5-8.5
wt%), TiO, (0.5-1.3 wt%), Zr (35-250 ppm), Y (8-40
ppm), and Nb (0.3-21 ppm) values. Low Ga/Sc (< 1.5)

Table 3. Microprobe analyses of plagioclase phenocrysts (wt %) from basalt (sample SMA-3, analyses 1 and 2) and basaltic andesites (samples

SMA-4 and SMA-5, analyses 3to 10).

1 2 3 4 5 6 7 8 9 10
SO, 55.41 55.11 54.47 54.78 55.38 543 54.11 59.37 53.97 54.11
Al;03 28.22 27.43 28.27 27.91 272 27.78 28.38 24.52 28.37 28.12
FeO 0.87 0.67 0.4 0.49 0.48 0.66 0.4 0.9 0.45 0.54
Ca0 10.54 10.19 10.75 10.24 9.79 10.48 10.95 6.55 10.98 10.88
Na.O 531 5.35 5 5.33 5.81 5.62 491 6.65 525 5.05
K20 0.42 0.39 0.38 0.37 0.36 05 0.29 1.05 0.2 0.33
TOTAL 100.77 99.14 99.27 99.12 99.02 99.34 99.04 99.04 99.22 99.03
S 2.488 251 2.478 249 2.52 248 247 2.684 2.46 247
Al 1.494 1.473 1.516 15 1.46 15 153 1.306 1.525 151
Fe 0.033 0.026 0.015 0.019 0.018 0.025 0.015 0.034 0.017 0.02
Ca 0.507 0.497 0.524 05 0.48 0.513 0.54 0.32 054 0.53
Na 0.462 0.473 0.441 0.471 0.51 05 0.43 0.058 0.46 0.45
K 0.024 0.023 0.022 0.022 0.02 0.029 0.017 0.06 0.012 0.019
TOTAL 5.008 5.002 4.996 5.002 5.008 5.047 5.002 4.99 5.014 4.999
% An 51 50.1 53.08 50.38 47.22 49.33 54.26 33.02 53 533
%Ab 46.5 47.6 44.68 47.45 50.71 47.87 44.02 60.66 45.85 4477
% Or 2.5 2.3 2.24 217 2.07 2.8 172 6.32 115 1.93
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Table 4. Chemical analyses for basaltic (sample SMA-3) and andesitic
lavas (samples SMA-4 and SMA-5). Major elementsin wt % and trace
elementsin ppm.

SMA-3 SMA-4 SMA-5
SO, 47.04 53.95 54.42
TiO, 0.65 0.68 0.65
AlLO; 14.21 18.35 18.07
Fe,Os 10.71 6.44 6.55
MnO 0.20 0.08 0.08
MgO 8.16 352 354
Ca0 11.69 7.15 6.75
Na0 2.09 44 434
K,0 0.98 1.66 162
P,0s 0.32 0.32 0.30
Lol 400 321 3.38
TOTAL 100.05 99.77 99.70
Rb 16 24 25
s 637 731 702
Ba 204 253 238
Cr 466 42 38
Ni 76 24 24
Y% 223 183 177
zr 19 99 95
Y 15 17 17
Nb 20 5 5
La 7.04 10.50 10.48
Ce 19.74 23.31 24.42
Nd 11.06 14.34 15.04
sm 294 3,67 371
Eu 091 111 112
Gd 281 3.33 350
Dy 237 2.82 281
Er 1.20 1.63 1.68
Yb 118 1.69 171
Lu 0.32 0.29 0.29
(LaYB)N 403 419 414

ratios, (35 ppm < SREE < 74 ppm) and the absence of
pronounced negative Eu anomalies (EWEuU* > 0.75) are
also characteristic. The San Miguel de Allende basaltic
andesites are similar to andesites of oceanic island arcs.
The dightly Y enrichment in these lavas is probably due
to the presence of amphibole in the mantle source, as oc-
curs in the calc-alkaline lavas from the northern Mariana
arc (Dixon and Batiza, 1979).

The chondrite-normalized REE patterns of the San
Miguel de Allende lavas have a dlight LREE enrichment
with (La/Yb)n = 4 (normalizing values of Evensen et al.,
1978; Figure 6), suggesting alow degree of fractionation
for these rocks. This is corroborated by their total REE
content, which is relatively low (49 ppm for the basalt
and ranging from 62 ppm to 64 ppm for the basaltic an-
desites). Small negative Eu anomalies indicative of pla-
gioclase fractionation are seen in the lava patterns, with
Eu/Eu* ranging from 0.93 to 0.95.

Multielemental diagrams show a distinctive large

100

10 +

Rock / Chondrite

1
Ila Ce Nd Slm IIEu (Isd 6y IIEr \I(b Ilu

Figure 6. Chondrite-normalized REE patterns for the San Miguel de
Allende lavas. Normalization values of Evensen et al. (1978). Open
circle: basalt; full circle: basaltic andesites.

ion lithophile element (LILE) enrichment and a deple-
tion in high-field strength elements (HFSE) (Figure 7)
compared to normal MORBS, which is characteristic of
lavas erupted in subduction settings (Pearce, 1983). The
San Miguel de Allende basalt and basaltic andesites have
geochemical characteristics of medium-K calc-alkaline
island arc lavas.

DISCUSSION

The Upper Jurassic-Early Cretaceous arc-lavas
from centra Mexico, exposed in the Sierra de Guana
juato and in Zacatecas state are mainly L REE-depleted
tholditic basalts, and dightly LREE-enriched tholeiitic
and calc-akaline basalts (Ortiz-Hernéndez et al., 1991b).
They are interbedded with pelagic and volcaniclastic
sediments that resemble deposits from an open-sea
environment.

On the other hand, the San Miguel de Allende vol-
canic rocks consist of dightly LREE-enriched basalts
and basaltic andesites belonging to a medium-K cac-
alkaline suite. Petrographically they are classified as
clinopyroxenetamphibole basalts and two-pyroxenex
amphibole basaltic andesites. They are interbedded with
pelagic limestones, black shales, radiolarites, and epi-
clastic rocks, that are in tectonic contact with Upper (?)
Cretaceous flysch-like strata. They represent a more
evolved volcanic stage compared to the L REE-depleted
tholeiitic rocks present in Sierra de Guanagjuato and
Zacatecas state.

These characteristics suggest that during the upper
Aptian, the calc-alkaline rocks were extruded in an intra-
arc environment that coincided in time and space with
tholeiitic volcanism. Their eastern emplacement is
possibly due to the tectonic transport (thrusting) of the
arc over the North America craton during Early
Cretaceoustime.
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Figure 7. Multidlemental diagrams normalized to MORB (Pearce,
1983) for the San Miguel de Allende lavas. Open circle: basalt; full
circle: basaltic andesites.

These calc-alkaline series lavas from San Miguel
de Allende probably were derived by low degrees of par-
tial melting of mantle sources similar to those that pro-
duced tholeiitic arc lavas. Nevertheless, the San Miguel
de Allende cac-alkaline volcanism represents hydrous
partial melts of depleted hot Pacific plate lithosphere that
had been enriched by both LILE and LREE from a man-
tle or subducted slab derived fluid. Migrating hydrous
fluids released during the dehydration of the subducted
oceanic lithosphere probably produced the LILE enrich-
ment. Such a source is probably very refractory, and it
would require special conditions as well as high H,O
contents and relatively low pressures (6-10 kb) at 1000
to 1100° C.

The petrologic evolution of the Guanajuato seg-
ment of the Guerrero terrane is thus similar to other in-
tra-oceanic island arcs (Aleutian arc or Mariana arc, for
example), where both tholeiitic and calc-alkaline basaltic
and basaltic andesites are the predominant lava types.
Transitional tholeiitic and calc-alkaline lavas may occur
(Kay and Kay, 1985).

In this context, the upper Aptian San Miguel de
Allende volcanic sequence represents the eastern
remnant of an allochthonous Lower Cretaceous vol-
canic stage. This is contemporaneous with other volca
nosedimentary sequences exposed in northwestern
(Alisitos Formation; Almazan-Véazquez, 1988) and
central Mexico (Teloloapan assemblage; Talavera
Mendozaet al., 1995).

According to Tardy and Maury (1973), reworked
material found in the Upper Cretaceous flysches in
northeastern-central Mexico is calc-alkaline and ande-
sitic, dacitic, and rhyalitic in composition. The basalts
and basaltic andesites of the San Miguel de Allende =
guence are possibly part of a diversified calc-alkaline
magmatic series, located to the west of the Valles-San
L uis Potosi carbonate platform.
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