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ABSTRACT

An Early Cretaceous submarine volcanic and volcaniclastic sequence is found in the north-
western part of the Sierra de Guanajuato, in central Mexico. This sequence is formed by mildly alka-
line basaltic pillow lavas interbedded with massive lava flows, pillow breccias, hyaloclastites, lapilli
tuffs, and cognate feeder dikes capped by ribbon cherts and other pelagic flysch-like sediments.

Mineralogically, the pillow lavas and cognate diabasic dikes are composed of titaniferous
salite/augite, albite, ilmenite, titanite, prehnite, and pumpellyite. Geochemically, they are character-
ized by high contents of TiO, Zr, Nb, and P,Os, high Ti/V ratios (49-61), and slightly enriched
LREE-patterns (2 < Lay/Yby < 4). These rocks are interpreted as remnants of shallow water deposits
of intra-plate seamounts formed as a result of hot-spot volcanism.

Keywords: Pillow lavas, seamounts, hot-spot, Early Cretaceous, Guanajuato, Mexico.

RESUMEN

Una secuencia marina volcanica y volcaniclastica del Cretdacico Inferior ocurre en la porcion
noroccidental de la Sierra de Guanajuato, México central, y esta formada de lavas basalticas almo-
hadilladas ligeramente alcalinas intercaladas con lavas masivas, brechas almohadilladas, hialoclas-
titas, tobas de lapilli y diques diabasicos cogenéticos que estan sobreyacidos por pedernales ban-
deados y otros sedimentos pelagicos flyschoides.

Las lavas almohadilladas y los diques diabdsicos cogenéticos presentan salita/augita titanife-
ra, albita, ilmenita, titanita, prehnita y pumpellita. Desde el punto de vista quimico las rocas se
caracterizan por contenidos altos de TiO,, Zr, Nb, P,Os, cocientes Ti/V altos (49-61), y por patrones
ligeramente enriquecidos en tierras raras ligeras (2 < Lay/Yby < 4). Estas rocas son interpretadas
como remanentes de agua somera de montes submarinos intra-placa, formados como resultado de
un vulcanismo de punto caliente.

Palabras clave: Lavas almohadilladas, montes submarinos, punto caliente, Cretdcico Inferior, Gua-
najuato, México central.
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INTRODUCTION

Studies of seamounts and other associated sedi-
mentary deposits are important in order to understand the
topography, sedimentological evolution and petrological
characteristics of oceanic plates. In the 80s, such studies
were revolutionized by submersible observation of sea-
mounts (Londsdale and Batiza, 1980). Staudigel and
Schmincke (1984) have proposed a tectonic model for
seamount evolution, taking as example the Pliocene sea-
mount La Palma seriesin the Canary Islands.

The Late Jurassic-Early Cretaceous Arperos For-
mation, exposed on the northwestern side of the Sierra
de Guangjuato in central Mexico, is interpreted in this
paper as a hot-spot seamount with flanking sediments. It
provides an excellent opportunity for examining the geo-
chemical and mineralogical data of an intra-plate sea-
mount. This article focuses on field, mineralogical, and
geochemical data from pillow lavas and diabasic dikes of
the Arperos Formation seamounts, and discusses them
with regard to the evolution of the Arperos oceanic intra-
plate basin (Freydier et al., 1996; Freydier et al., 1998;
Freydier et al., 2000). We summarize the field relation-
ships of these rocks, some aspects of their major and
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trace-element geochemistry, and the compositions of
unalterated clinopyroxene phenocrysts. We then discuss
the implications of these rocks for the tectonic setting of
the paleovol canic series of central Mexico.

GEOLOGICAL SETTING AND AGE OF THE
SEQUENCE

The Sierra de Guanguato, located in centra
Mexico, lies in the central segment of the Guerrero
terrane. The northwestern part of the Sierra de Guanajuato
includes the Comanja de Corona region (Figures 1 and 2),
which was studied by Chiodi ef a/. (1988) and Quintero-
Legorreta (1992). The geologica framework of the Sierra
consists of a collage of both Cordilleran and Tethyan
sequences, Late Jurassic-Early Cretaceous in age. The
Guanagjuato magmatic sequence is formed by a cogenetic
island arc tholeiitic suite, ranging from ultramafic-mafic
cumul ate rocks, through diabasic feeder dikes, to basaltic
pillow lavas (Lapierre et al., 1992) thrust to the NNE,
over a contemporaneous, highly deformed flysch-like
detrital and volcanic sequence. This sequence is the
Arperos Formation (Monod et al., 1990), composed of
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EXPLANATION

CV: Cenozoic continental sediments and volcanic rocks
1: Mesozoic and Cenozoic igneous intrusive rocks

SV: Mesozoic marine sedimentary rocks

UB: Mesozoic ultrabasic rocks

= Town or village

((A Normal fault

/ Inverse fault

kilometers

= Nuevo Valle de Moreno

Figure 1. Geological sketch map of the Sierra de Guanajuato showing the location of the studied area.
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Figure 2. Geological map of the Comanjaregion (after Quintero-Legorreta, 1992).
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graywackes, quartzites, micritic limestones, radiolarian
cherts, black shales, and rare conglomerates, resting con-
formably over pillow lavas, diabasic dikes, and volcani-
clastic rocks (Figure 3). The Arperos Formation shows
isoclinal foldswith E-W axial planes carried to the NNE.
It forms the lowermost tectonic unit of the Sierra de
Guangjuato, and the most extended, with outcrops
exposed between the Jalisco-Guanajuato state boundary
and the Guanajuato mining district, over a distance of
80 kilometers.

Radiolaria recovered from the cherts of the
Arperos Formation, near the town of same name, have
been tentatively assigned a Vaanginian-Turonian age
(DévilarAlcocer and Martinez-Reyes, 1987). Nanno-
fossilsin the lowermost limestone levels suggest a Titho-
nian-Hauterivian age for the base of this formation
(Corona-Chavez, 1988).

Chiodi et al. (1988) and Quintero-Legorreta (1992)
reported Aptian-Albian neritic limestones 15 kilometers
northeast of the city of Ledn. Thisis La Perlitalimestone
(about 100 m thick), which carries Tethyan fauna and, in
the Puerto Blanco outcrop (Figure 2), rests in angular
unconformity on the Arperos Formation (Figure 3).

Fossils recovered at this site are reworked gastro-
poda and pelecypodes, including Ceritium bustamantii
and Psilothyris occidentalis of Neocomian-Aptian-

Albian age, and one brachiopod (Peregrinella) of lower
Hauterivian age (Ortiz-Hernandez and Martinez-Reyes,
1993). Peregrinella is a benthic index fossil, related to
vent biota and black smokers, commonly associated with
transform faults (Lemoine et al., 1982). It is a typical
enigmatic Tethyan fossil that may have hopped sea
mounts across the circum-Pacific (Ager, 1993). The
occurrence of Peregrinella in Mexico would support a
transatlantic connection (Sandy, 1991). However, its
record from Pacific-located suspect terranes (Sandy and
Blodgett, 1996) does not necessarily confirm this. The
occurrence of Psilothyris occidentalis supports an
Aptian-Albian age for La Perlita limestone (Sandy, ver-
bal communication, 1995).

On the northwestern side of the sierra (Comanja de
Coronaregion), geological cross sections exposed in the
Guangjuatito and Barbosa creeks (Figure 4) are con
sidered as the type locality of the volcanic part of the
Arperos Formation. The sequence is aimost 400 m thick
and is formed by basaltic pillow lavas interbedded with
hyaloclastites and pillow breccias (Figure 5) intruded by
digbasic dikes. These rocks are capped upward by
pelagic sediments including ribbon cherts, shales, gray-
wackes, and rare basdltic sills (Figure 6). These rocks
were thrust over micritic limestones of undetermined
age, considered to be an intermediate member of the
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Figure 3. Simplified lithostratigraphy of the Lower Cretaceous Arperos Formation and La Perlitalimestone.
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Figure 4. Geological cross sections in the Guanajuatito (A-A") and Barbosa (B-B') creeks showing the location of studied samples and their K/Ar
radiometric ages. 1: Pelagic sediments; 2: Cherts and siltstones; 3: M&fic tuffs and hyaloclastites; 4: Basaltic pillow and massive lavas;, 5: Diabasic

and basaltic dikes; 6: Micritic limestones of undetermined age.

same formation (Quintero-Legorreta, 1992). They are
affected by normal faults striking NNW and dipping to
the NE. This assemblage of rocks was considered to be
part of a Triassic ophiolitic sequence: the "Barbosa
ophiolite” (Quintero-Legorreta, 1992). As later dis
cussed, the results from this study are not in accordance
with that interpretation.

Pillow lavas have devitrified glassy rims trans-
formed to chlorite. The pillows are 30-50 cm wide, and
display radial cracks and abundant vesicles filled by
chlorite or calcite, by light-gray micritic limestones, or

by rare chert as inter-pillow material. Scarce elongated
pillow tubes aso occur in the pillow horizons. Pillow
lava horizons are separated by brownish-reddish oxida-
tion zones, indicating emplacement in shalow water.
The diabasic dikes are cross-cut by veins of prehnite-
quartz or by pumpellyite-bearing assemblages. Thin
basdltic sills (35 cm) were intruded into the pelagic sedi-
ments. The occurrence of micritic limestone in the
pillow horizons suggests that these rocks were formed
above the carbonate-compensation depth (CCD).

Pillow breccias consist of highly-vesiculated,

Figure 5. Pillow lavas and pillow breccias with glassy rims and vesicular structure in the Guangjuatito creek. Pillow diametersare approximately 30-
50 cm. Hammer for scale.
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Figure 6. Basdltic sill (Bs) interbedded with ribbon cherts and lami-
nated shales.

partly broken pillow lavas. The breccia matrix is fine-
grained and formed by chlorite. Horizons (1-2 m wide)
of massive basaltic lava also occur interbedded with the
pillows. Hyaoclastites are formed by subangular to
angular clasts of highly-vesiculated pumice lapilli and
ash sized shards interbedded with pillow tubes (Figure
7). Ribbon cherts are present as a single 10 m thick hori-
zon. Both massive and parallel-laminated beds of 1 to 10
cm thick chert are characteristic.

The conventional K-Ar dating method was applied
to one basalt and two dikes from the Guanajuatito creek.
K/Ar radiometric ages (whole-rock analyses) of the Arperos
Formation record awide range of ages (Table 1): 85.1+2.1
Ma for apillow lava (sample LP-167) and 90.3+2.2 to 93.4
+2.2 m.y. for two diabasic dikes (samples LP-32 and LP-
33, Figure 4). These TuronianrSantonian ages ae
considered unreliable because the tydrotherma dteration
and/or the low-grade metamorphism (prehnite-pumpdlyite
facies) affecting these rocks has probably produced
uncertainty in the dating. Thisis corroborated by the high
LOI of the analysed samples (3.51-5.25 wt %; see Table 2),
indicating a high degree of dteration. A smilar K/Ar
radiometric age (82.6+54 Ma) was reported by Ortiz-
Herndndez et al. (1992) from an actinolitic hornblende in
gabbro from the magmatic sequence of Guanguato, which
could congtrain the age of metamorphism. On the other
hand, significant excess of radiogenic “°Ar has been
reported in submarine basalts from two active Hawaiian
volcanoes, Loihi Seamount and Kilauea (Honda et al.,

Ortiz-Hernandez et al.

Figure 7. Hyaloclastites formed by subangular vitrous fragments inter-
bedded with pillow tubes.

1993). This significant excess of argon in volcanic rocks
has been considered as inherited from the magmatic
source. Olivine, clinopyroxene and plagioclase pheno-
crysts from basalts occluded argon within their mineral
structures deep in the magma chamber and have retained
this argon after emplacement and solidification of the
lava(Laughlin et al., 1994).

Stratigraphic relationships with the Aptian-Albian
La Perlita limestone, and the fossil evidence in the
sedimentary part of the volcanic and volcaniclastic
sequence suggest a Late Jurassic-Early Cretaceous age
for the Arperos Formation (D&vila-Alcocer and
Martinez-Reyes, 1987; Corona-Chavez, 1988; Ortiz-
Hernandez and Martinez-Reyes, 1993).

Table 1. K/Ar isotopic data from basaltic pillow lava (sasmple LP-167) and diabasic dikes (samples LP-32 and LP-33). K determined by atomic
absorption and Ar by isotope dilution using *®Ar as spike. Decay constants: | b = 4.962 x 10 years?; | g=0.581x10%° years™; “°Ar = 0.01167 % K.

K 4UAI' rad. 40 6 Age +1s
Sample (%) (10 cm’/g) Ar/PeAr (Ma)
LP-167 1.685 474 1461.5 85.1+2.1
LP-32 1.321 3.95 1675.0 90.3+2.2
LP-33 1.657 513 1757.7 93.4+2.2
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PETROGRAPHY AND MINERALOGY

Anayses of clinopyroxene phenocrysts, plagio-

Table 2. Chemical analyses of the pillow lavas (samples SF-3 and LP-
167) and diabasic dikes (samples LP-172, LP-32, SF-2, and LP-33).
Major elements in wt.% and trace elementsin ppm.

clase, and ilmenite were obtained on the automatized SF-3 LP-167 LP-172 LP-32 SF2 LP-33
CAMEBAX microprobe electron at Grenoble Univer-
sity, France, with accelerating voltages of 15 kV and cup SO, 4528 4600 4742 47.96 47.34 4832
beam current of 10 hA. All elements were counted for a TiC, 234 275 224 245 224 241
maximum of 15 seconds. Under these conditions concen- A0s 1581 1742 1667 1646 1645 1651
trations less than 0.2 wt% are considered as unreliable. FeO, 1009 1046 1030 921 975 9.66
; ; . MnO 0.12 0.11 0.15 0.14 0.13 0.15
Brown c_:Imopyroxene and plagioclase are the main MgO 700 6.33 6.90 6.02 6.99 6.45
phenocrysts in the lavas. Total phenocryst volume Cz0 5.36 472 6.61 8.30 6.33 6.49
reaches 8% on the average. The matrix texture isintersti- NaO 4.02 423 424 4.16 352 4.19
tial with brown, pleochroic clinopyroxene, plagioclase K20 149 195 112 0.97 225 158
microlites (Abgg; Table 3), and orientated ilmenite crys- P20s 047 05 044 034 048 040
tals, usualy transformed to titanite. Quench dendritic LOI 801 52 374 351 427 359
and skeletal crystals of clinopyroxene and plagioclase TOTAL 9999 9977 9983 9972 9975 9975
are commor_1._A gray-blue plgochrpi_c mineral pseudo— Rb 17 20 13 11 17 16
morph of olivine crystals was identified as pumpellyite. S 333 201 33 304 576 281
IImenite contains 96% of ilmenite (FeTiO3), and low Ba 146 106 97 138 121 143
geikielite (MgTiO3) and hematite (FeOs) contents Cr 113 250 157 212 146 137
(Table 3). Diabasic dikes show the same mineralogy as Ni 91 147 101 43 94 44
the lavas and differ only in texture, being microlithic, \S/c 222 2;2 2§g 3% 2gg 222
porphyritic, or m_tergranular. They hav_e subhedral o 153 66 19 015 180 206
phenocrysts of_ clmopyroxelje and plagioclase sur- v 37 44 38 37 34 20
rounded_ by plaglocla_semlcrolltes o _ Nb 20 o5 19 21 14 20
Clinopyroxene is the only magmatic mineral that is
characteristically unaltered. It consists of titaniferous La 1162 1737 1558 1436 1509 16.09
salites and rare titaniferous augites, with moderately Ce 3126 4544 4412 3683 3471 3829
high Al,O; (2.4-7.2 wt. %) and TiO, contents (1.3- Nd 1694 2592 2054 2062 1777 22.68
5.0 wt. %), relatively elevated Al/Ti ratios (1.9-4.2), Sm 517 770 5% 603 508 679
and negligible Cr.0 and NIO contents (Table 4). They o) iy 501 g7 o1 545 6w
aes milar in composition to chnopyroxen% reco_rded in Dy 573 780 6.34 6.48 532 704
akali basdts (Wass, 1979) The Di-Hd-En-Fs dlagram Er 3.00 3.79 3.37 3.21 2901 3.40
shows that Mg enrichment (58 £ #Mg £ 77) occurs at Yb 2.88 397 3.02 338 2.63 362
constant Ca contents and that Fe-enrichment is not pre- Lu 058 0.69 058 0.56 033 059
sent (Figure 8), which is atypical feature of alkaline se-
ries rocks (Barberi et al., 1971). Al'V/AIV! ratios suggest (Lavb)y 272 29 348 287 387 300
Ca Si O3 (Wo)
50 diopside ~ hedenbergite 50
salite ‘
ferrosalite
—_— )é
$ Zh,
é"gq augite ferroaugite %60,
@ «96
// subcalcic augite subcalcic  ferroaugite
magnesm intermediate erroauglte
plgeonlte pigeonite plgeonlte
v
0 50 100
Mg SiO; Fe SiO,
(En) (Fs)

Figure 8. Classification of pyroxenes from Arperos diabasic dikes. Arrows show the evolution of akalic series clinopyroxenes after Barberi et al.

(1971).
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Table 3. Chemical analyses of plagioclase and ilmenite for the Arperos diabases. Number of cations on the basis of 8 and 6 oxygens respectively.
An=Anorthite, Ab=Albite, Or=Orthoclase, I|=lImenite, Gei=Geikielite, Hem=Hemétite.

SF-3 SF-3 LP-36 LP-36
SO, 69.15 68.01 TiO, 49.72 49.72
Al,O3 19.24 19.84 Al,O3 0.05 0.26
FeO 0.01 0.01 Cr,0; 0.03 0.00
Ca0 0.31 0.22 FeO 42.07 42.31
Na,O 11.44 11.13 MnO 5.14 5.01
K20 0.05 0.08 MgO 0.10 0.07
TOTAL 100.20 99.29 TOTAL 96.61 97.37
S 301 2.986 Ti 1.929 1.932
Al 0.987 1.027 Al 0.003 0.016
Fe 0.000 0.000 Cr 0.001 0.000
Ca 0.014 0.010 Fe** 0.138 0.121
Na 0.966 0.948 Fe?* 1.694 1.707
K 0.003 0.004 Mn 0.227 0.219
TOTAL 4.980 4.976 Mg 0.008 0.005
TOTAL 4.000 4.000
%An 147 1.08 %l 95.70 96.30
%Ab 98.25 98.45 %Gei 0.50 0.30
% Or 0.28 0.47 %Hem 3.80 3.40

crystallization at intermediate to high pressures. The
substitution of Al and Ti is the most important feature of
these clinopyroxenes, as shown by their S vs. Al and Al
vs. Ti relations. Al and Ti enter into the pyroxene lattice
in the form of Ti-Tschermakite component (TAL,
CaTiAl,Og) via the coupled substitution Ti**+2AIY 0
(Mg+Fe)?*+2Si*", which is the most important non-
quadrilateral substitution in akaline basalts (Almond,
1988). The NATAL (NaTiSIAIOg) type substitution is
less important in these clinopyroxenes as is shown in the

i

Ti-Na-Al'Y ternary plot (Papike ef al., 1974; Figure 9).
High AI'V/AIY ratios and high N&,O contents is a charac-
teristic of pyroxenesin akalic basalts, where the Na (per
formula unit) is combined with Ti as Na-V'Ti (Tracy and
Robinson, 1977). V'Ti-2'VAl is the most important couple
indicating an alkaline affinity of the host-rock. This cou-
pleis correlated with the low initial silica activity of the
parental magma, with the crystallization of Ti-bearing
oxide phases, but also with the degree of rock fractiona
tion (Marcelot et al., 1988).

i

NAT NATAL

AC-JD-UR

CATS

Na

AIIV

Figure 9. Composition of Arperos pyroxenes plotted on "others' diagram of Papikeet al. (1974).
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Paleovolcanic series discriminant diagrams, using
the Ti, Ca, Na, and Cr contents of the clinopyroxene
phenocrysts (Leterrier, et al., 1982), show that the
diabasic clinopyroxenes belong to an akaline magma
series, and that they were formed in an anorogenic
setting (Figure 10).

GEOCHEMISTRY OF VOLCANIC ROCKS
AND DIKES

Major elements were analyzed by X-ray fluores-
cence spectrometry. Trace elements including rare earth
elements were analyzed by 1CP-Atomic Emission Spec-
trometry at the Centre de Recherches Pétrographiques et
Geéochimiques in Nancy, France, following the analytical
procedures of Govindaraju and Mevell (1987). Accuracy
is estimated at 1% for major elements and 2% for trace
elements. Loss on ignition (LOI) was performed at
900° C in amuffle furnace.

The rocks analyzed show typical features of alkali
or mildly alkaline basalts, ie., reatively high TiO;
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Figure 10. Arperos clinopyroxene anayses plotted on the discrimina
tion diagrams proposed by Leterrier et al. (1982).

(> 2 wt%), P,Os (> 0.30 wt%) and alkali content
(NaO+K,0 > 5 wt%) (Table 2). In the scheme of the
TAS classification, the lavas are basanites and hawaiites
whereas the dikes are classified as hawaiites and akaline
basalts. Nevertheless, it is highly probable that the con-
centration of alkalis does not correspond to primary con-
centrations in the rocks due to hydrothermal alteration or
metamorphism. The abundance of large cations such as
Ba, Sr and Rbislow, but similar to typical akali basaltic
rocks (200 < Ba < 1400 ppm; 400 < Sr < 4000 ppm, and
15 < Rb < 100 ppm) (Basaltic Volcanism Study Project,
1981). Transition metals (Cr, Ni, Sc) aso have low
values. Ni values range from 43-147 ppm whereas Cr
values vary between 113-250 ppm (Table 2). Cr/Ni
ratios vary from 1.24 to 4.95 and V/Sc ratios from 6.87
to 9.59. Zr and Nb values are close to those of ocean
island alkali basalts (200 < Zr < 1000 ppm, 20 < Nb <
160 ppm, and 5 < Zr/Nb < 15) (Basdtic Volcanism
Study Project, 1981).

Using the major immobile elements TiO,, P.,Os,
and MnO, atectonomagmatic discrimination diagram for
oceanic basalts and basaltic andesites (45 wt%< SO, <
54 wt%; Mullen, 1983) shows that the pillow lavas and
the diabasic dikes from the Arperos Formation plot in
the field of oceanic island alkaline rocks (Figure 11). Zr
and Y are also considered as immobile elements during
ateration and metamorphism; a triangular plot of
Ti/100-Zr-Y x3 (Pearce and Cann, 1973) shows that these
mafic rocks plot in the intra-plate field (Figure 12), and
that they are comparable to ocean island alkali basalts.
High Ti/V ratios (49-61) of the analyzed samples are
also characteristic of akali basdtic lavas. Shervais
(1982) has shown that the fractionation of V from Ti
during partial melting and fractional crystallization is a
function of oxygen fugacity, and that Ti/V ratios of
volcanic rocksincrease in the order island-arc volcanic <
MORB < akali basalts. In a Ti-V diagram (Shervais,
1982), the Arperos rocks plot in the field of ocean-island
and continental flood basalts (Figure 13).

High Fe,O3 values of lavas and dikes (Table 2) are
similar to those of tholeiitic lavas, although high-Fe,03
contents have also been reported in alkali basalts from
submarine volcanoes (Natland, 1976; Batiza and Vanko,
1984). Mg numbers (Mg # = (Mg/(Mg+Fe) x 100) from
the lavas and dikes range between 55 and 62, suggesting
acertain degree of fractionation.

The most distinguishing feature of pillow lavas and
diabase is their enrichment in rare earth elements (84 £
SREE £ 123 chondritic values) and their dlightly
enriched light-REE normalized patterns, with (La/Yb)y
ratios ranging from 2 to 4 (REE-normalizing values of
Evensen et al., 1978), which are in the range of values
reported for some alkali and tholeiitic basaltic rocks (2 <
(LalYb)y< 5, Kay and Gast, 1973). In comparison,
island tholeiites from Hawaii and the Galapagos Islands
have lower REE abundances (30-50 x chondrites), and
lower (La/Yb)y ratios (2-3) than akali magmas series.
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Figure 11. TiO,-MnO-P,0s tectonomagmatic discrimination diagram
(after Mullen, 1983) for the Arperos pillow lavas (full circle) and dikes
(circle).

Negative Eu anomalies (0.90 < EWEU* < 0.94) in the
patterns suggest early fractionation of plagioclase
(Figure 14). MORB normalized multielement diagrams
show an enrichment in both high field strength (HFS)
and large ion lithophile (LIL) elements (Figure 15),
which is a typical feature of alkaline intra-plate rocks
(Pearce, 1983). LalYb (1.39-6.30) and Nb/Yb (4.03-
5.33) ratios display a narrower range than those reported
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Figure 12. Triangular diagram Ti-Zr-Y (Pearce and Cann, 1973) for-
lavas (full circle) and dikes (circle).

for enriched-MORBs (E-MORB).

Because their mineralogy (presence of Ti-rich
clinopyroxene, subgtitution types in these ferromag-
nesian minerals) and the chemical characteristics (high
TiO,, Zr, Nb, ROs, and Ti/V ratios) of the magjor and
trace elements considered as immobile, the Guanajuatito
and Barbosa lavas and dikes are considered as mildly
alkaline rocks.

TiV=10 Ti/V=20
800
700 IAT. Island-arc tholeiites
CAB: Calc-alkaline basalts
MORB: Mid-ocean ridge basalts
OIB: Ocean-island basalts
600 - CFB: Continental flood basalts
e Dbasaltic pillow lava
500~ IAT o diabasic dikes
+
V (ppm) CAB TirV=50
400 —
MORB
300
-* OIB,CFB TV=100
200 - (o] V=
100
0 | | | |
0 5 10 15 20
Ti (ppm)/100

Figure 13. Ti-V diagram (Shervais, 1982) showing the magmatic affinity of the Arperos pillow lavas and diabasic dikes.
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(1978).

CONCLUSIONS AND TECTONIC
IMPLICATIONS

There are "pillow lavas and pillow lavas' formed
in different tectonic settings. The similar mineralogical
and geochemical features of the Arperos basaltic pillow
lavas and diabasic dikes suggest that they are mildly
alkaline, prabably cogenetic rocks, and that they were
formed in an anorogenic, oceanic, intra-plate setting.
Field relationships show that these rocks are part of a
thick (400 m), submarine sequence formed by pillow
lavas interbedded with massive lava flows, pillow brec-
cias, hyaloclastites, lapilli tuffs, and diabasic dikes
capped by ribbon cherts and other pelagic flysch-like
sediments. The Guangjuatito and Barbosa outcrops do
not compare well with sections of oceanic crust and
ophiolitic sequences, and thus the Arperos Formation
should not be considered as a typical ophiolite as
proposed by Quintero-Legorreta (1992). Rather, the
seguence is considered to be the remnants of intra-plate
seamounts. Similar igneous rocks and associated pelagic
sediments have been reported for other intra-plate sea
mounts around the world (Watkins and Browne, 1989;
Sliter et al., 1991).

Additional evidence supporting that the Arperos
sequence was formed over a seamount flank comes from
the scarcity of diabasic dikes and sills, the presence of
volcaniclastic rocks, and the mixing of carbonate and
basaltic material (Staudigel and Schmincke, 1984).
Brownish-reddish colors and the presence of carbonates
in the pillow horizons suggest that these rocks were
formed in a shallow environment, above the CCD. This
is also corroborated by the high vesiculation of the

pillow lavas, and by the presence of hyaloclastites. On
the other hand, abundance of prehnite, and the presence
of pumpellyite, albite, and secondary titanite may sug-
gest low grade metamorphism (prehnite-pumpellyite fa-
cies) affecting the volcanic and volcaniclastic sequence.

It is generally accepted that within-plate magmatic
activity originates from the deep, undepleted, probably
metasomatically enriched mantle, which meltsin conjun-
tion with deep mantle plume upwelling. The within-plate
volcanism of the Arperos Formation originated from hot-
spot activity that affected an oceanic basin (Arperos
basin) during Early Cretaceous time. This has important
implications for understanding the tectonic setting
of volcanosedimentary sequences of central Mexico
because the Arperos basin sequence is a major paleo-
geographic element, extending to the NW (Freydier
et al., 1996; Freydier ef al., 2000) from Guanajuato and
to the south of the Transmexican Volcanic Belt. In
fact, remnants of similar Early Cretaceous pelagic
volcanosedimentary sequences that are sometimes
capped by limestones have been reported in the State
of Zacatecas (Vadecaiias Formation, de Cserna,
1976). Near the town of Panfilo Natera, pre-Aptian
alkalic intra-plate pillow lavas capped by micritic lime-
stones are aso present. These sequences are situated
along the projected trace of the Mexican thrust belt.
These allochthonous fragments of Cretaceous oceanic
crust suggest the existence of juxtaposed, accreted
terranes in central Mexico, which are now amalgamated
by tectonic processes.

The Arperos basin has been considered as formed
either in an asaeismic ridge near a spreading center (Freydier
et al., 1996; Freydier et al., 2000) or in a back-arc basin



Early Cretaceous intraplate seamounts from Guanajuato, central Mexico 39

100

Rock/MORB

0.1 T T T T T T
Sr K Rb Ba Nb Ce

Figure 15. MORB-normalized spidergrams (normalized values of Pearce, 1983) for the lavas (full circle) and dikes (circle).

(Elias-Herrera and Ortega-Gutiérrez, 1998). At present, it
is risky to say which one of the two hypotheses is true.
Nevertheless, the most important conclusion of this paper
is that the Guanguatito and Barbosa lavas, dikes and
associated pelagic sediments are the remnants of intra-plate
seamounts, which confirms the intraoceanic enviror
ment of the Mesozoic basament of the Sierra de Guana
juato. This basement is now viewed as an amalgama-
tion of distinct geodynamic environments including:
primitive arc-tholeiitic and calc-alkaline intraoceanic
magmatic sequences, overlying in tectonic contact
mildly akalic ocean island basalts, which were all
formed contemporaneoudly, during Late Jurassic-Early
Cretaceous time. On the other hand, recognition of
the seamounts also has important tectonic implications
for the evolution of the Guerrero terrane, because
these undersea mountains may be part of a seamount
chain. We know that the subduction-collision of these
topographic highs may be an important mechanism pro-
ducing accretion, tectonic erosion or volcanic gaps in
convergent margins (Ballance et al., 1989).
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