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ABSTRACT

The Ixtacamaxtitlán hydrothermal deposit is made up of a succession, from bottom to top, of: (1) a porphyritic

subvolcanic body, crosscut by quartz veins, and a stockwork with subordinate sulfides (pyrite and chalcopyrite),

showing propylitic alteration haloes overprinting a previous potassic alteration event (biotitization); (2) an overly-

ing, kaolinized lithic-rich rhyolitic tuff; and (3) a layered opal deposit with preserved sedimentary structures. This

vertical zonation, coupled with the distribution of the alteration assemblages, lead us to the interpretation of the

whole as a porphyry-type deposit grading upwards to a barren, steam-heated, acid-leached, kaolinite blanket

with a partially preserved silica sinter on top. Both the fluid inclusion study carried out on the veins and stock-

work, and the stable isotopic analyses of the kaolinized bodies, suggest the presence of two major hydrothermal

events. The older event is characterized by the occurrence of hot hypersaline fluids (up to 320�C and 36 wt%

NaCl equivalents), likely of magmatic origin, closely associated with the emplacement of the underlying early

Miocene porphyry-type deposit. The later event is characterized by the presence of cooler and dilute fluids (up to

140�C and 4 wt% NaCl equivalents) and by advanced argillic alteration close to the paleosurface. The calculated

isotopic composition of water in equilibrium with the kaolinitic sequence plots close to and underneath the mete-

oric water line, partially overlapping the Los Humeros present-day geothermal fluids. This evidence coupled with

the petrographic observations suggests that steam-heated phreatic waters altered the lithic-rich rhyolitic tuff. This

would have occurred when acid vapors, exsolved from deeper hydrothermal fluids by boiling, reached the local

paleowater table and condensed, after a sector collapse that changed the system from lithostatic to hydrostatic

conditions.
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INTRODUCTION

Kaolinite can be produced by both hydrothermal alteration

and weathering under tropical or sub-tropical wet climatic

conditions. A supergene origin can be easily deduced when

kaolinite masses are found in situ in lateritic profiles on

sedimentary or metamorphic rocks, but when they are

found on granitic or porphyrityc rocks, their origin may be

uncertain. Hydrothermal activity associated with the late

cooling of granite or hydrothermal circulation, induced by

the presence of sub-volcanic intrusive rocks, may also gen-

erate extensive kaolinization. Detailed mapping, in addition

to fluid inclusion studies in associated minerals (mainly

quartz), and stable isotope studies of kaolinite are useful in
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determining the origin of the kaolinite (e.g. Sheppard

1977; Alderton & Rankin 1983; Bird & Chivas 1988;

Boulvais et al. 2000).

In this paper we present the geology of the Ixtacamaxti-

tlán kaolinite deposit and its relationship to a porphyritic

intrusion. We also propose a genesis for this deposit based

on stable isotope analyses of kaolinite (dD and d18O), as

well as fluid inclusion analyses from a poorly mineralized

stockwork developed in the porphyritic intrusion and inti-

mately related to the kaolinite deposit. In addition, we pre-

sent new 40Ar/39Ar geochronology for biotite in the

potassic alteration recorded in the underlying porphyry

intrusion in the area.

GEOLOGICAL SETTING

The Ixtacamaxtitlán sinter and kaolinite deposit is located

in Puebla State in east-central Mexico (Fig. 1), at the

intersection of the late Cenozoic Trans-Mexican Volcanic

Belt (TMVB) with the Mesozoic sedimentary province of

the Sierra Madre Oriental. The TMVB is an irregular belt

that extends from Veracruz at the Gulf of Mexico to near

Puerto Vallarta on the Pacific Ocean coast (Mooser 1972;

Demant & Robin 1975; Demant 1981; Robin 1982;

Verma 1987), and is considered to be a segment of the

Circum-Pacific volcanic chain (Carrasco-Núñez et al.

1997). The TMVB is composed of a wide range of vol-

canic structures, including large stratovolcanoes, various

silicic volcanic complexes, calderas and large monogenetic

fields, and isolated silicic domes (Carrasco-Núñez et al.

1997). The magmatism is mainly calc-alkaline, producing

rocks that range in composition from basalt to rhyolite

(Carrasco-Núñez et al. 1997). For the most part, the

TVMB is considered of Pliocene to Pleistocene–Holocene

age. However, there are abundant andesitic volcanic

rocks, and their sub-volcanic equivalents, of late Miocene

age that are located in this province underlying the

youngest and most obvious volcanic structures of the

TMVB (Carrasco-Núñez et al. 1997). This late Miocene

volcanism is not correlated with the older, mostly ignimb-

ritic Sierra Madre Occidental Province (SMO), which is

well defined to be Eocene-early Miocene in age (Demant

et al. 1989). It appears that there is a hiatus between the

late Miocene and the Plio-Quaternary episodes of volcan-

ism. Ferrari et al. (1994) indicated that the transition

between from the SMO to the TMVB occurred some

time between 26 and 16 Ma.

The stratigraphy of the Ixtacamaxtitlán area can be sep-

arated into two main sequences: (1) a Mesozoic sedimen-

tary rock sequence corresponding to the Sierra Madre

Oriental; and (2) a sequence of late Cenozoic igneous

extrusive rocks. Sporadically, minor plutonic rocks, mostly

related to the Cenozoic extrusive rocks, affect the sedimen-

tary sequence.

Geology of the Ixtacamaxtitlán deposit

Mesozoic sedimentary sequence

The Mesozoic sedimentary sequence in the study area cor-

responds to the Upper Tamaulipas Formation of Creta-

ceous age (Reyes-Cortés 1979). This formation is

represented by a gray, medium layered limestone, with

interbedded chert lenses and nodules, minor sandstones,

and shales. This sequence is very limited in outcrop and is

intensely folded by the Laramide orogeny (Fig. 1).

Cenozoic volcanic sequence

The Mesozoic sequence is discordantly overlain by late

Cenozoic extrusive rocks, whose interrelations are still not

well known. Following López-Hernández (1995), Carras-

co-Núñez et al. (1997) and Morales-Ramı́rez (2002), two

different volcaniclastic units are recognized in the study

area, the Coyoltepec Pyroclastic Deposit and the Xaltipán

Ignimbrite, respectively.

The Coyoltepec Pyroclastic Deposit (Carrasco-Núñez

et al. 1997) is composed of two subunits. The lower Coyo-

ltepec Pyroclastic Deposit is absent in the study area, but

consists of a stratified sequence of surge deposits and mas-

sive, moderately indurated pyroclastic flow deposits with

minor amounts of pumice and altered lithic clasts. The upper

Coyoltepec Pyroclastic Deposit, which is the main unit out-

cropping in the study area, is a lithic rhyolite tuff composed

of massive, indurated, coarse-gravel sized, lithic-rich pyro-

clastic flow deposits with pumice, andesitic fragments, free

quartz, K-feldspar, plagioclase crystals, and subordinate

amounts of limestone and shale clasts. The kaolinite deposit

is mainly developed on this subunit (Fig. 1).

The Xaltipán Ignimbrite (López-Hernández 1995; Carr-

asco-Núñez et al. 1997) is mainly found in topographic

depressions south of the study area. It consists of a very

recent (0.45 ± 0.09 Ma; Carrasco-Núñez et al. 1997),

pinkish to brownish-gray rhyolitic ignimbrite unit with dif-

ferent grades of welding, containing abundant pumice frag-

ments, andesite lithic fragments, and small clasts of black

obsidian (Fig. 1).

Both units were covered by a thin (up to 1 m) quater-

nary ‘tegument’ (Morales-Ramı́rez 2002), that only

remains in small patches but is widespread outside the

study area. This ‘tegument’ is composed of a very recent

ash fall tuff rich in heavy minerals (mainly magnetite, apa-

tite, and pyroxene).

Plutonic rocks

Very small Tertiary intrusive bodies are found outcropping

in the region. The composition of these rocks is very vari-

able, consisting of hornblende–biotite-bearing tonalites,

quartz–plagioclase–hornblende–diorites, and some aphanit-

ic diabase dikes (Carrasco-Núñez et al. 1997).
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In Ixtacamaxtitlán, a hornblende–biotite-bearing grano-

diorite body, with porphyritic texture, intrudes both the

Mesozoic Upper Tamaulipas Formation and the lower

part of the upper Coyoltepec pyroclastic unit (Fig. 1).

This granodiorite shows a porphyritic texture, with

phenocrysts of quartz, plagioclase, K-feldspar, biotite, and

pseudomorphous biotite after hornblende in a matrix of

quartz, K-feldspar, and plagioclase. The contact between

the granodiorite and the Mesozoic limestone is marked

by the development of a prograde skarn. In a small

Sier ra Madre
Occidental

Sierra Madre
Oriental

Ixtac amaxtitlán
kaolinit e depos it

Trans-Mexica n
Volcanic Belt

1km 1km0 2km

Fig. 1. Geological map of the Ixtacamaxtitlán area, modified from Morales-Ramı́rez (2002).
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outcrop near the Zacatepec village (Fig. 1), the porphy-

ritic granodiorite is crossed by a medium to dense net-

work of quartz veins and veinlets; its upper part is

marked by the complete replacement of feldspars by kao-

linite, passing smoothly to the highly altered upper Coyo-

ltepec pyroclastic subunit. Late mafic dikes (diabase),

partially altered and with trachytic texture, are locally

found crosscutting the granodiorite.

Hydrothermal events

In Ixtacamaxtitlán, we have found at least four different

hydrothermal events affecting both the upper part of the

porphyritic intrusion as well as the basal part of the upper

Coyoltepec Pyroclastic deposit (Carrasco-Núñez et al.

1997).

Skarn

A small skarn is developed north of the studied area at the

contact between the intrusion and the Upper Tamaulipas

Formation limestone. This contact is very irregular, with

blocks of the skarn enclosed within the magmatic rock,

suggesting the presence of a magmatic-stopping setting.

The resulting metasomatic rocks are of green to gray color,

very fine grained and usually show very thin laminations.

The mineralogy is mainly composed by calcite, grossularic

garnet, hedenbergite, and subordinate quartz and calcite.

Locally this contact has been mined for the very irregular

accumulations of pyrite and sphalerite.

Veins and stockwork

Subvertical veins of quartz, chalcedony and subordinate sul-

fides (pyrite and minor chalcopyrite), up to 1.5 m thick, are

found crosscutting the hornblende–biotite porphyry. These

veins are mostly massive to banded, with sporadic cockade

structures and idiomorphic quartz-lined vugs, containing

highly altered fragments of the enclosing porphyry. The

stockwork also crosscuts the intrusive rock (Fig. 2A), and is

made up of an array of veinlets several decimeters long and

few millimeters thick, composed of quartz, pyrite, minor

chalcopyrite and rare sphalerite. The enclosing intrusive

rock shows thin (up to a centimeter thick) propylitic haloes

surrounding the quartz veinlets, grading outwards to a per-

vasive potassic alteration. This potassic alteration comprises

replacement of magmatic amphibole crystals (hornblende)

by a mesh of secondary biotite (Fig. 2B). A late, pervasive

kaolinization of the feldspars affects the whole subvolcanic

rock, still preserving the original magmatic texture.

Kaolinized rhyolitic tuff

There is a gradual increase in kaolinitic alteration upwards

from the intrusive unit into the lithic-rich rhyolitic tuff,

which is pervasively altered to a kaolin-rich secondary rock

(Fig. 2C), with a maximum recognized thickness of about

50 m. The lower part of the kaolinized rhyolitic tuff is also

crosscut by quartz veins grading upwards to opal veinlets,

in continuity with both the granodiorite and the stock-

work. The original tuff layering and some of the internal

textures (laminations mainly) are well preserved through-

out the sequence (Fig. 2D), and the original changes in

composition are reflected in the very variable amounts of

residual quartz and plagioclase left in the altered rock, gra-

ding from barely kaolinized bodies to full replacement.

Sporadically, some subconcordant opal-cemented brec-

cias, containing fragments of highly silicified tuff, up to a

few decimeters thick, appear scattered throughout the

entire pyroclastic unit.

Silica sinter

The silica sinter unit is mainly eroded and only remnants

occur on hill tops (Fig. 2C). The sinter consists of a crust,

several meters thick, of laminated amorphous silica (opal),

interbedded with small kaolin pods within vuggy horizons,

composed of elongated cavities grossly parallel to the lam-

inae (Fig. 2E). Some of the layers show primary structures

that strongly suggest formation in a subaerial environment

(Camprubı́ et al. 2001): bioturbation, imprints of vegetal

remains and the abundance of polygonal cracking induced

during gel desiccation (mud cracks; Fig. 2F), similar to

those found in Buckskin Mountain, Nevada (Vikre 1985).

This unit is commonly crosscut by subvertical thin opal

veinlets, coupled with brecciation of the opal laminae,

which could represent the feeder channels of the ascending

hydrothermal solutions on their way to the paleosurface.

In a single location we also found an accumulation of

tightly packed, thin opal layers lacking any of the above

structures. This tightly packed silica rock resembles the sil-

ica precipitates found at the bottom of some present-day

hydrothermal pools (Hedenquist et al. 2000).

ANALYTICAL PROCEDURES

Fluid inclusions

A fluid inclusion study was undertaken to define the his-

tory of the vein-forming solutions. Standard and thick sec-

tions were used for petrographic examination. About 10

double-polished quartz wafers of 1 cm2 were selected for

microthermometric determinations. Microthermometric

analyses were performed on a Linkam THMS-600 (Link-

man Scientific Instruments Ltd.) heating–freezing stage

calibrated with synthetic fluid inclusions including the tri-

ple point of distilled water (0.0�C), pure CO2-bearing fluid

inclusions ()56.6�C) and chemicals from the Merck Cor-

poration. Accuracy in measurements is estimated about

±0.2�C for freezing runs and ±2�C for heating runs

(Table 1). Microthemometric data were reduced using the

MACFLINCOR software (Brown & Hagemann 1995).
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Fig. 2. (A) View of the stockwork crosscutting the porphyritic rock. (B) Porphyry rock, potassic alteration: pseudomorphic biotite after a former magmatic

amphibole crystal (hornblende basal section) under polarized light. (C) Main sinter outcrop: contact between the highly kaolinized Coyoltepec pyroclastics, with a

partially developed kaolinite quarry, covered by the sinter cap (with vegetation). (D) original tuff layering conserved in the pervasively altered Coyoltepec pyro-

clastic unit. (E) Close view of the highly porous sinter deposit and its lamination. (F) opal sinter: polygonal cracking induced during gel desiccation (mud cracks).
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40Ar/39Ar geochronology

Biotite separates from two different porphyritic granodior-

ite samples from the Ixtacamaxtitlán area were dated using

the 40Ar/39Ar method (Fig. 3 and Table 1). Biotite min-

eral separates ranged in size between 250 and 180 lm and

were produced using magnetic separation, heavy liquids

and handpicking techniques to a purity of >99%. Samples

were washed in acetone, alcohol and deionized water in an

ultrasonic cleaner to remove dust and then re-sieved by

hand using a 180-lm sieve.

Biotite samples IXT-SM-36A (1.0 mg) and IXT-SM-

36B (8.8 mg) were packaged for irradiation in the central

thimble facility at the TRIGA reactor (GSTR) at the US

Geological Survey in Denver, CO, USA. The monitor min-

eral used in the package was Fish Canyon Tuff sanidine

(FCT-3) with an age of 27.79 Ma (Kunk et al. 1985;

Cebula et al. 1986) relative to MMhb-1 with an age of

519.4 ± 2.5 Ma (Alexander et al. 1978; Dalrymple et al.

1981). The type of container and the geometry of samples

and standards is similar to that described by Snee et al.

(1988).

All samples were analyzed at the US Geological Survey

Thermochronology Lab in Denver, CO, using the
40Ar/39Ar step-heating method (Kunk et al. 2001).

The argon isotopic data were reduced using the compu-

ter program MASS SPEC (Deino 2001). We used the decay

constants recommended by Steiger & Jäger (1977).

Table 2 shows 40Ar/39Ar step-heating data and includes

the identification of individual step, plateau, average, and

total gas ages. An individual step age represents the appar-

ent age obtained for a single temperature step analysis.

Plateau ages are identified when three or more contiguous

steps in the age spectrum agree in age, within the limits of

analytical precision, and contain more than 50% of the
39ArK released from the sample. The average ages are cal-

culated from contiguous steps forming no plateau but con-

taining more than 50% of the gas with the intention of

obtaining the best age approximation for the sample. Total

gas ages represent the age calculated from the addition of

all of the measured argon peaks for all steps in a single

sample. The total gas ages are roughly equivalent to con-

ventional K–Ar ages. No analytical precision is calculated

for total gas.

We have also calculated isochron ages using inverse-iso-

tope correlation diagrams that plot 39Ar/40Ar against
36Ar/40Ar (Fig. 3). When reporting isochron ages we

include the apparent age of the sample (calculated from

the inverse of the x-axis intercept), the calculated initial
40Ar/36Ar ratio of the sample (the inverse of the y-axis

intercept), the mean standard of weighted deviates

(MSWD) a goodness-of-fit indicator of the data, the num-

ber of steps used in the age regression, and the percentage

of 39ArK they represent.

dD and d18O measurements of kaolinite

Sampling and cleaning

Samples from the altered pyroclastic unit were collected

from outcrops and a small kaolinite quarry located under-

neath the main sinter outcrop. Clay-size fractions were

obtained by gently crushing samples, followed by suspen-

sion and dispersion in distilled water. Sample purity was

checked by X-ray diffraction (XRD) using a Bruker D5005

difractometer (40 kV and 30 mA), with a scanning rate of

0.04� and a incremental counting time of 3 sec (Dr Jo-

aquı́n Bastida, Analyst). The main impurity detected in few

samples is the presence of traces of alunite that could

account for a small dispersion in the isotopic data.

Isotopic analyses

Hydrogen and oxygen isotopic compositions of kaolinite

were analyzed at the Actlabs Laboratories in Ancaster,

Canada, and at the Laboratorio de Isotopı́a Estable of the

Universidad de Salamanca, Spain. H2O and H2 were

evolved from clay minerals by placing them in a platinum
Fig. 3. (A) Isochron for the IXT-SM-36B biotite sample; (B) cumulative %
39Ar released for samples IXT-SM-36 A and B.
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crucible and heating under vacuum at temperatures

>1500�C, following the method of Godfrey (1962) modi-

fied by Jenkin (1988). The water was converted to hydro-

gen gas by reduction over hot depleted Uranium. Oxygen

was extracted from the clays following the procedure of

Clayton & Mayeda (1963) using ClF3 as reactant (Borth-

wick & Harmon 1982). The hydrogen and oxygen isotope

data are reported in the normal d-notation relative to

V-SMOW (Table 3). Isotope measurements were per-

formed using the spectrometers Finnigan Mat 251 (Act-

labs) and VG-Sira-II (Universidad de Salamanca). Two

aliquots were obtained for some selected samples and ana-

lyzed in both laboratories to ensure a comparable set of

analyses.

RESULTS

Fluid inclusions

Clusters of fluid inclusions (10–40 lm) were found in most

stockwork and vein quartz, both randomly distributed

within the crystals (primary) and in planes that crosscut the

Table 1 Summary of data from fluid inclusions

of the stockwork at the Ixtacamaxtitlán deposits.

FI type Character

Trapped

minerals

Host

mineral n Th (�C) Tmi(�C) TsNaCl

Salinity

(wt% NaCl

equivalents)

Poly-phase Primary Hematite Quartz 87 240–320 – 240–281 31–36

Two-phase Secondary None Quartz 15 140–150 )6 – 4

Table 2 40Ar/39Ar step-heating data for biotite samples from Ixtacamaxtitlán porphyry deposit.

Step Temperature (�C)

%39Ar

of total

Radiogenic

yield (%) 39Ark (mol) 40Ar* 39Ark

Apparent

K/Ca

Apparent

K/Cl

Apparent

age (Ma) Error (Ma)

IXT-SM-36A biotite (J ¼ 0.001969 ± 0.25%; wt ¼ 1.0 mg; #60KD33)

A 900 6.7 69.8 1.04 · 10)14 6.7054 33 8.3 23.72 ±0.12

B 950 10.2 86.2 1.60 · 10)14 5.8889 88 8.3 20.85 ±0.07

C 1000 5.2 84.3 8.18 · 10)15 5.7602 172 8.4 20.39 ±0.11

D 1050 6.0 87.1 9.46 · 10)15 5.7873 91 8.3 20.49 ±0.10

E 1100 4.1 85.4 6.49 · 10)15 5.8551 142 8.5 20.73 ±0.11

F 1150 2.9 80.7 4.55 · 10)15 6.2390 186 8.8 22.08 ±0.18

G 1200 5.7 86.5 8.93 · 10)15 6.1150 813 8.4 21.64 ±0.09

H 1225 9.5 88.4 1.49 · 10)14 5.4302 100 000 8.4 19.23 ±0.06

I 1250 13.5 76.6 2.11 · 10)14 5.2878 1923 8.2 18.73 ±0.07

J 1276 16.9 86.3 2.65 · 10)14 5.2550 12 500 8.2 18.61 ±0.05

K 1300 12.3 86.4 1.92 · 10)14 5.4254 350 8.4 19.22 ±0.06

L 1325 5.3 77.4 8.23 · 10)15 6.2767 709 8.8 22.21 ±0.13

M 1350 1.6 65.5 2.59 · 10)15 8.1999 53 10.0 28.96 ±0.33

Total gas 100.0 20.26

IXT-SM-36B biotite (J ¼ 0.001990 ± 0.25%; wt ¼ 8.8 mg; #34KD33)

A 900 6.8 91.3 1.07 · 10)13 5.0763 82 8.5 18.18 ±0.03

B 950 6.0 93.1 9.34 · 10)14 5.0286 134 8.6 18.01 ±0.03

C 1000 3.6 92.1 5.71 · 10)14 5.0821 112 8.5 18.20 ±0.03

D 1050 4.0 94.9 6.28 · 10)14 5.1173 98 8.6 18.32 ±0.03

E 1100 2.8 94.7 4.31 · 10)14 5.0708 102 8.6 18.16 ±0.03

F 1150 4.1 94.0 6.44 · 10)14 5.0825 136 8.5 18.20 ±0.03

G 1200 7.1 96.4 1.11 · 10)13 5.0630 206 8.6 18.13 ±0.03

H 1250 20.8 97.3 3.26 · 10)13 5.0023 338 8.8 17.91 ±0.02

I 1300 29.2 98.8 4.57 · 10)13 4.9834 429 8.8 17.84 ±0.02

J 1350 14.5 98.7 2.27 · 10)13 4.9987 224 8.7 17.90 ±0.02

K 1400 1.2 94.2 1.82 · 10)14 5.1942 44 8.8 18.60 ±0.05

Total gas 100.0 17.98

Average age 17.88 ±0.06

64.5% of gas released in steps H–J.
Ages calculated assuming an initial 40Ar/36Ar ¼ 295.5 ± 0.
All precision estimates are at the one sigma level of precision.
Ages of individual steps do not include error in the irradiation parameter J.
No error is calculated for the total gas age.
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growth bands (secondary). Primary fluid inclusions in

vein quartz are three- to poly-phase (liquid + vapor

bubble + halite ± hematite), usually between 10 and 30 lm

in size, with a 0.8 visual estimation of the degree of filling

(liquid + halite/vapor ratio). The effect of post-trapping

changes (necking-down mainly) affecting primary poly-

phase fluid inclusions is evident in some samples, so those

inclusions were carefully avoided for microthermometric

analyses, although, it is noteworthy that some of these

necked fluid inclusions have a ‘hook-shaped’ morphology,

similar to the fluid inclusions described by Vityk & Bodnar

(1995). Our preliminary data for primary fluid inclusions

indicates that their minimum homogenization temperatures

are between 240 and 320�C with temperatures of

halite dissolution (Tfh) between 180 and 281�C and

corresponding salinities between 31 and 36 wt% NaCl

equivalents.

Secondary two-phase fluid inclusions (aqueous fluid +

vapor bubble), of 10–50 lm in size and a visual degree of

filling between 0.8 and 0.9, are scarce within the quartz

crystals of the stockwork. These fluid inclusions have a first

melting temperature (eutectic) located around )26�C, sug-

gesting the presence of small quantities of CaCl2 in the

hydrothermal solutions. Ice-melting temperatures are

around )6�C, with a calculated salinity around 4 wt% NaCl

equivalents. Homogenization temperature by bubble

shrinkage cluster between 140 and 150�C.

40Ar/39Ar geochronology

Gas obtained from biotite sample IXT-SM-36B does not

form a plateau. The isochron age for this sample (Fig. 3A)

is 17.83 ± 0.06 Ma (Fig. 4; 40Ar/36Ari ¼ 340 ± 30,

MSWD ¼ 2.8; 64.5% of 39ArK), within analytical error of

the calculated average age at 17.88 ± 0.06 Ma, assuming a
40Ar/36Ar initial value of 295.5. From the isochron calcu-

lation it is possible to estimate an 40Ar/36Ar initial value of

340 ± 30, perhaps indicating the presence of small

amounts of excess argon in the crystal lattice of the biotite.

Therefore, the isochron age at 17.83 ± 0.06 Ma is the best

Table 3 Oxygen and hydrogen isotopic compo-

sition for kaolinite samples and water in equilib-

rium with them at 140 and 100�C.

Sample d18Okaolinite dDkaolinite d18OW (140�C) dDW (140�C) d18OW (100�C) dDW (100�C)

IXS-7 20.5 )59.0 8.75 )41.4 5.5 )37.8

IXS-8 20.2 )86.0 8.45 )68.4 5.2 )64.8

IXS-9 20.1 )62.0 8.35 )44.4 5.05 )40.8

IXT-31 12.1 )76.0 0.4 )58.4 )2.9 )54.8

IXT-37 10.6 )67.0 )1.15 )49.4 )4.5 )45.8

IXT-38 14.4 )62.0 2.7 )44.4 )0.7 )40.8

DO-1 16.2 )115.0 4.5 )97.5 1.15 )93.9

DO-5 13.1 )89.3 1.4 )71.7 )1.9 )68.1

DO-7 14.7 )79.4 2.9 )61.8 )0.4 )58.2

DO-8 10.2 )61.8 )1.6 )44.2 )4.9 )40.6

DO-9 15.0 )61.4 3.3 )43.8 )0.1 )40.2

DO-10 14.8 )78.9 3.1 )61.3 )0.3 )57.7

DO-11 17.8 )75.6 6.1 )58.0 2.8 )54.5

DO-12 17.1 )75.6 5.4 )58.0 2.1 )54.4

DO-13 17.4 76.2 5.7 )58.6 2.4 )55.0

DO-15 16.6 )102.0 4.9 )84.1 1.6 )80.5

DO-19 15.5 )54.8 3.8 )37.2 0.5 )33.6

DO-20 20.4 )69.8 8.7 )52.2 5.4 )48.6

DO-21 18.4 )41.2 6.7 )23.6 3.4 )20.0

DO-22 17.7 )38.2 5.6 )20.6 2.7 )17.0

DO-23 16.8 )105.0 5.1 )87.0 1.8 )83.4

Fig. 4. d18O versus dD plot for the kaolinite analyses. MWL: meteoric

water line; SMOW: standard mean ocean water composition. The ‘primary’

magmatic water box is drawn after Sheppard et al. (1969) and Taylor

(1974) and Sheppard (1986), the box of felsic magmatic waters comes

from Taylor (1992), and the andesitic water box after Giggenbach

(1992a,b).
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estimation for the time at which the biotite sample cooled

below its argon closure temperature of 280 ± 40�C (Harri-

son et al. 1985). This age constrains the time of potassic

alteration (biotitization) observed in the porphyritic grano-

diorite unit in the Ixtacamaxtitlán area.

Biotite sample IXT-SM-36A presents a very disturbed

age spectrum with a classic U-shape suggesting the pres-

ence of excess argon (Fig. 3B), and the total gas age at

�20 Ma probably overestimates the age of the biotite

because of the presence of excess argon. The best estimate

of age will be the age of the youngest temperature step

(step J) at 18.61 ± 0.05 Ma (see Table 1), and this is the

maximum possible age for this biotite sample, in agree-

ment with the result from IXT-SM-36B.

Stable isotopes

The kaolinite dD values range between )59 and )86&

while d18O ranges from + 10.6 to + 20.4&. Proposed kao-

linite–water fractionation equations diverge considerably,

and after the examination of the different equations and

published discussions (Savin & Epstein 1970; Lawrence &

Taylor 1971; O’Neil & Kharaka 1976; Suzuoki & Epstein

1976; Land & Dutton 1978; Savin & Lee 1978; Marumo

et al. 1980; Liu & Epstein 1984), the empiric kaolinite–

water hydrogen fractionation factors of Marumo et al.

(1980) was chosen. These empiric fractionation factors

were proposed for a similar geological setting and tempera-

ture conditions to the Ixtacamaxtitlán deposit. In order to

work with a self-coherent set of data, we also choose the

Land & Dutton (1978) empirical kaolinite–water oxygen

fractionation equation.

To establish comparisons with present-day fluids in a

similar setting, we used the available data for D and O iso-

topic composition of meteoric and hydrothermal waters of

the Los Humeros geothermic field (Fig. 4; González-Part-

ida et al. 2001), located a few kilometers away from the

Ixtacamaxtitlán deposit and at the same present-day eleva-

tion. Groundwater from springs plot around the meteoric

water line, with dD values between )82.6 and )52.7&,

peaking around )67& which is comparable to local preci-

pitation values in the region (Fig. 4). Water sampled from

hydrothermal wells mainly show similar dD values to mete-

oric waters, but d18O compositions are heavier, having a

general trend suggesting a mixing between meteoric and

d18O-evolved waters by water–rock interaction (González-

Partida et al. 2001).

The hydrogen isotopic composition of kaolinite samples

from Ixtacamaxtitlán is similar to the composition of the

present-day local meteoric waters, where only three data

points have slightly lower values (Fig. 4). In addition, the

calculated dD compositions for hydrothermal waters in

equilibrium with kaolinite between 100 and 140�C are

comparable to, and partially overlap, the composition of

the present-day hydrothermal waters sampled at the Los

Humeros geothermal field. The oxygen isotopic composi-

tion of both kaolinite and the calculated hydrothermal

water in equilibrium with it shows a marked shift to hea-

vier oxygen isotopic compositions, with the lighter oxy-

gen calculated waters also overlapping the Los Humeros

hydrothermal water compositions. This O-shift is a poss-

ible consequence of the original oxygen isotopic composi-

tion of the rhyolitic tuff, where the dispersion of data

can also probably reflect different water to rock

ratios that could be controlled by local variations in

permeability.

DISCUSSION

The high temperatures and salinities (up to 320�C, with-

out pressure correction and 36 wt % NaCl equivalents)

recorded for the primary (poly-phase) fluid inclusions

found in vein quartz and in the stockwork, can be easily

related to the high-temperature potassic alteration that

affects the porphyritic intrusive rocks around the vein net-

work. The presence of a pervasive, but selective, biotitiza-

tion in the host rock and its proximity to the kaolinized

sequence and sinter, suggests that both the magmatic rocks

and the stockwork were originally emplaced at deeper lev-

els. Moreover, following Vityk & Bodnar (1995), the

‘hook-shaped’ morphology displayed by some primary

poly-phase fluid inclusions can be interpreted as the result

of an isothermic decompression path, which caused the

partial necking of the inclusions because of inner overpres-

sure. Such decompression can only be because of the

uplifting of the magmatic body and the associated mineral-

ized deposit. All these characteristics suggest that the

exposed deposit could be the exhumed upper part of a

porphyry-type deposit.

The argillic and advanced argillic alteration assemblage

affecting the upper Coyoltepec Pyroclastic deposit, mainly

composed of kaolinite, with traces of alunite and residual

quartz and plagioclase, directly caps the porphyry-type

deposit and is also responsible for the partial alteration of

the feldspars of the porphyry rock. The presence of secon-

dary fluid inclusions with contrasting low salinity (4 wt%

NaCl equivalents) and temperatures (�140�C) in the

stockwork, the clear meteoric origin of water in equilib-

rium with the kaolinitic sequence, and the occurrence of

the alteration assemblage underneath a silica sinter suggests

a near-surface formation for whole. The ascending fluids

would have been channelized by the stockwork structure

and fractures. Boiled-off steam and acid volatiles, when

condensating into cool groundwater would form steam-

heated acid fluids that caused argillic and advanced argillic

alteration assemblages. This scenario is commonly found at

the top of both high- and low-sulfidation epithermal

deposits and present-day analogous geothermal systems
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(Sillitoe 1993; Hedenquist et al. 2000). Moreover, strat-

abound silicified horizons are found developed in per-

meable lithologic units, similar to the ones described by

Muntean et al. (1990) in conglomerates at the Pueblo

Viejo deposit in Dominican Republic. These stratabound

silicified horizons probably formed by cooling of the

ascending fluids after mixing with local groundwater.

The kaolinite blanket is topped by a porous silica sinter

indicating the rapid cooling of the boiling fluid after its

ascent to the paleosurface. The sedimentary structures

found in the opal layers indicate that these formed in a

hot-spring pool, possibly controlled by climate seasonality.

Alternate periods of wet seasons, with hydrothermal activ-

ity and deposition of silica, and dry seasons, with the sub-

sequent water table retreat and sediment desiccation,

would account for polygonal cracking in the silica gel, a

widespread feature in these deposits. The thickness of the

kaolinized bodies (up to 50 m thick) is probably a result of

the arid climate during the emplacement of the hydrother-

mal system that, also, accounted for the seasonality of the

water pool and sinter terrace. Descent of the water table

during sinter-forming hydrothermal activity resulted in acid

leaching beneath the sinter terrace. This mechanism was

already invoked by Vikre (1985) in respect to the sinter

formations at the Buckskin Mountain deposit in Nevada.

The presence in isolated outcrops of non-porous, tightly

packed silica crusts resembling the present-day precipitates

at the bottom of some hydrothermal pools, suggest either

the former existence of a big single hydrothermal pool or

the presence of several discharging areas and pools.

During the past few years, a connection between high-

sulfidation epithermal deposits and porphyry-type deposits

has been established, with the latter separated from an

advanced argillic lithocap by as much as 1 km (Hedenquist

et al. 2000). The presence of a kaolinite blanket at Ixtaca-

maxtitlán topping and partially affecting a porphyry body

without an epithermal vein deposit as a link between them,

points to either a rapid erosion because of the uplift of the

whole deposit or a sector collapse of a volcanic edifice.

These processes could have caused the telescoping of the

magmatic-hydrothermal system with a superficial paleo-

aquifer developed within the porous lithic-rich rhyolitic

tuff of the Coyoltepec pyroclastic unit. Syn-hydrothermal

retreat of the water table produced the overprinting of the

advanced argillic alteration over the former, high-tempera-

ture potassic alteration event in the porphyry-type deposit.

Some of the aspects of the low-temperature stage of alter-

ation, such as the shallow argillic alteration, the silica sinter

on top, and the composition of the secondary fluid inclu-

sions, could correspond to part of a low-sulfidation epi-

thermal deposit. However, as no other characteristics

favoring such an interpretation were found, we consider

that it is not fully proven that the above structures actually

correspond to an actual epithermal deposit.

The porphyritic granodiorite unit at Ixtacamaxtitlán con-

tains two generations of biotite: (1) magmatic biotite that

resulted from the crystallization of the granodiorite intru-

sion, and (2) secondary biotite, formed by the potassic

alteration event as a result of the hydrothermal activity trig-

gered by the intrusion. The age of this pervasive potassic

alteration process is well constrained by the biotite Ar–Ar

isochron age at 17.83 ± 0.06 Ma (Fig. 3). Most of this sec-

ond generation of biotite appears to be the result of pseu-

domorphic replacements after hornblende. Based on the

fluid inclusion work, we estimated minimum temperatures

between 240 and 320�C for the hydrothermal system

affecting the intrusion. These temperatures are compatible

with forming a second generation of biotite as the argon

closure temperature of biotite (280 ± 40�C) must have

been exceeded. The primary magmatic biotite was therefore

reset under these temperatures. In a porphyry system, the

crystallization of the shallow intrusion and the subsequent

alteration processes would be broadly synchronous. We

propose that the age of the biotite associated to the potassic

alteration would actually be only slightly younger than the

crystallization age of the granodiorite intrusion. In addi-

tion, the overprinting of the kaolinitic alteration as a result

of the collapse of the hydrothermal system suggests that

this age at 17.83 ± 0.06 Ma can be taken as the maximum

possible age for the formation of the argillic and advanced

argillic assemblages and the sinter deposits.

CONCLUSIONS

Geological and isotopic evidence indicate that a single

hydrothermal system, evolving over space and time, was

responsible for the formation of a poorly developed por-

phyry-type deposit, a kaolinite cap and the sinter terrace at

the Ixtacamaxtitlán deposit. The system evolved from mag-

matic to meteoric water domination. A dominant mag-

matic component, trapped as primary, hypersaline fluid

inclusions within the quartz veins and stockwork, belong-

ing to the porphyry-type stage, is interpreted to have been

responsible for the potassic alteration affecting the intrusive

rock. Meteoric water incursion was the result of either a

sector collapse or a rapid erosion event because of the

uplifting of the whole deposit. This caused the subsequent

shift to hydrostatic conditions, causing the decompression

of the deposit as recorded in the fluid inclusion textures.

Boiling of ascending fluids and the subsequent condensa-

tion of boiled-off acid-rich steam into groundwater would

account for the formation of argillic and advanced argillic

alteration assemblages at shallow depth. Also, the discharge

of hydrothermal fluids at a hot-spring environment would

account for the formation of silica sinters. Telescoping of

the argillic alteration zone over the porphyry-type deposit

probably occurred by the retreat of the water table during

the waning stages of the hydrothermal system.

338 J. TRITLLA et al.

� 2004 Blackwell Publishing Ltd, Geofluids, 4, 329–340



It is likely that the telescoped porphyry-type and kaolinite

deposits were both produced by a single event of hydro-

thermal activity triggered by the host subvolcanic rocks, as

described for deposits of the Coromandel Peninsula in New

Zealand (Brathwaite et al. 2001; Simpson et al. 2004).
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France, 8–4, 737–48.

Ferrari L, Garduño VH, Pasquarè G, Tibaldi A (1994) Volcanic
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González-Partida E, Tello-Hinojosa E, Pal-Verma M (2001) Inter-
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