Pressure-temperature-time evolution of high-pressure rocks
of the Acatlán Complex (southern Mexico): Implications for
the evolution of the Iapetus and Rheic Oceans: Reply
Ricardo Vega-Granillo1,†, Oscar Talavera-Mendoza2, Diana Meza-Figueroa1, Joaquin Ruiz3,
Margarita López-Martínez4, and George E. Gehrels3
1

Departamento de Geología, Universidad de Sonora, Rosales y Encinas S/N, Hermosillo, Sonora 83000, México
Unidad Académica de Ciencias de la Tierra, Universidad Autónoma de Guerrero, A.P. 197, Taxco, Guerrero 40200, México
3
Department of Geosciences, University of Arizona, Tucson, Arizona 85721, USA
4
Departamento de Geología, Centro de Investigación Científica y de Educación Superior de Ensenada (CICESE), Km 107 Carr,
Tijuana-Ensenada, Ensenada, Baja California, México
2

We thank Keppie et al. (2008) for their comment that allows us to expand the discussion on
the geology and metamorphic evolution of the
Acatlán Complex of southern Mexico. In our
paper (Vega-Granillo et al., 2007), we provide
geologic, petrologic, thermobarometric, and
geochronologic evidence of three distinctive
high-pressure (HP) metamorphic events of Early
Ordovician, Late Ordovician–Silurian, and Silurian ages overprinting the Acatlán Complex;
these events affect three different lithological
suites, under contrasting pressure-temperature
(P-T) conditions. This new concept differs from
the classical idea proposed by Ortega-Gutiérrez
(1978), who considered a single HP metamorphic event in the Acatlán Complex affecting
diverse lithologies; this concept is endorsed by
Keppie et al. (2008). The comment by Keppie
et al. (2008) is basically focused on geochronologic data and disregards other critical evidence
such as field relationships and petrologic or
thermobarometric constraints, which support
our interpretations. Keppie et al. (2008), following the stratigraphic scheme of Ortega-Gutiérrez
et al. (1999), merge the Xayacatlán and
Esperanza granitoids units into the Piaxtla
Group just based on the HP overprinting metamorphism. Consequently, they regard it as
unnecessary to specify which unit they are referring to—determined age or geologic relationship; therefore, they ambiguously mention to the
lithological units or events overprinting them by
their geographic location. However, TalaveraMendoza et al. (2005) indicate that the Piaxtla
Group is actually composed of four genetically unrelated units (Xayacatlán, Ixcamilpa,
Esperanza, and Tecolapa), proving artificial
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the merger as a single group. In the following
sections, we answer each aspect discussed by
Keppie et al. (2008) in their comment.
ONE OR THREE HP METAMORPHIC
EVENTS IN THE ACATLÁN COMPLEX?
Three distinct HP metamorphic events are
defined in the Acatlán Complex by field relationships and petrologic and thermobarometric
determinations along with U-Pb and 40Ar/39Ar
geochronologic data. In the Olinalá area, in
southern Acatlán, lower P (~350–450 °C;
~3–5 kbar) metabasites of the El Rodeo suite are
thrust over medium-temperature (~490–610 °C;
~12–13 kbar) eclogitic rocks of the Xayacatlán
suite. The contrasting P-T conditions indicate
metamorphism in both suites occurred before
their tectonic juxtaposition. The thrust fault is intruded by granites of 476 ± 8 Ma (U-Pb, zircon;
Talavera-Mendoza et al., 2005). In the same area,
eclogitic rocks of the Xayacatlán suite are intruded
by post-eclogitic leucogranites of 478–471 Ma
(U-Pb, zircon; Talavera-Mendoza et al., 2005).
The same relationship occurs at Mimilulco and
Piaxtla, where granites of 461 ± 9 Ma and 474 ±
16 Ma (U-Pb, zircon; Talavera-Mendoza et al.,
2005) intrude Xayacatlán eclogitic rocks. None
of the intruding granites bear evidence of HP
metamorphism, but they do show evidence of
local dynamic metamorphism under greenschistto amphibolite-facies conditions (Vega-Granillo,
2006). At Mimilulco, the Middle Ordovician
leucogranite transects the eclogitic foliation and
engulfs xenoliths of Xayacatlán eclogitic rocks
(Fig. 1A). This geologic and geochronologic evidence indicates that eclogitic metamorphism in
the Xayacatlán suite occurred before leucogranite
intrusion ~478–461 Ma.

GSA Bulletin; September/October 2009; v. 121; no. 9/10; p. 1460–1464; doi: 10.1130/B26514.1; 1 figure.

1460

For permission to copy, contact editing@geosociety.org
© 2009 Geological Society of America

The youngest detrital zircon cluster in blueschists (200–390 °C; 6–9 kbar) (Vega-Granillo
et al., 2007) of the Ixcamilpa suite has a peak
of ca. 477 Ma (U-Pb, zircon; Talavera-Mendoza
et al., 2005) indicating a maximum Early Ordovician depositional age. As indicated above,
the age of eclogitic metamorphism in the
Xayacatlán suite predates that age. Accordingly,
the eclogite metamorphism of Xayacatlán and
the blueschist metamorphism of Ixcamilpa are
unrelated. In our paper, we clearly stated that
the ages for deposition and blueschist metamorphism in Ixcamilpa are bracketed between
ca. 477 Ma, the age of the youngest detrital
zircon cluster, and the 323 ± 6 Ma 40Ar/39Ar
age yielded by phengite of that suite. However,
we indicate that the absence of detrital zircons
of Silurian and Devonian age would suggest a
Late Ordovician depositional age. As correctly
argued by Keppie et al. (2008), the absence of
such zircons can be due to other factors than an
undeveloped source. A depositional age for the
Ixcamilpa suite younger than Late Ordovician is
therefore feasible. However, the younger depositional age reinforces our conclusion that rocks
of the Ixcamilpa suite are unrelated to those of
the Xayacatlán suite, and that HP events affecting both suites must occur at different times.
The Esperanza granitoids in central Acatlán
yield 442–440 Ma ages (U-Pb, zircon; OrtegaGutiérrez et al., 1999; Talavera-Mendoza et al.,
2005; Vega-Granillo et al., 2007), and consequently, they are younger than eclogitic metamorphism of the Xayacatlán suite (<478 Ma).
Esperanza typical granitoids intrude a sedimentary sequence whose deposit age cannot
be better constrained than 719–440 Ma (VegaGranillo et al., 2007). Granites and sediments are
intruded by mafic dikes of unknown age. Then,

Reply to comment by Keppie et al.
Xayacatlán suite
Grt-Cld Micaschist
and quartzite
Eclogite facies

Meta-leucogranite
epidote amphibolite
to greenschist facies
461 ± 9 Ma (1)
(U-Pb, zircon)

Eclogite facies
foliation
xenolith

Eclogite and
Grt-amphibolite
Eclogite facies

Mylonitic
foliation

A

1m

Esperanza suite

Grt-augen gneiss
Eclogite facies
440 ± 15 Ma (1)
Granitic pegmatite
(U-Pb zircon)
unmetamorphosed
346 ± 4 Ma (3)
( 40Ar/ 39Ar, white mica)

Grt-micaschist and
Quartzite
Eclogite facies
345 ± 2 Ma (3)
( 40Ar/ 39Ar, phengite)
xenolith

San Francisco de Asís
Lithodeme
374 ± 4 Ma (3)
40
39
( Ar/ Ar, phengite
in pods within
eclogite)

Mg-taramite Eclogite
Eclogite Facies
430 ± 10 Ma (2)
40
39
( Ar/ Ar, amphibole)

Meta-leucogranite
amphibolite facies
372 ± 8 Ma (1)
(U-Pb zircon)

Locally
migmatized
metasediments

B
1m

Figure 1. (A) Cartoon displaying the geologic relationships in the Xayacatlán Suite. (1) Interpreted as magmatic age (Talavera-Mendoza et al., 2005); Grt—garnet, Cld—chloritoid.
(B) Cartoon displaying the geologic relationships in the Esperanza suite. (1) Interpreted as
magmatic ages; (2) interpreted as the eclogite-facies metamorphism age; (3) interpreted
as cooling ages (all ages in (B) from Vega-Granillo et al., 2007).

granites, sediments, and mafic dikes underwent
a high-temperature (~730–830 °C; 15–17 kbar)
eclogite-facies metamorphism (Vega-Granillo
et al., 2007), which transformed these rocks into
high-grade gneisses, quartz-feldspar schists,
quartzites, garnet mica schists, and eclogites.
These lithologies make up the Esperanza suite.
Subsequently, the Esperanza suite rocks were intruded by post-eclogitic muscovite leucogranite
(Fig. 1B) yielding a crystallization age of 372 ±
8 Ma (U-Pb zircon; Vega-Granillo et al., 2007).
Accordingly, the age of the HP metamorphism
in the Esperanza rocks is restricted by the Lower
Silurian 442–440 Ma crystallization age of the
Esperanza granitoids and the Late Devonian
372 ± 8 Ma age of post-eclogitic leucogranite.
As a consequence, eclogitic metamorphism
in the Esperanza suite cannot be related to the
Early Ordovician eclogitic metamorphism of
the Xayacatlán rocks. On the other hand, in the
Ixcamilpa suite, the lithology and geologic setting have an oceanic affinity, in contrast to those
of the Esperanza suite, which are continental
(De la Cruz-Vargas, 2004; Murphy et al., 2006).
Furthermore, the detrital zircon age plot of the
Ixcamilpa suite has a pattern clearly different
from those of the Xayacatlán and Esperanza
suites (Talavera-Mendoza et al., 2005, 2006;

Murphy et al., 2006; Vega-Granillo et al., 2007),
suggesting they were deposited in different
basins. Additionally, the obtained P-T path for
the Ixcamilpa suite corresponds to simple subduction, whereas the P-T path for the Esperanza
suite corresponds to continental collision (VegaGranillo et al., 2007). Therefore, the blueschist
event in the Ixcamilpa suite and the eclogitic
event in the Esperanza suite cannot be the same
whether or not they could be coeval.
Keppie et al. (2008) propose a single HP
metamorphic event of Mississippian age based
on a single concordant, U-Pb age of 346 ± 3 Ma
98 (Middleton et al., 2007) obtained from zircon
overgrowths in eclogite. They mention U-Pb zircon ages from decompression migmatites yielding similar ages (~347–330 Ma) (Middleton et al.,
2007) and a phengite age yielding a 40Ar/39Ar
plateau of 351 ± 2 Ma interpreted as the cooling
through ~350 °C (Murphy et al., 2006). They do
not find evidence of older thermal events. Even
though all ages cited by Keppie et al. (2008)
were obtained in the San Francisco de Asis area
(part of our Esperanza suite) in the central region, they interpreted these ages as dating the
HP metamorphism in the whole Acatlán Complex (Xayacatlán, Ixcamilpa, and Esperanza) regardless of the differences indicated previously.

The proposal of a single HP metamorphic
event of Mississippian age affecting all HP suites
of Acatlán requires substantiation. It is well
known that in the Patlanoaya region, in central
Acatlán, both HP and low-pressure (LP) metamorphic rocks are overlain by a sedimentary
unit named the Patlanoaya Formation, which
contains fossils of Late Devonian (Famennian,
374.5–359.2 Ma according to Gradstein et al.,
2004) to Early Permian (Guadalupian) age
(Brunner, 1987; Vachard et al., 2000; Vachard
and Flores de Dios, 2002). Near the base of the
Patlanoaya Formation there are more than 50 m
of basal conglomerate, and there is no evidence
of tectonic shearing affecting the contact. The
oldest fossils are mostly older than the age proposed by Keppie et al. (2008) for their HP metamorphic event in the Acatlán (~353–341 Ma).
According to our thermobarometric data, HP
metamorphism in the central band of Acatlán
(Esperanza suite) occurred at ~15–17 kbar corresponding to ~50–60 km depth (Vega-Granillo
et al., 2007). Evidently, deposition of the Late
Devonian and Lower Mississippian Patlanoaya
beds and eclogitic metamorphism cannot occur simultaneously. Patlanoaya strata partially
overlying the HP rocks necessarily imply their
previous exhumation; consequently, the HP
metamorphism in central Acatlán must have occurred before Late Devonian. In our view, the
ages of post-eclogitic leucogranite 372 ± 8 Ma
(U-Pb zircon; Vega-Granillo et al., 2007), leucocratic pods in eclogite 374 ± 2 Ma (Ar-Ar phengite; Vega-Granillo et al., 2007), as well as the
dates of zircon overgrowths in eclogite obtained
by Middleton et al. (2007), date the migmatization event succeeding the eclogitic event not the
eclogitic event itself.
GEOCHRONOLOGY
Keppie et al. (2008) challenge some of our
Ar/39Ar ages, particularly those yielding older
ages than their own. Amphibole in eclogite from
the Esperanza suite yields an isochron age of
430 ± 5 Ma, which we regard as the age of the
eclogitic metamorphism in that suite. In the first
instance, amphibole older age can be explained
by its higher closure temperature in relation to
the white mica (e.g., Geyh and Schleicher, 1990).
Keppie et al. (2008) argue that the isochron of
the eclogite (sample RAC-201) includes points
that force the correlation line and that the hightemperature fraction in one of the experiments
yielding an age of 526 ± 12 Ma is evidence of
excess argon and that, consequently, the plateau
age obtained with the other fractions is invalid.
However, the difference observed on the amphibole age spectra is an artifact of the heating
schedule, because the diagram concentrates

40

Geological Society of America Bulletin, September/October 2009

1461

Vega-Granillo et al.
results from two different techniques (Fig. 8F
in Vega-Granillo et al., 2007). A six-step experiment conducted on the multigrain sample
heated with the Ta-furnace gave an integrated
age of 438.7 ± 6 Ma defined by four fractions
representing up to 90% of released 39Ar. Other
two-step results obtained through a single-grain,
laser fusion experiment yielded an integrated age
of ~419 ± 5 Ma. A third, three-step, single-grain,
laser fusion experiment gave two plateaus of
~418 ± 4 and ~315 ± 4 Ma, suggesting the possibility of two thermal events. All but the first fraction of each experiment were combined to define
the isochron age of 430 ± 5 Ma, with (40Ar/36Ar)
i = 332 ± 20, which is our best age estimate for
the amphibole (complete argon results are in the
GSA Data Repository of Vega-Granillo et al.,
2007). This age is concordant within uncertainty with a 418 ± 18 Ma, U-Pb monazite age
obtained by Ortega-Gutiérrez et al. (1999) from
the Esperanza gneiss regarded as recording the
eclogitic metamorphism.
Large (~2 cm) phengite crystals are conspicuous in some eclogites from Santa Cruz
Organal, where they crystallize into 6- to
10-cm-wide veins and pods. Two experiments
on that phengite yielded identical and simple
40
Ar/39Ar spectra with an integrated age of
374 ± 2 Ma. That age is in agreement with the
Late Devonian 372 ± 8 Ma age (U-Pb zircon;
Vega-Granillo et al., 2007) of leucogranite transecting the eclogitic body. Keppie et al. (2008)
suggest that this age may imply excess argon
because other of our and their 40Ar/39Ar ages
of phengites yielded younger ages. However,
40
Ar/39Ar spectra are very simple and do not
show evidence of excess argon (some detailed
notes on the Ar geochronology are included in
the GSA Data Repository).
The Esperanza suite and the Late Devonian
leucogranite are transected by an undeformed
and unmetamorphosed granitic pegmatite. The
large (>2 cm) white mica crystals from this pegmatite yielded a 40Ar/39Ar isochron age of 346 ±
4 Ma (Early Mississippian). The isochron age
was calculated with 35 combined fractions of
three laser step-heating experiments and one
bulk sample analysis. That age is also challenged by Keppie et al. (2008), who adduce excess argon. However, we do not find evidence
of excess argon in the correlation diagram from
that pegmatite; sample RAC-188 (GSA Data
Repository of Vega-Granillo et al., 2007).
Excess argon has been interpreted in amphiboles and phengites from some HP terrains
yielding anomalously older ages, whereas independent evidence (geologic and/or geochronologic) proves a younger age of metamorphism
(e.g., Arnaud and Kelley, 1995; El-Shazly et al.,
2001). With the evidence presented by Keppie
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et al. (2008), such a process in the Acatlán Complex remains tentative. Scaillet (1998) stated
that excess argon is not an ineluctable feature
of HP–ultrahigh-pressure (UHP) metamorphism, and that in some cases the interpretation
of excess argon can prevent alternative geologic
interpretations. Furthermore, factors other than
excess argon have been proposed to explain
geologically meaningful older 40Ar/39Ar ages in
metamorphic HP minerals (Maurel et al., 2003).
For example, some rocks, blocks, or parts of a
sequence, can avoid Ar resetting when the lack
of penetrative deformation reduces hydrothermal circulation and diminishes diffusion in minerals. Another possible reason to preserve older
ages can be the grain size (Maurel et al., 2003).
The Ar is released from minerals through diffusion, and diffusion is easier and more complete
in smaller size grains than in larger grains. Thus,
the 2-cm crystals of phengite yielding the Late
Devonian (374 ± 2 Ma) age could retain that
older age because of their size without excess
Ar being involved.
SOME IMPORTANT REMARKS
In their comment, Keppie et al. (2008)
misinterpreted some of our statements. They
mentioned for example that evidence of an
Ordovician–Silurian HP metamorphism in
Santa Cruz Organal remains tentative. In our
work, we do not propose such an age for the
HP metamorphism in that locality. In this zone
we proposed a Silurian (~430–418 Ma) age for
the HP metamorphism imposed only over the
Esperanza suite. However, a pre–478 Ma age
for the eclogitic metamorphism is proposed for
the Xayacatlán suite, in western Acatlán.
Keppie et al. (2008) also mentioned that we
proposed an orogenic tectonic setting for the
Esperanza granitoids. The geochemistry of the
Esperanza granitoids is out of the scope of our
paper, and we do not assign the Esperanza granitoids to a particular tectonic setting. In fact, we
do not regard the mafic dikes of the Esperanza
suite (San Francisco de Asis lithodeme) of
Ordovician age as suggested by Keppie et al.
(2008), because they transect the Lower Silurian Esperanza gneiss of 440 ± 15 Ma (VegaGranillo et al., 2007), and consequently must
be younger.
Finally, Keppie et al. (2008) indicate that we
interpreted the Esperanza granitoids as decompression melts following HP metamorphism.
The Esperanza granitoids unit as originally
defined by Ortega-Gutiérrez (1978) is actually
composed of four distinct and unrelated plutonic
suites (Talavera-Mendoza et al., 2005): (1) a
1165–1043 Ma plutonic suite referred to as
the Tecolapa suite; (2) a 478–461 Ma magma-

tism postdating eclogitic metamorphism in the
Xayacatlán suite; (3) a 442–441 Ma plutonic
suite forming part of the Esperanza suite (as
defined in Vega-Granillo et al., 2007) in central
Acatlán; and (4) a ca. 371 Ma (Yañez et al., 1991;
Vega-Granillo et al., 2007) magmatism that includes the La Noria pluton and leucogranites
intruding the Esperanza suite in central Acatlán.
The 478–461 Ma rocks intrude exclusively the
Xayacatlán suite, postdating its eclogitic metamorphism. Only the Late Devonian leucogranite intruding the eclogitic rocks of the Esperanza
suite is regarded by us as decompression melts.
We did not find evidence of Lower Silurian
granitoids intruding the Xayacatlán suite, and
we never considered the Lower Silurian granitoids in the central band as decompression
melts as suggested by Keppie et al. (2008).
TECTONIC MODEL
Arguing the existence of a single HP metamorphic event of Mississippian age based on a
few U/Pb and 40Ar/39Ar ages and some paleomagnetic data, Keppie et al. (2008) confront
our tectonic model. In a previous section we
demonstrated that the development of a HP
metamorphism of Mississippian age synchronously with sedimentation of Patlanoaya strata
over the same HP rocks is simply untenable.
Moreover, a single HP metamorphism cannot
explain the field relationships of HP rocks and
associated plutonic rocks, as well as petrologic
and thermobarometric differences presented in
our paper (Vega-Granillo et al., 2007), information that was neglected in the Keppie et al.
(2008) comment.
Paleomagnetic studies in the Acatlán Complex have produced contrasting results and
varied models (e.g., Fang et al., 1989; Böhnel,
1999; Alva-Valdivia et al., 2002). Quantification
of the displacement critically depends upon the
ages of the magnetizations and resolutions of
the structural attitudes. The Acatlán Complex
is polydeformed with some lithologies experiencing two or three phases of isoclinal folding
(Vega-Granillo, 2006). Except for some work
on microtectonics of small areas (e.g., Weber
et al. 1997; Malone et al., 2002), the nature,
kinematics, and age of the deformation in Acatlán is just beginning to be studied in detail. Even
the Permian beds overlying the Acatlán Complex are folded and locally dynamically metamorphosed (Vega-Granillo, 2006). Based on
Alva-Valdivia et al. (2002), Keppie et al. (2008)
argue that paleomagnetic data for Permian rocks
indicate a latitudinal position relative to North
America similar to its present location, contradicting our paleogeographic model for that time.
However, Alva-Valdivia et al. (2002) recognized
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that “… our dataset is not sufficiently robust to
enable constraints about the tectonic evolution
of the studied area.” Furthermore, the most accepted paleogeographic reconstructions of Pangea during the Permian place South America
overlapping most of southern Mexico, implying
an allochtonous origin for terranes of that region
(Pindell and Dewey, 1982; Pindell, 1985, 1994;
Handschy et al., 1987; Pindell and Kennan,
2001). In their study on the Acatlán area, Fang
et al. (1989) mention evidence of displacement
of the Acatlán terrane relative to North America
but point out that the ages of the magnetizations and resolutions of the structural attitudes
are not well constrained. Thus, from our point
of view, Keppie et al. (2008) do not provide
robust geochronologic or paleomagnetic evidence to dismiss our tectonic model for the
Acatlán Complex.
CONCLUDING REMARKS
Deciphering the tectonic evolution of
polymetamorphosed orogens such as the Acatlán Complex using exclusively a geochronologic approach can lead to an overinterpretation
of the ages. The ages must be consistent with
other lines of evidence such as geologic relationships, stratigraphy, petrology, geochemistry,
thermobarometry, and microtectonics, in order
to reduce misinterpretations. Studies of small
areas of complex terrains are necessary to define
critical geologic aspects and to acquire wellcontrolled geochronologic, geochemical, and
structural data. However, some prudence must
be taken in extrapolating data and interpretations to different areas, particularly if discrepancies in the geologic record exist.
Our interpretation concerning the existence
of three separate HP events in the Acatlán Complex is a more comprehensive model to explain
its metamorphic evolution because it is consistent with all sorts of available data. As detailed
in our paper, a set of HP metamorphic events,
of similar age, affecting analogous petrotectonic
assemblages, under comparable P-T conditions, has been described in the AppalachianCaledonian chain, where they are related to the
closure of the Iapetus Ocean (e.g., Jamieson,
1990; McKerrow et al., 2000; Miller et al., 2000;
Van Staal, 1994, 2007; Shervais et al., 2003). In
view of the available evidence, the correlation
of the Acatlán Complex with the AppalachianCaledonian orogen remains the best hypothesis.
The model proposing a single Mississippian HP
event affecting all the HP suites of the Acatlán
Complex is an oversimplification and requires
fundamental explanations about the geologic
relationships of the Acatlán Complex and its
sedimentary cover.
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