El Chichén Velcane (Chiapas Velcanic Belt, Mexice)
Transitienal Calc-Alkaline te Adakitic-Like Magmatism:
Petrelegic and Tectenic Implicatiens
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Abstract

The recks of the 1982 eruption of El Chichén velcane (Chiapas, Mexice) display a series of
geechemical and mineralegical features that make them a special case within the NW-trending
Chiapasvelcanic belt. The recks are transitienal between nermal arc and adakitic-liketrends. They
are anhydrite-rich,and were derived frem a water-rich, highly exidized sulfur-richmagma, thus very
much resembling adakiticmagmas (e.g., the 1991 Pinatube eruption). We prepese that these recks
were generated within a cemplex plate tectenic scenarie invelving a tern Ceces plate (Tehuantepec
fracturezene) and the ascent of het asthenesphericmantle. The latteris supperted by an sutstanding
negative S-wave anemaly widely extending beneath the zene, frem 70 te 200 km in depth. The ada-
kitic-like trend weuld be derived frem the direct melting of subducting Ceces plate, whereas the
transitienal recks weuld have resulted frem the mixing of twe peles, ene reflecting a mantle seurce,
and the ether, the already mentiened adakitic melts. The basaltic seurce weuld alse acceunt for the
high sulfur cententand 52*S values of the El Chichén system (abeut +5.8), as result of a centribution

of 3@, in fluids released frem an underlying mafic magma.

Introduction

EL CHICHON VOLCAN® helongs te the NW-trending
Chiapas velcanic belt, which cemprises three majer
centers (E1 Chichén, Tzemtehuitz, and Nicelds Ruiz;
Capaul, 1987; Fig. 1A). In centrast with the typical
Central America velcanic arc, the Chiapas velcanic
belt follews an anemaleus, eblique magmatic trend
at ~30° with respect te the WNW-trending Middle
America trench, an eddity enly cemparable te the
alse eblique E-W-trending Mexican velcanic helt
(e.g., Mdrquez et al., 1999; Fig. 1A). Twe majer sin-
istral wrench fault systems separate the Chiapas vel-

ICerresponding auther; email: amarquez@esceturjc.es

canic lbelt frem the westernmest Central American
velcanees and frem the Mexican velcanic belt,
respectively, thus beunding an iselated tectenic
bleck, here named as the Yucatdn bleck (Fig. 14).
Anether key tectenic feature te be taken inte
acceunt is the nearly perfect alignment defined by
the NE-trending Tehuantepec fracture zene and El
Chichén (Fig. 1A). El Chichén kecame fameus in
1982, when a vielent eruptien caused the death of
abeut 2000 peeple, and the emission of 7 millien
tens (Mt) of S@, inte the atmesphere (cempared with
20 Mt of 3@, by Meunt Pinatulee in 1991; Pasteris,
1996¢). Anether remarkable feature of the El
Chichén velcanic recks is their anhydrite-rich char-
acter, exemplified by the 1982 eruptien pumices.
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FIG. 1. A. Plate tectenic setting of velcanic belts in seuthern Mexice and Central America. See lecatien of the Chiapas
velcanic belt (including El Chichén at its nerthwestern tip). Abbreviatiens: CAVB = Central American velcanic belt;
CVB = Chiapas velcanic belt; MAT = Middle America trench; MVB = Mexican velcanic belt; PMFS = Pelechic-Metagua
fault system; TFS = Tehuantepec fault syetem; TVF = Tuxtla velcanic field. B. Plan view of ecarthquake hypecenters
deeper than 50 km (after USGS, 2001). Nete the abrupt change frem the Tehuantepec isthmus, with earthquake hype-

centers decreasing and shall ewing te the west.

The chemistry of El Chichén recks shews transi-
tienal characteristics loetween calc-alkaline and
adakitic-like magmatism. We argue that this transi-
tienal character is the result of the mixing ef slak-
derived and mantle-derived melts and may acceunt
for the highly exidized character of the system.

Geologic Setting

The Chiapas velcanic lelt (Capaul, 1987) is
censpicueusly separated frem the WNW-nermal

Central American velcanic arc (Fig. 1A). Earth-
quake distributien frem Guatemala te the Yucatdn
block dees net shew any significant change; thus,
the change in directien of velcanism frem WNW
(Central American arc) te NW (Chiapas velcanic
belt) cannet be related te subductien styles, and
therefere must be asseciated with ether tectenic fea-
tures, e.g., the Metagua fault system (Fig. 1A). This
majer sinistral structure, tegether with the alse sin-
istral Tehuantepec fault system, bounds the Yucatdn
block (Fig. 1A), thus ferming an iselated, prelally



cleckwise-retated tectenic bleck (e.g., Belgade-
Argete and Carballide-Sinchez, 1992) (Fig. 14),
which weuld acceunt fer the present NW directien
of the Chiapas velcanic belt.

Hewever, altheugh this prevides a plausible
explanation ferthe cleckwise retation of the Chiapas
velcanic belt, seme geechemical (Luhr et al., 1984;
Capaul, 1987; Espindela et al., 2000) and mineral-
egical (anhydrite-rich velcanic facies) features eof
the El Chichén recks still remain unusual cempared
te ether velcanic centers of the belt (e.g., Capaul,
1937), er the Guatemalan velcanees, which display
calc-alkaline characteristics. What makes El
Chichén different frem the rest of the belt and frem
the Guatemalan velcanees? There is a very large
tectenic feature that may explain the singularity of
this velcane: the Ceces Tehuantepec fracture zene,
which separates 20 Ma—frem 32 Ma—eld subducting
eceanic crust beneath seuthern Mexice and the
Yucatdn bleck, respectively. The fracture is inter-
preted te e an inactive linear bathymetric feature of
the Ceces plate that is being subducted beneath the
Yucatdn bleck (Barrier et al.,, 1998). If the trend
of the Tehuantepec fracture is prejected ente the
mainland, El Chichén lies almest perfectly abeve it
(Fig. 14).

Petrology of El Chichén Rocks

The majer velcanic centers of the Chiapas velca-
nic elt (El Chichén, Tzemtehuitz, and Nicelds
Ruiz) are essentially described as deme fields ever-
lain by pyreclastic depesits, cemprising basalts
(rare), werphyritic hernbklende-andesites, tra-
chyandesites, and miner rhyedacites and rhyelites
(Duffield et al., 1984; Capaul, 1987; Espindela et
al., 2000). The petregraphic features displayed by
mest of these recks are in general these of the cale-
alkaline suite—i.e., plagieclase, hernblende, pyrex-
ene, and titanifereus magnetite phenecrysts in a
micre- te cryptecrystalline greundmass fer the
andesites-trachyandesites, and quartz, bietite, pla-
gieclase, and titanifereus magnetite phenecrysts in a
glassy matrix fer the rhyedacites and rhyelites.
Hewever, the El Chichén recks display seme
unusual features for typical calk-alkaline recks:
phenecrysts of sphene, apatite, and anhydrite as
well as the presence of enly ene pyrexene (augitic
clinepyrexene) threugheut the entire magmatic
histery ef El Chichén (pre-1982 eruptien recks,
Rese et al., 1984; Espindela et al., 2000; and the
1982 cruptien recks, Luhr et al., 1984). Wespite the

fact that in seme samples anhydrite phenecrysts
have been leached, due te seasenal intense rainfall
in the Chiapas regien, this mineral is nenetheless
preserved as inclusiens in ether phenecrysts (Rese
et al., 1984); it was prebably a ubiquiteus phase in
allthe El Chichén samples.

The magma frem EI Chichén velcane is beth
mineralegically and geechemically distinct frem the
rest of the velcanees of the Chiapas hbelt. Several
eutstanding features of E1 Chichén recks are albsent
in the ether velcanic centers of the Chiapas velcanic
belt: (1) the enrichment in alkalis (Na,® + K, @) at a
given Si®, centent; (2) the presence of magmatic
anhydrite; (3) the high sulfur centents; and (4) the
high water and exygen fugacities. The El Chichén
recks were derived frem a water-rich (4-10 wi%
H,®), highly exidized (@, abeve the Ni-Ni® buffer),
sulfur-rich magma (Rye et al., 1984; see Fig. 2), thus
very much resembling adakitic magmas. High water
centents, high f@®,, and adakitic magmatism are
clesely related phenemena. The first twe are cen-
nected via the equilibrium reactien: H,® = H, + %
®,. Given the high diffusivity f H,, /@, increases te
maintain the equiliberium, and cencemitant with this
increase, the ratie S®,/H,3 increases x 1000 or
even mere, which eventually results in an almest
cemplete extractien ef sulfur frem the melt (Burn-
ham, 1979). @n the ether hand, water in excess
(>10%) of that structurally beund in minerals plays
a vital rele in achieving direct slal melts, i.e., adak-
itic magmatism (Preuteau et al., 1999). If /@, is
buffercd by an apprepriate mineral assemblage
(e.g., ceexisting magnetite and hernblende), fH,
increases te maintain the equilibrium, and therefere
the ratie £5@,/fH,S in the vaper phase decreases
with increasing fH,@, with SH- being the deminant
sulfur-learing species in the melt (Burnham, 1979).
Hewever, water selubility in silicate melts is directly
centrelled by pressure; thus during the emplace-
ment of magmas, mest of the sulfur in the melt
exselves as S@®, (Burnham, 1979):

. . H_
SH™(y + 5 OH > 30%  + SOz(V) + 3H2(v).

Given the high diffusivity of H, and the cencem-
itant increase of f@,, the ratie f5@,//H,S alse
increases. Hewever, at seme peint (e.g., the sulfur
redex beundary) befere eruptien, the system is buff-
ered by anhydrite fermatien. Regarding the El
Chichén 1982 tuffs, even if pyrrhethite was ene of
the earliest minerals te crystallize, there is textural
and isetepic evidence indicating near-equililerium
crystallization between pyrrhethite and anhydrite
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FIG. 2. Pre-eruptien f@,-T cenditiens (shaded area) of El
Chichén anhydrite-bearing magma (after Whitney, 1984). Star
represents the calculated f@, value (-11.0 bar) at 850°C. Pre-
eruptien cenditiens (P) ef the Pinatube magma erupted en
June 15,1991 (Imai et al., 1996) are alse shewn fer cempari-
sen. The arrew indicates the prebable path fer hydrethermal
fluids released frem the magmatic system if a sudden decem-
pressien takes place (based en Rye, 1993). Abbreviatiens: H =
hematite; M = magnetite; Pe = pyrrhetite; S = sulfur (I); Py =
pyrite; N = nickel; N® = nickel exide, @ = quartz; F = fayalite.

(Luhr et al., 1984; Rye et al., 1984). Fer a crystalli-
zatien temperature of 850°C, and given the eccur-
rence of sphene instead eof ilmenite in the tuffs, a
reasenable leg value of —11.0 bar is censidered for
SO, (Whitney, 1984) (Fig. 2), which is very clese te
the sulfur redex beundary. That value of log /@, and
related values of /5@, (125 loar) and fH,S (47 lar)
are censistent with the isetepic data (Rye et al.,
1984), indicating that sulfate in the eruptien cleud
came frem an already exidized sulfur phase present
in the magma. Thus, mest ef the sulfur was eut-
gassed as sulfate, and ne exidatien ef H,S eccurred
in the velcanic plume centrilbuted te form S@,
Seme mineralegical and geechemical features of
El Chichén magmas, such as the presence of mag-
matic anhydrite and high water centents, which are
alesent in nermal-arc intermediate-te-acidic recks,
are nenetheless cemmen in adakites. Adakites
(sensu Defant and Drummend, 1998) are Si®,-rich
(256%), Mg®-peer recks (<6%), with high Sr (T400

opm) and lew Y centents (<18 ppm) (ameng ether
features). The erigin of these recks is assumed te e
related te direct partial melting of a subducting
basaltic plate under high water fugacity cenditiens.
This genesis explains three eutstanding features of
adakites: (1) high water fugacity in the seurce dur-
ing partial melting, leading te high water activity
and a very streng exidized character of the magmas,
and therefere te majer preduction of anhydrite (e.g.,
@yarzun et al., 2001); (2) the alesence of plagieclase
in the residuum during partial melting, which
premetes high strentium centents; and (3) lew Y
centents due te the presence of garnet in the meta-
basaltic seurce. The El Chichén intermediate and
acidic reck samples (Luhr et al., 1984; Rese et al.,
1984; Capaul, 1987; Espindela et al., 2000) can be
greuped inte twe different kinds: ene having high Sr
(~ 1500 wpm) and very lew Y (~ 10 ppm) centents,
and anether with slightly lewer Sr (9001000 ppm)
and higher Y (15-25 ppm) centents. The latter
defines a transitienal trend between adakite-like
recks and the Chiapas velcanic belt “nermal” calc-
alkaline trend (with Sr centents between 200 and
700 wpm and Y centents between 30 and 45 ppm;
Fig. 3).

Discussion

The intermediate trend of El Chichén magmas
mimic that ef the Kamchatka—Aleutian Islands
recks (Yegedzhinski et al., 2001, Fig. 3), where
there are alse twe distinctive greups of recks with
regard te their Sr-Y centents: (1) the Klyuchevskey
greup, which represents a “nermal” calc-alkaline
arc; and (2) the Sheveluch greup, cemprising recks
that, in the Sr/Y versus Y diagram, plet between the
Klyuchevskey arc and the adakites frem the Aleu-
tian Islands (Fig. 3). Yegedzhinski et al. (2001) sug-
gested that the character displayed loy the recks
frem the Sheveluch area is censistent with the pessi-
ble presence of a slab-melt compenent in their
seurce. Based on this, twe subductien-related petre-
genetic precesses may have been implied in the
genesis of El Chichén magmas: partial melting of
the sulducting plate, and partial melting of the
mantle wedge everlaying it. The high Sr/Y, lew Y
samples frem El Chichén (samples: CHI-9550 and
CHI-9615; Espindela et al., 2000, Fig. 3) ceuld thus
e derived almest exclusively by direct partial melt-
ing of the subducting slal, at cenditiens ef ~ 20-30
Klo, 900-1100°C and high water centents (10 wt%,
previded by the dehydration of serpentinite), in the
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FIG. 3. S1/Y versus Y diagram (fields after Befant and
alkaline) character of mest of the El Chichén recks, whi
recks, Kamchatka (see inset; samples after Yogedzinski et
the melting of basaltic seurce (selid hexagen). In turn, the
adakitic pele and a basalt crepping eut in the El Chichén

garnet amphibelite-eclegite transitien (Defant and
Drummend, 1990; Preuteau et al., 2001). Hewever,
the majerity of the transitienal El Chichén recks,
can lse medeled as mixing preducts between partial

Brummend, 1990). Nete the transitienal (adakitic-like te calc-
ch fellews a similar trend te that displayed by the Sheveluch
al., 2001). The adakitic-like recks can be medeled in terms of
transitienal recks can be medeled in terms of the mixing eof an
area (selid square).

melts frem the subducting plate (adakitic-like), and
basaltic magmas such as these represented by sam-
ple CHI-9617 (Espindela et al., 2000, see selid
square in Fig. 3). Furthermere, Tepley et al. (2000)
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FIG. 4, Map ef the negative S-wave anemaly under the
Yucatdn bleck and Central America at 130 km depth, after
Van der Lee and Nelet (1997). This anemaly persists in depth
frem 70 te 200 km, and mest prebably indicates the massive
intake of het asthenespheric mantle beneath the Yucatan

bleck.

prepescd, based en chemical (large variatiens in
An centents) and isetepic cempesitiens ef Sr in
plagieclases, othfrem pre-1982 and 1982-eruptien
samples, that chamber recharge and magma mixing
precesses, prebably invelving streng fluctuatiens in
the velatile pressure eof the system, triggered this
velcanism. These authers discard ether petregenetic
precesses, such as AFC, as they cannet acceunt fer
the lew 3°Si/20Sr raties in plagieclases. We prepese
that an alternative explanatien fer these data is the
invelvement of partial melts frem the sulducting
plate, which weuld previde high Sr and lew 37Sy/20Sr
raties.

Centrary te the nermal, arc-related theleiitic and
calc-alkaline recks that eriginate in the mantle
wedge and later evelve by crystal fractienatien er
ether phenemena, the adakitic recks derive frem
direct partial meting of the subducted slale (Defant
and Drummend, 1990); these authers relate the pre-
cess te the melting of het yeung (< 25 Ma) sulbduct-
ing lithesphere. Numerical and petrelegical medels
(Peaceck et al., 1994) restrict the precess te even
yeunger subducting lithesphere (< 5 Ma) typically at
60-80 km depth. Hewever, this weuld leave the
impertant adakitic magmatism recerded in many
places areund the werld unexplained, ameng them
the Andean chain (Gutscher et al., 2000). @lder
eceanic crust (up te 50 Ma) can melt during pre-
lenged flat sulbductien (Gutscher et al., 2000).

Under these cenditiens, the plate will melt before
undergeing dehydratien, at the base of the lithe-
sphere. The age of the sulbducting Ceces plate is 32
Ma beneath El Chichén (Nixen, 1982); hewever,
seismic data rule eut flat suleductien (Fig. 1B). The
recentpaper by Yeogedzinski et al. (2001) relatesthe
presence of tranferm faults te the generation of ner-
mal calc-alkaline (Klyuchevskey Greup) and transi-
tienal adakitic (Sheveluch area; El Chichén-like)
recks (Kamchatka; Russia), a trend that centinues
inte the Aleutian arc with truly adakitic recks.
Given the nature of El Chichén velcanism (transi-
tienal calc-alkaline te adakitic-like), the elserva-
tiens frem Yegedzinski et al. (2001) may preve
useful in understanding magma genesis beneath the
Chiapas velcanic belt.

Twe majer tectenic features characterize the
seuthern Mexice--Ceces realm: (1) the Tehuantepec
fracture zene; and (2) the drastic change in plate
cenfiguratien westward frem the Tehuantepec isth-
mus. Westward of the isthmus, the plate subducts at
a shallew angle (~10°) (Parde and Sudrez, 1995) and
ne impertant deep subductien-related seismic activ-
ity is recerded (Fig. 1B); eastward frem the isthmus,
Ceces is subducting at a centrasting higher angle (~
30°) (Jiménez et al., 1999, Fig. 1B); further graphic
infermatien is previded loy the Seismicity Map of
Nerth America (Engdahl and Rinehart, 1988),
which alse marks a majer decrease in deep-seated
hypecenters te the west of the Tehuantepec isthmus.

The temegraphic characteristics of this realm
(Van der Lee and Nelet, 1997) alse indicate a drastic
beundary; eastward frem the isthmus a majer
negative S-wave anemaly extends in depth frem
Yucatén te Central America (Fig. 4). The data frem
Van der Lee and Nelet, (1997) indicate that the
anemaly persists in dewth frem 70 te 200 km, mest
prebably indicating the massive intake of het
asthenespheric mantle beneath the Yucatdn lleck.
If this assumptien is cerrect, then the main question
is the seurce of het asthenespheric mantle. If the
alrupt change frem high angle (eastward frem the
Tehuantepec isthmus), te shallew subductien (west-
ward frem the Tehuantepec isthmus) truly repre-
sents the shape of the sulbducting Ceces plate (Fig.
1B), we may cenclude that the plate is tern (aleng
the fracture zenes) and allews the eastward intake of
asthenesphere beneath the Yucatdn bleck (Fig. 5).
This can induce the melting of the subducting plate
in a way that resemlbles the mechanism prepesed loy
Yegedzinski et al. (2001) fer Kamchatka peninsula
velcanism. If we accept this analegy, then the El
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recks of the belt weuld eriginate frem melting of the mantle wedge.

Chichén velcanism ceuld be cquated te that ef Shev-
eluch (Fig. 3) in the seuthern realm of the Kam-
chatka Peninsula. Thus, we weuld expect
centrilbutiens frem the melting of the edge of the
sulducting Ceces plate (high Sr/Y—lew Y samples:
CHI-9550, CHI-9%615; Espindela et al., 2000) and
frem the mantle (e.g., basalt CHI-9617; Espindela et
al., 2000, Figs. 3 and 4). We prepese that CHI-9617
may have eriginated frem melting, loy cenductive
heating ef lithespheric mantle, during the intake of
het asthenespheric mantle aleng the tern Ceces sul-
ducting plate. Participation of mafic magmas is fur-
ther suppeorted by isetepic data frem El Chichén.
The 834S of the El Chichén system (melt + crystals +
vaper) is ~5.8 %o (Rye et al., 1984), i.e., well abeve
the range for primary magmas in centinental regiens
(@ £ 3%0, ®hmete and Rye, 1979). Te explain that
534S enrichment, Rye et al. (1984) inveked an
impertant less of H,S in the gaseeus er fluid phase
at depth prier te the eruption. Alternatively, the high
3313 ceuld lee the result of a centributien of S@, in
fluids released frem an underlying mafic magma
(Hatteri, 1993). Furthermere, participatien of mafic
magmas prevides a satisfactery explanatien fer the
high sulfur centent in the melt.

We alse expect partial melting of the mantle
wedge abeve the subducting Ceces plate within a
cemplex plate tectenic scenarie such as the ene here

suggested (Fig. 5). This weuld explain mest of the
Chiapas velcanic belt, because these recks display a
typical arc-related, calc-alkaline trend.

Conclusions

The El Chichén magmatism displays mineralegi-
cal and geechemical differences with respect te
ether majer velcanic centers of the Chiapas belt: (1)
higher Sr and lewer Y centents; (2) presence of mag-
matic anhydrite; (3) high sulfur centents; and (4)
high f@,. These features reflect a transitienal
geechemical character between “nermal” calc-alka-
line and adakitic-like magmas fer the El Chichén
recks (Figs. 2 and 3).

We suggest that generatien of this calc-alkaline—
transitienal, adakitic-like magmatism can loe related
te a majer change in plate cenfiguratien, which in
turn weuld have been a censequence of the activity
of majer transferm faults tearing apart the suleduct-
ing Ceces plate. This weuld have favered the viger-
eus intake of asthenespheric mantle, triggering the
direct melting of the subducting plate (e.g., see
Yegedzinski et al., 2001), thus explaining the pres-
ence of high Sr/Y, lew Y recks in El Chichén (Figs.
3 and 5). Evidence supperting this scenarie is pre-
vided loy the distriloution of hypecenters beneath the
seuthern Mexice—Yucatdn bleck (Engdahl and



Rinchart, 1988; USGS, 2001; Fig. 1B), and temeg-
raphy (a majer negative S-wave anemaly extending
in depth frem 70 te 200 km; Van der Lee and Nelet,
1997; Fig. 4).

The alignment of the EI Chichén velcanic center
with the Tehuantepec fracture zene, tegether with
the existence of a drastic change in the subductien
angle of the Coces plate (10° te 30°) frem W to E of
the Tehuantepec Isthmus, indicates that the Ceces
plate is tern; this weuld allew the eastward intake of
asthenespheric mantle beneath the Yucatdn bleck
(Fig. 3). The intake of asthenesphere can acceunt for
the melting of a subducting slab (¢.g., Yogedzhinsky
et al,, 2001), thus explaining the presence of
adakitic-like recks in El Chichén. Furthermere,
mixing between these melts and basalts derived
frem an enriched mantle seurce (e.g., melting of
lithesphere by cenductive heating) weuld acceunt
for the peculiar mineralegical and geechemical fea-
tures of the E]l Chichén transitienal adakitic—adak-
itic-like recks (Fig. 5). In turn, as indicated loy their
chemistry, the rest of the recks ef the belt (a rather
tywical calc-alkaline trend) weuld eriginate oy ner-
mal partial melting of the mantle wedge abeve the
subducting Ceces plate (Fig. 5). The lack of a cem-
plete dataset en REE cencentrations of the available
samples of El Chichén prevents the establishment of
ether necessary criteria for preperly defining the
presence of adakites in the El Chichén velcane
(such as, for example, high La/Yh raties; Brummend
etal.,, 199e). Hewever, the mineralegical, geechem-
ical, and isetepic evidence strengly suggests that an
adakitic cempenent is actually invelved in magma
generation underneath the El Chichén velcane, as
this cempenent weuld satisfacterily explain the
existing differences in mineralegy and geechemistry
of the El Chichén recks with respect te the rest of
the Chiapas velcanic belt.
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