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ABSTRACT

Large accumulations of sedimentary zeolites occur in Mexico in the geologic provinces of the Sierra
Madre del Sur and the Sierra Madre Occidental. The deposits range from Oligocene to Miocene age. The
deposits known in the Sierra Madre del Sur, in the vicinity of Oaxaca, and in the Sierra Madre Occidental,
near Guanajuato and San Miguel de Allende, close to the boundary with the Cinturén Volcanico Mexicano,
are characterized by the same zeolite minerals, which are clinoptilolite, heulandite, and mordenite. The
deposits formed from pyroclastic material of rhyolitic composition deposited in subaerial lacustrine and
marine environments. Diagenesis of rhyolitic glass produced: (1) smectite + opal-C; (2) clinoptilolite + opal-
C; (3) mordenite + opal-C + K-feldspar; and (4) clinoptilolite + mordenite + opal-C. The formation of zeo-
lites probably involved the removal of Si0,, K,0, and Na,O from the rhyolitic vitric precursor and the
enrichment of Al,0;, MgO, and CaO. Concentrations appear to be limited to Si0,/Al,0; ratios of 4.91-7.14
and (K,0+Na,0)/(MgO+Ca0) ratios of 2.19-0.79.
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RESUMEN

En México hay atumulaciones importantes de zeolitas sedimentarias en las provincias geoldgicas de
la Sierra Madre del Sur y de la Sierra Madre Occidental. Los depdsitos son del Oligoceno al Mioceno. Los
conocidos en la Sierra Madre del Sur, en las cercanias de Oaxaca, y en la Sierra Madre Occidental, cerca de
Guanajuato y San Miguel de Allende, proximos al Cinturén Volcanico Mexicano, contienen los mismos min-
erales zeoliticos, que son clinoptilolita, heulandita y mordenita. Se formaron de material piroclastico de com-
posicion riolitica, depositado en ambientes lacustre y marino. La diagénesis del vidrio riolitico precursor pro-
dujo: (1) esmectita + opalo-C; (2) clinoptilolita + 6palo-C; (3) mordenita + épalo-C + feldespato potasico, y
(4) clinoptilolita + mordenita + 6palo-C. La formacidn de zeolitas seguramente involucré la separacion de
Si0,, K,0 y Na,O del vidrio riolitico y el enriquecimiento de Al,0;, MgO y CaO. La cristalizacién de las
zeolitas parece estar limitada a relaciones SiO,/Al,05 de 4.91-7.14 y (K,0+Na,0)/(MgO+Ca0) de 2.19-0.79.

Palabras clave: Geoquimica, zeolitas sedimentarias, Sierra Madre del Sur, Sierra Madre Occidental, México.

INTRODUCTION

Hydrothermal zeolite minerals are not common in
Mexico, usually occurring in minor amounts filling vesicles in
extrusive rocks or disseminated in rocks in hydrothermal local-
ities, such as Los Azufres, Michoacdn. Secondary zeolites
appear to be much more common and widely distributed.
Many of such deposits formed during the Oligocene and
Miocene, when intensive volcanic activity produced large
accumulations of pyroclastics, chiefly in the geological
provinces of the Sierra Madre del Sur, the Cinturén Volcanico
Mexicano (Mexican Volcanic Belt), and the Sierra Madre
Occidental. This paper discusses the geology, mineralogy, geo-
chemistry, and genesis of sedimentary deposits in the Sierra
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Madre del Sur and Sierra Madre Occidental, near the cities of
Oaxaca and Guanajuato, respectively.

GEOLOGIC SETTING

The geology of Mexico shows a widespread and abun-
dant distribution of volcanic rocks deposited in lacustrine and
marine environments. Prominent volcanic activity during the
Oligocene and Miocene developed a huge volcanic plateau in
western Mexico, the Sierra Madre Occidental, largely from
rhyodacitic and rhyolitic pyroclastic flows (McDowell et al.,
1977), marking regression of the Cretaceous and Tertiary
inland seas. Large accumulations of glassy pyroclastic rocks
were deposited, some of which later altered to zeolites. From
the late Miocene onward, a chain of volcanoes formed across
Mexico (the Trans-Mexico Volcanic Belt; de Cserna, 1975). In
closed basins and fresh lacustrine and marine environments,
rhyolitic and rhyodacitic pyroclastics diagenetically altered to
zeolites.
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EXPERIMENTAL WORK

Bulk samples were studied by optical microscopy utiliz-
ing thin sections and oil-immersion methods to identify the
minerals and their paragenesis. Fine-grained authigenic miner-
als were identified by X-ray diffraction (XRD), using a
Siemens D5000 diffractometer equipped with filtered CuKa
radiation, scanning at 1° 20/min over the range 4° to 60° 20.
Clay minerals in these samples were solvated by adding ethyl-
ene glycol directly to the sample. The relative abundance of
minerals was estimated from optical microscopy, XRD, and
electron microscopy studies. The abundance of clinoptilolite
was determined semiquantitatively from the intensity of
dyyg = 8.954 A, using as reference clinoptilolite concentrated
from the sampled material with a mixture of bromoform plus
acetone. This clinoptilolite concentrate contained minor glass,
less than 10%, that could not be loosened by ultrasonic agita-
tion from the intimately associated zeolite. Opal-C was esti-
mated semiquantitatively with reference to d;,, = 4.04 A To
differentiate clinoptilolite from heulandite, samples were heat-
ed overnight to 500°C and analyzed by XRD; those samples
that showed no changes other than minor variations in the
intensity of the characteristic peaks, were classified as clinop-
tilolite (Mumpton, 1960; Boles, 1972; Minato et al., 1985).
The chemical composition of the tuffs was determined by X-
ray fluorescence (XRF) of pressed powders. Na and Mg were
measured by flame photometry and wet-chemistry procedures.
Loss of ignition was determined at 850°C on material previ-
ously dried at 60°C; total Fe is reported as Fe,Oj;.
Microtextural relations, morphology, and composition of min-
erals were determined in flat unpolished specimens by scan-
ning electron microscopy (SEM) coupled with a Kevex energy
dispersive spectrometer (EDX) calibrated with glass, feldspar,
and kaolinite reference materials. The compositions obtained
by this technique, particularly those of selected crystals of dia-
genetic minerals, are considered semi-quantitative, useful to
establish Si0,/A1,05 and other ratios effective as alternative
guides to identification. Infrared absorption spectrometry (IR)
was used to identify adsorbed H,0, oxhydrils, and certain ionic
substitutions, using a Perkin-Elmer 783 double-beam spec-
trometer, operated at a scanning speed of 1,000 cm™!/min from
4,000 to 2,000 cm™! and at 500 cm!/min between 2,000 and
200 cm’! wavenumbers, on material dried at 60°C and pressed
into KBr discs.

ZEOLITES IN THE SIERRA MADRE DEL SUR

Zeolitic tuffs occur in the geological province of Sierra
Madre del Sur in the State of Oaxaca, southern Mexico (Figure
1). These deposits are exposed along Highway 190, north and
south of Oaxaca city, and along the road that connects Salina
Cruz on the Pacific coast, with Coatzacoalcos on the eastern
coast of the Gulf of Mexico (Mumpton, 1973, 1975; de Pablo-
Galan, 1986). The largest outcrops are in the valley of Oaxaca,
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in the northwest, in the vicinity of Etla, to the southwest near
the town of Tlacolula, and at the eastern and southeastern lim-
its of the city of Oaxaca, between 16°50° and 17°20° N and
96°10” and 96°50° W (Figure 1).

In total, an extensive area containing zeolite deposits is
currently mined for dimensional stone and is of potential inter-
est for other economic applications.

The geology of the area, based on the work of Wilson
and Clabaugh (1970), and the geologic map of Oaxaca
(Ortega-Gutiérrez et al., 1992), is shown in Figure 1, and the
stratigraphic column in Figure 2. The mountainous area sur-
rounding the valley includes Precambrian metasedimentary
rocks to the north and west, Cretaceous limestones, sandstone,
and shale of the Cuicatlan Formation to the north and south-
west, and Tertiary rhyolite, ignimbrite, andesite and basalt
flows, and their tuff equivalents, to the east and south. The val-
ley is drained by the Atoyac river, flowing northwest to south.
The zeolitic tuffs represent the upper unit of the Miocene
Suchilquitongo Formation described by Wilson and Clabaugh
(1970), which includes the so-called green-colored Etla
Ignimbrite, a tuff consisting of glass shards, pumice, plagio-
clase phenocrysts, quartz, biotite, and small clay balls deposit-
ed in a shallow lacustrine playa (hereafter referred to as the
“basin”). Diagenesis of ash-fall material formed the green
zeolitic tuffs that now crop out near Etla and in the valley of
Oaxaca (Mumpton, 1973, 1975; de Pablo-Galan, 1986).

Vitric tuff overlies Precambrian schist northwest of the
basin, northeast of Etla and Magdalena. The upper boundary of
the tuff is an essentially unaltered tuff (samples MOS8 and
MO7; Tables 1 and 2), rhyolitic, containing glass (65 to 90%),
pyroclastic sodic plagioclase (3-15%), quartz (3-15%), smec-
tite (3%), minor scoria, tourmaline, hornblende, and oxybiotite
(Figures 3 and 4).

The dominant lithology of the area is the zeolitic tuff that
crops out in the northwest and in the interior of the basin
(Figures 1-4). On the northwestern margin, near Etla, the upper
part of the tuff is characterized by phenocrysts of albite (7%)
and quartz (5%), pyrogenic grains (3%), rhyolitic bubble-wall
glass shards (40%), and authigenic mordenite (30%), opal-C
(10%), and K-feldspar (5%) (Table 1). The underlying tuff
contains from 20 to 40 wt% glass, and the authigenic mineralo-
gy comprises clinoptilolite (50 to 55%) and opal-C (10%). The
lower section of the tuff is characterized by mordenite (20 to
65%), associated with opal-C (5 to 15%) and K-feldspar (5 to
10%), overlying a 2-m-thick bed consisting of clinoptilolite,
mordenite, and opal-C; the lower contact is covered. On the
southeastern edge of the city of Oaxaca and about the center-
point of the basin, glass represents 50% of the tuff and the
authigenic minerals are mordenite (25%), opal-C (5-15%), and
K-feldspar (5-10%) (Table 1). The composition of the tuff is
rhyolitic (Table 2). Glass shards selected from the zeolitic tuff
have a rhyolitic composition (Table 3); their refractive index
ranges from 1.49 to 1.50. About 5% of the glass shards dis-
plays a slightly birefringent outer layer, from which mordenite
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EXPLANATION
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Figure 1. Geologic map »f the study area in Oaxaca (Sierra Madre del Sur), with data taken from Wilson and Clabaugh (1970) and Ortega-Gutiérrez and collabo-
rators (1992). The main outcrops of zeolites are located at the northwest and east of the Oaxaca valley and at the southwestern edges of the city of Oaxaca.
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Figure 2. Stratigraphic column of the study area in the Sierra Madre del Sur
(data taken from de Csernd, 1965; Ortega-Gutiérrez, 1975; and Lépez-Ramos,
1974).

crystallizes (Figure 5). It has a composition similar to that of
the glass, but more hydrated (Table 3).

Mordenite occurs as fibers filling pores (Figure 6). It is
the distinctive zeolite in the upper and lower sections of the
tuff at Etla, on the northwestern margins of the depositional
basin, and at the southeastern edge of the city of Oaxaca
(Figure 4).

Its composition (Table 3), calculated for a 96-oxygen
cell (Meier, 1961; Breck, 1974), corresponds to:
(8102)49(AlFey 0,)5(Nag 15K 23Ca 16)g H,O.

From SEM studies, the delicate microtexture of the mor-
denite crystals suggests that they could have crystallized from
solutions (Figure 6, a-d).

Clinoptilolite occurs as well-developed plates crystal-
lized in vesicles or “replacing” glass (Figure 7). This clinop-
tilolite is stable until 500°C, with only minor reduction of the
XRD reflection intensities and broadening of the main peaks
(Mumpton, 1960; Breck, 1974; Minato et al., 1985). Its com-
position (Table 3), calculated for a 72-oxygen cell (Ames,
1960; Alberti, 1975), is represented by the formula

(Sig.97Al9,0302)30(Al, o Feg 150,)6MNag 13Ky 15Cag 1gMEg 03)6 Hy0.

r———-- MO8- 1, 520 m, MO7- 1,515 m
r——-MOS5-1,500m

MO12- 1,545 m
~ MO11-1,835m
MOS9- 1, 530 m
MO10- 1, 525 m
MO13- 1,515 m

MO2- 1,492 m
MO1- 1, 495

Figure 3. Location map of samples from the study area in Oaxaca. Vertically
ruled areas represent outcrops of zeolitic tuffs.

Table 1. Mineralogy of tuffs of the Suchilquitongo Formation, Oaxaca.

Sample Alsltgde Lithology |Cp |Mo|Sm|Op|Xf|P1{ Q |Py| a1
MO8 | 1,620 | vitric tuff 3 15|15 2 | 65
MO7 | 1,615 | vitric tuff 3 30319
MO12 | 1,545 | zeoliticwuff | 30| |10|5 |7 | 5 |33 |40
MOI11 | 1,535 | zeolitic tuff | 50 10 7151325
MO9 | 1,530 | zeolitic tuff | 50 10 715325
MO10 | 1,525 | zeolitic tuff | 55 10 75320
MOI13 | 1,515 | zeolitic tuff | 50 10 715325
MO5 | 1,500 | zeolitic tuff | |65 tr 75320
MOl | 1495 | zeolitic tuff | |25] |15 7[5 [3]40
MO3 1,490 | zeolitic tuff 20 5 715|350
MO2 | 1,482 | zeolitic tuff | |25| |15 75320
MO20 | 1,380 | zeolitic tff | |25 5 75350

It is the predominant zeolite in the middle section of the tuff
(Figure 4). SEM studies show clinoptilolite “replacing” glass
bubbles (Figure 7, a), as parallel well-packed crystals that
could have crystallized from leached rhyolitic glass (Figure 7,
b), or well-formed, in vugs, where they formed from solutions
(Figure 7, c). Intermixed with clinoptilolite are thick tabular
and blocky crystals of possible heulandite or Ca-rich clinop-
tilolite, of composition more calcic than clinoptilolite (Figure
8). It is in low concentration, insufficient to identify it positive-
ly by XRD as per its characteristic transformation at 300°C
(Mumpton, 1960; Breck, 1974; Minato et al., 1985).

It has a composition (Table 3) that, calculated to a 72-
oxygen cell (Merkle and Slaughter, 1968), corresponds to

FGGO
1615
1545
TF1s40 i
1520
11500
11480 o
| 1380 overed
—1.340 P
Elevation Covered
(m)
Magdalena Etla Oaxaca

N B2 [ [ EE

Precambrian Vitric Mordenite  Clinoptilolite  Mordenite +
metasediments  tuff tuff tuff clinoptiiolite tuff

Figure 4. Schematic columnar sections of Oaxaca (Sierra Madre del Sur). The
vitric tuffs overlie the Precambrian metasediments to the northwest of the area
in the vicinity of Magdalena and Etla. The zeolitic tuffs have their lower con-
tacts covered by alluvium.
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Table 2. Chemical composition of tuffs of the Suchilquitongo Formation, Oaxaca.

Sample* | MOS8 | MO7 | MOIZ | MOll | MO9 | MO10 | MOI3 | MOS | MOl | MO3 | MO2 | MO20
Altitude (m) | 1620 | 1615 | 1545 | 1535 | 1530 | 1,525 | 1515 | 1500 | 1495 | 1490 | 1482 | 1380 '
Lithology | Vitric _i Vitric chlitiij Zeolitic | Zeolitic | Zeolitic Zeolitic | Zeolitic | Zeolitic | Zeolitic Zeolitic | Zeoliuc_"

| sio2(we. %) | 6791 | 6651 | 6880 | 6816 | 6649 | 67.67 | 67.56 | 6628 | 6745 | 6740 | 6621 | 6749

| ALO: 1487 | 1338 | 1347 | 1425 | 1347 | 1408 | 1365 | 1346 | 1449 | 1429 | 1420 [ 1414

| Fei03 149 | 205 156 | 150 | 148 1.57 1.72 233 | 154 | 129 | 199 1.65

MgO | 112 | 178 | 0% | 105 | 172 1.21 1.36 123 | 090 1.24 090 | 115
S | 125 | 115 [ s 150 | 231 | 17 193 | 186 | 123 | 172 | 165 ' 1.52
N0 3.45 2.25 3.60 368 | 3.0l 3.28 302 | 279 | 375 | 285 321 | 325 |
K20 341 3.02 3.10 3.52 222 2.90 2.74 2.60 286 | 3.8 4.35 346 |
 H0' 2.48 5.19 563 | 497 | 713 | 603 | 645 630 | 576 601 | 546 | 561 |

H20' 371 3.86 LI0 | 136 | 216 1.46 1.52 293 | 202 1.91 2,01 1.41
Total 99.60 | 9979 | 99.42 | 10000 | 99.99 | 9992 | 9995 | 99.78 | 10000 | 99.99 | 99.98 | 9972 |

(Sip.04A19,0602)30(Alg 90F€0,0202)6(Nag 33K 20Ca9 45Meg 02)6
H,0. Opal-C spheres are seen in the SEM studies as well-

Figure 5. SEM photomicrographs showing glass and glass altering to morden-
ite, sample MO20. Gl: glass, Gla: altered glass, M: mordenite, Op: opal-C.
Horizontal bar represents | pm.

formed aggregates of crystallites (Figures 6-8). It is character-
ized by the 4.05A cristobalite reflection in XRD patterns. K-
feldspar occurs in the mordenite-rich tuffs, but it was not
detected in the clinoptilolite-rich tuffs.

Two facies are recognized in Oaxaca. One is fresh vitric
rhyolitic tuff that is unconsolidated, medium-grained, and con-
tains colorless subangular shards, minor pumice, scoria, sodic

Table 3. Average chemical composition (wt%) of rhyolitic glass, altered glass,
mordenite, clinoptilolite and heulandite from tuffs of the Suchilquitongo
Formation, Oaxaca.

-Rhynlilicf:\llered:

-_re=

| Heulandite |

| glass | glass | Morgenite | p(t:illl:lti,tc

Si02 (wi%) | 69.00 | 68.10 |  70.00 68.90 63.30

T ALOs | 1480 |1050| 1180 | 1410 | 1370

T Fe20s | 152 | 091 | 046 2.30 na

MgO 0.13 | 0.39 na 0.29 0.21

| ca0 246 | 3.38 2.14 2.34 5.58

[ Nao 159 | 1.03 1.33 0.99 231
| K0 255 | 155 | 2.53 2.09 210
Total 91.96 |8586| 87.94 | 9103 | 8718 |

: si | ! 4000 | 2908 28.37

Al || o0 | 69 7.22

Fe 020 | 0.73 na

- Mg na 0.18 0.14

Ca | 1.31 1.06 2.68

[ Na 1.41 0.81 2.00

K 1.87 111 1.20

0 96 72 72

SiI/Al 4.64 4.16 3.94

Si/(Al+Fe) | 454 377 3.94

Na+K+Ca+Mg | 3.31 3.16 6.02
Si+Al+Fe | 3657 | 3680 3559 |
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Figure 6. SEM photomicrographs of mordenite: (4, B, C) crystallized in vesicles; (D) covering blocky clinoptilolite. M: mordenite, CI: clinoptilolite, H: heulan-
dite or Ca-rich clinoptilolite, Op: opal-C, Gl: glass. Samples MO12 and MO2, Etla, Oax. Horizontal bar represents | pm.

plagioclase, quartz, biotite, and smectite. It crops out as the
upper tuff, overlying the zeolitic tuff at Magdalena, at eleva-
tions from 1,615 to 1,660 m (Figure 4). Two distinct lithologic
units can be recognized in this facies; a lower bed containing
about 90% glass, 3% subangular sodic plagioclase, 3%
quartz, 3% smectite, and 1% of tourmaline, hornblende, oxy-
biotite, pumice, and scoria (sample MO7 in Tables 1 and 2);
and an upper bed, which is more crystalline and contains
rhyolitic glass (65%), subangular albite (15%), quartz (15%),
pyrogenic grains (2%), and smectite (3%) (sample MOS in
Tables 1 and 2). The glass has a refraction index of 1.50,
which corresponds to a rhyolitic composition. Chemical data
indicate that within this essentially fresh vitric tuff, the con-
tents of Si, Al, Na, and K decrease with elevation, whereas
the contents of Ca, Mg, and H,O, and the ratio Si/Al
increase. A second diagenetic facies corresponds to zeolitic
tuff that is green, medium to fine grained, poor to moderate-
ly well-sorted, porous, silicified, and relatively hard. This
facies is characterized by two distinct authigenic assem-
blages: one consisting of mordenite + opal-C + K-feldspar,
and the other of clinoptilolite + opal-C. The microtexture

observed by SEM suggests that this mordenite could have
crystallized from solutions, whereas clinoptilolite could have
replaced the leached glass or crystallized from solutions.

ZEOLITES IN THE SIERRA MADRE OCCIDENTAL

Sedimentary zeolites occur southeast of the geological
province of the Sierra Madre Occidental, close to the boundary
with the Mexican Volcanic Belt (Figure 9). The zeolitic tuff is
well exposed along highway 45, between the cities of
Juventino Rosas and Guanajuato, between 20°52" and 21700’
N and 101°00" and 101719 W. The area is characterized by
alluvial plains, hills, mesas, and basins filled with volcanic
rocks. To the west and northwest of the zeolitic deposits, conti-
nental clastic rocks of the Paleocene and Eocene Red
Conglomerate crop out and are overlain by tuffaceous sand-
stone of the Eocene Losero Formation (Figures 9 and 10).

Welded tuff of rhyolitic composition of the late Eocene
and Oligocene La Bufa Formation underlies rhyolite flows,
vitric and zeolitic tuffs of the Oligocene Chichindaro
Formation, which are overlain by andesitic to trachyandesitic
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Table 4. Localities, stratigraphic units, and lithology of samples from the Guanajuato—J. Rosas area (Sierra Madre Occidental).

Sample | Altitude [m] | Location [km]* | Length [km]* Stratigraphic unit Period Lithology
1 1,772 60.7 25.7 La Bufa Eocene-lower Oligocene Welded tuff
2 1,860 59.1 1.6 Chichindaro Oligocene Rhyolite
3 1,938 57.8 7.3 Chichindaro Oligocene Rhyolite
4 1,962 51.8 0 Chichindaro Oligocene Zeolitic tuff
5 2,035 50.4 0.9 Cedros Oligocene-lower Miocene Andesite
6 2,120 48.7 1.7 Cedros Oligocene Basalt
7 2,170 435 4.8 Chichindaro Oligocene Chert
8 2,174 42.3 1.6 Chichindaro Oligocene Rhyolite
9 2,182 42.3 Chichindaro Oligocene Zeolitic tuff

10 2,170 40.0 2.0 Chichindaro Oligocene Chert
11 2,090 35.5 3.8 Chichindaro Oligocene Vitric tuff
12 1,995 32.9 2.6 Chichindaro Oligocene Vitric tuff
13 1,995 32.9 Chichindaro Oligocene Zeolitic tuff
14 2,010 29.3 1.7 Chichindaro Oligocene Zeolitic tuff
15 2,046 28.0 Chichindaro Oligocene Zeolitic tuff
16 2,055 28.0 Chichindaro Oligocene Zeolitic tuff
17 2,035 28.0 5.7 Chichindaro Oligocene Zeolitic tuff
20 2,040 21.2 1.5 Chichindaro Oligocene Rhyolite
2,030 19.7 1.6 Chichindaro Oligocene Chert
21 1,920 16.6 4.1 La Bufa Eocene-lower Oligocene Welded tuff
1,850 12.5 12.3 Red Conglomerate Paleocene-lower Eocene Continental clastics

lavas of the Cedros Formation. Late Miocene and Pliocene
volcanism is represented by lava flows and tuffs of rhyolitic
composition. The Quaternary section is characterized by
basaltic lava and scoria located in the southern part of this
area (CETENAL, 1973a, 1973b, 1973c, 1973d; de Cserna,
1975; Lopez-Ramos, 1985; Nieto-Samaniego, 1992; Consejo
de Recursos Minerales, 1992). These tuffs of the Oligocene
Chichindaro Formation crop out at elevations from 1,962 to
2,055 m and between 2,174 and 2,182 m (de Pablo-Galan et
al., 1994, de Pablo-Galan and Chavez-Garcia, 1996).

The dominant lithologies are welded tuff of the La
Bufa Formation, rhyolite and its tuffs of the Chichindaro
Formation, andesite of the Cedros Formation, and
Quaternary basalt (Figures 10 and 11). Welded tuff, repre-
senting the upper Eocene-lower Oligocene La Bufa
Formation, crops out 60.7 km to the southeast of Guanajuato
on Highway 45 (Figure 11; sample 1 in Table 4). This tuff is
light gray, relatively hard, dense, and coarse-grained.
Pyrogenic crystals include quartz (10 wt%), sanidine (5%),
traces of biotite and magnetite and occur in a partially devit-

Table 5. Mineralogy of rocks of the La Bufa and Chichindaro Formations.

Sample | Stratigraphic unit Lithology Cp Mo Sm Op Q Kf Sa Pl Bi Gl
1 La Bufa Welded tuff 30 10 20 5 tr 35
2 La Bufa Rhyolite 5 5 40 40 5 5
3 La Bufa Rhyolite 5 5 40 40 10 tr
4 La Bufa Zeolitic tuff 60 5 5 tr 30
5 Cedros Andesite
7 Quaternary Basalt
8 Quaternary Chert
9 Chichindaro Rhyolite 5 40 45 10
10 Chichindaro Zeolitic tuff 75 5 20
11 Chichindaro Vitric tuff 30 10 5 10 5 40
12 Chichindaro Vitric tuff 10 25 30 5 5 tr 20
13 Chichindaro Zeolitic tuff 45 20 5 5 5 20
14 Chichindaro Zeolitic tuff 50 tr 10 5 5 30
15 Chichindaro Zeolitic tuff 65 20 5 10
16 Chichindaro Zeolitic tuff 65 10 tr 25
17 Chichindaro Zeolitic tuff 60 10 5 5 5 5 10

Mineralogy determined by X-ray diffraction and optical microscopy. Numbers represent estimated mineral abundance in weight percent. Cp, clinoptilolite; Mo,
mordenite; Sm, smectite; Op, opal-C; Q, quartz; Kf, K-feldspar; Sa, sanidine; P, plagioclase; Bi, biotite; Gl, glass.
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Figure 7. SEM photomicrographs showing clinoptilolite: (4) replacing glass,
sample MOS5; (B) replacing glass, sample MO13; (C) crystallized in vesicles,
sample MO10. Cl: clinoptilolite, H: heulandite, Op: opal-C, Gl: glass. Etla,
Oax. Horizontal bar represents 10 pum.

rified vitreous matrix. Bubble-wall glass shards represent
35% of the rock and are partly devitrified to K-feldspar +
opal-C (Table 5). The composition is rhyolitic (Table 6). The
ratios Si0,/Al,05 and (Na,0+K,0)/(MgO + CaO) are about
the same as those of the overlying rhyolite and much higher

Figure 8. SEM photomicrograph of Ca-rich or heulandite associated with opal-
C and glass. H: heulandite or Ca-rich clinoptilolite, Gl: glass, Op: opal-C.
Sample MOS3, Etla, Oax. Horizontal bar represents | pm.

than those corresponding to the zeolitic and vitric tuffs in the
region (Figure 12).

The overlying Oligocene Chichindaro Formation can be
differentiated into three subunits. Sub-unit 1, which is the low-
est, is a rhyolite that crops out 59.1 km and 42.3 km southeast
Guanajuato along Highway 45 (Figure 9; samples 2, 3, and 9
in Tables 4 and 5). It is brick-red, hard, dense, porphyritic
hypidiomorphic, and contains smectite (5%), phenocrysts of
quartz (40%), sanidine (40%), and albite (10%), and traces of
biotite. The chemical composition corresponds to a potassic
rhyolite with SiO,/Al,04 and (Na,0+K,0)/(CaO+MgO) ratios
similar to those of the und(.r]\fmg_ welded tuff of the La Bufa
Formation (Table 6, Figure 12). Sub-unit 2 overlies sub-unit [;
it is a vitric tuff which crops out from 40.3 to 32.9 km to the
southeast of Guanajuato (Figure 9; samples 11 and 12 in Table
4). 1t is pale brown, coarse, and contains pyrogenic quartz
(5%), intermediate plagioclase (5%). and traces of sanidine.
Bubble-wall glass shards, representing from 20 to 40% of the
rock, are partly altered to authigenic smectite and opal-C.
Chemical data indicate that the tuff contains less SiO,, Na,O,
and K,O and more Al,O;, CaO, and MgO than the vitric tuff,
and has 8i0,/Al,05 and (Na,0+K,0)/(CaO+MgO) ratios sig-
nificantly lower than those Iypu.al of the rhyolite (Table 6,
Figure 12). Sub-unit 3 corresponds to the middle section of the
zeolitic tuff and crops out from 51.8 km to 22.3 km to the
southeast of Guanajuato (Figure 9; samples 4, 10, and 13-17 in
Tables 4 and 5). 1t is pale yellowish-green to pink-gray, granu-
lar, and light. Pyrogenic quartz, sanidine, plagioclase, and
biotite constitute less than 10% of the rock. Bubble-wall glass
shards are substantially devitrified to zeolite, leaving about 10-
20% unaltered glass. The principal authigenic mineral is
clinoptilolite, which represents from 45 to 75 wt% of the rock
and coexists with opal-C (5-20%). Mordenite occurs at rela-
tively higher elevations, in a silicic, low-Al,O5 bed (Figure 9;
Table 5). Above 2,055 m, the tuff contains Iapllh of rhyolite.
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The Si0,/Al,05 and (Na,0+K,0)/(CaO+MgO) ratios are 5.98
and 1.35, respectively. The zeolitic tuff shows the diagenetic
facies clinoptilolite + opal-C, and clinoptilolite + mordenite +

Era System | Series | Formation Column| Lithology
Holocene | Alluvium /\ Afluvial deposits
(Quatemary "M Lava flows and scoria
Pleistocene| Basaltic volcanism '\/’ N /\_’\\ '|of basaltic composition
Pliocene Continental v< \/L—‘ Continental deposits
deposits AN
- Volcanic rocks Y, ¢ L1 5 |Lava flows and tuffs of
Miocene 14 2 X|hyolitic composition
© + + iti
et 1+ /+ |Lava fiows of andesitic
° Cedros 4! *+ 1 1 |composition
N */ + 4 *|Volcanoclastic of inter-
g Tertiary Calderones R S mediate composition
f X ] Vitric  tuff,  rhyolitic
()] i
o Oligocene composition
-] Zeofitic tuff, rhyolitic
Chichindaro i composition
-] Rhyolite flows
Welded tuff, rhyolitic|
La Bufa composition
Eocene Losero Tuffaceous sandstone
Paleocene | Red conglomerate|> o = ; | Continental clastics
. A OA AA Ax
g Jurassic | Upper Las Trancas 200 3| sedimentary deposits

Figure 10. Stratigraphic column of the southwest portion of the State of
Guanajuato, with data after Lopez-Ramos (1985), Nieto-Samaniego (1992),

and Consejo de Recursos Minerales (1992).

opal-C. Chert occurs in a 4-m-thick bed, underlain by vitric
tuff and overlain by rhyolite and a 10-m-thick bed of zeolitic
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Figure 12.Variation in the ratio Si0,/Al,04 vs. (K,0 + Na,0)/(MgO + Ca0).
The La Bufa ignimbrite and the Chichindaro rhyolite maintain Si0,/Al,0,
ratios between 6.38 and 6.81 whereas the vitric and zeolite tuffs sustain (K5O
 Na,0)/(MgO + Ca0) below 2.19. Open circles: ignimbrite and rhyolite;
solid circles: zeolitic tuffs; solid boxes: vitric tuff,

Formation is slightly altered to smectite. Quaternary volcanism
is characterized by the olivine basalt flows that crop out at 48.7
km to the southeast of Guanajuato.

The authigenic minerals are clinoptilolite, mordenite,
opal-C, K-feldspar, smectite, and quartz. Clinoptilolite occurs
in well-formed platy and blocky crystals replacing glass or uni-
formly disseminated in the rock (Figure 13). Clinoptilolite
makes up from 45 to 75% by weight of the zeolitic tuff, and
coexists with an estimated 10 to 30% glass, 10-20% opal-C,
and 8% total of pyroclastic quartz, sanidine, albite, and biotite.
Clinoptilolite does not occur in the La Bufa welded tuff. The
composition of this clinoptilolite (Table 7), calculated for a 72-
oxygen cell (Breck, 1974; Alberti, 1975; Alietti, 1972), corre-
sponds to the formula:

(Sig 95l 1202)30(Aly 99F e, 0402)6(Nag 09K 36Ca 1:MEg gg) H,0

Mordenite occurs as thin less than 1-pm-thick fibers
associated with clinoptilolite (sample 14, Table 4). Some fibers
resemble pseudomorph bubble-wall glass (Figure 14). The
composition calculated for a 96-oxygen cell corresponds to
(Sig 99Aly 0102)a0(Alg 97F €0 0402)5MNag 19Ky 13Cag 19Mey 14)g'HO.
The Si/Al ratio is 4.88, higher than the 4.51 value of clinoptilo-
lite. The very fine crystallization observed for mordenite
through SEM studies indicates that this mordenite may have
precipitated from solution rather than be formed from precursor
clinoptilolite. Opal-C spheres, about 10 pm in diameter, are
conspicuous in the SEM (Figures 13-15). Dioctahedral smectite
occurs in small amounts, about 5 wt%, associated with opal-C
in rhyolite and about 25-30% in vitric tuff associated with opal-
C or with clinoptilolite + opal-C (sample 12, Table 5). K-
feldspar is associated with opal-C in devitrified bubble-wall
glass shards in vitric tuffs, different from the pyrogenic sanidine
phenocrysts. The K-feldspar was not observed in these zeolitic
tuffs. Authigenic quartz occurs in vitric and zeolitic tuffs, char-
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Figure 13. SEM photomicrographs of clinoptilolite: (A) crystallized from bub-
ble-glass; (B) crystallizing from altered glass or from solutions; (C) dissemi-
nated in the wff. Cl: clinoptilolite, Gl: glass. Gla: altered glass. Op: opal-C.
Guanajuato. Horizontal bar repesents 10 pum.

acterized by its saccaroidal microtexture and undulatory extinc-
tion, distinct from pyrogenic quartz. Bubble-wall glass shards
occur unaltered, pitted, and replaced by clinoptilolite and mor-
denite. The concentration of glass ranges from 10 to 40%; its
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Table 6. Chemical composition of rocks of the La Bufa and Chichindaro Formations.

Sample | Stratigraphic unit SiO2 ALOs TiO2 Fe203 MgO CaO K20 Na20 H0 Total
1 La Bufa 75.46 11.40 0.11 1.10 0.74 0.30 4.60 3.10 2.66 99.8
2 Chichindaro 75.16 11.89 0.11 1.05 0.61 0.70 5.50 3.10 1.49 99.6
3 Chichindaro 73.47 11.81 0.11 1.34 0.76 0.50 6.30 2.50 3.05 99.8
4 Chichindaro 68.70 12.06 0.11 1.34 0.97 1.69 4.10 1.50 8.98 99.4
9 Chichindaro 74.13 11.61 0.17 1.62 0.45 0.70 5.80 2.50 2.70 99.8
10 Chichindaro 64.90 13.21 0.15 1.39 1.32 1.49 5.20 0.90 10.56 99.1
11 Chichindaro 64.75 13.29 0.53 1.36 1.49 2.19 3.50 1.80 9.93 98.8
12 Chichindaro 68.13 13.06 0.11 1.34 1.11 .20 | 210 1.50 10.12 98.8
13 Chichindaro 74.26 11.19 0.10 1.05 1.29 1.49 2.80 1.50 6.22 99.9
14 Chichindaro 74.15 10.38 0.10 1.34 0.97 2.29 3.30 1.20 6.28 100.0
15 Chichindaro 66.27 13.11 0.17 1.39 0.99 2.29 3.60 0.90 11.15 99.9
16 Chichindaro 69.68 10.76 0.20 1.39 1.54 2.19 2.20 0.80 11.14 99.9
17 | Chichindaro 66.88 12.70 0.13 1.34 1.59 2.29 3.40 1.20 10.30 99.8

20 [ Chichindaro 74.65 11.81 0.11 1.90 0.27 0.30 4.80 3.40 2.15 99.4

Analysis by X-ray fluorescence and wet chemistry. H20 determined by loss ignition at 850° C.

refractive index is less than 1.51, and the composition corre-
sponds to a rhyolitic glass.

Infrared absorption studies on these tuffs have shown in
the OH-stretch region characteristic vibrations at 3,600 and
3,420 cm!, broad and weak for the rhyolite and ignimbrite and
strong for the zeolitic tuff. In contrast, the H-O-H bending fre-
quency of the H,O molecule at 1,625 em! does not occur in the
former, but is well defined in the zeolitic tuff. This supports the
well-known idea that diagenesis started with hydrolysis of the
rhyolitic glass by way of bonding OH to Si groups from the
glass, without retaining molecular H,O in the vitric material

(Hay, 1966, 1977; Surdam, 1977; Lander and Hay, 1993).

The diagenetic facies recognized in the Chichindaro
Formation is the vitric tuff in which glass is altered to smectite
+ opal-C, indicating diagenesis in a lacustrine environment and

Figure 14. SEM photomicrographs of mordenite. M: mordenite, Cl: clinoptilo-
lite. The fine morphology of mordenite suggests it may have crystallized from
solutions. Sample 14, Guanajuato. Horizontal bar represents 10 pm.

defining the sequence rhyolitic glass —> smectite + opal-C.
Some associated K-feldspar could devitrify from glass. Close
to the contact with the zeolitic tuff, the coexistence of clinop-
tilolite and smectite is attributed to microenvironmental
changes or to incomplete dissolution plus reprecipitation,

Table 7. Chemical composition of unaltered glass and diagenetic minerals of
the Chichindaro Formation.

| Glass | Clinoptilolite | Mordenite | Opal-C
! Chemical composition (wt %)
Si0; 7742 | 76.70 78.57 97.35
ALO3 13.10 | 14.45 13.67 1.21
TiOz 0.08 0.07 0.07 0.04
Fe203 3.26 0.96 0.87 0.28
MnO 0.05 0.06 0.07 0.04
MgO 0.81 0.86 1.52 0.17
Ca0 1.65 1.79 2.71 0.23
K20 3.08 4.41 1.76 020 |
Naz20 0.55 0.69 0.76 | o048 |
Total 100.00 99.99 100.00 | 100.00
Unit-cell contents
Si ' 29.56 39.85
Al 6.55 8.16
Ti 0.02 0.02
Fe 0.28 0.33
Mg 0.49 1.15
Ca 0.74 1.47
K 2.17 1.14
Na 0.51 0.75
0 72 98 |
Si/Al 4.51 4.88 |
Si/(Al+Ti+Fe) | 4.31 4.68 |

Chemical analysis by energy dispersive X-ray coupled to scanning electron
microscopy, represent average values. Analysis in weight percent, dry basis.
Fe calculated as Fe20s.
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Figure 15. SEM photomicrograph showing crystallization of opal-C and
clinoptilolite. CI: clinoptilolite, Op: opal-C. Guanajuato. Horizontal bar repre-
sents 10 pm.

rather than to a transformation from one to the other. In the
zeolitic tuff, most clinoptilolite resulted from the reactions rhy-
olitic glass —> clinoptilolite + mordenite + opal-C, and rhy-
olitic glass —> clinoptilolite + opal-C, with the probable asso-
ciation of a leaching solution from which the zeolites also crys-
tallized.

The zeolitic tuffs were formed from precursor ash falls
of rhyolitic composition. The relations between the various
chemical components and Al,O; readily discriminate the
ignimbrite of the La Bufa Formation and the overlying rhyo-
lite of the Chichindaro Formation from the vitric and zeolitic
tuffs of the Chichindaro Formation. The tuffs have less SiO,,
K,0, and Na,O, more MgO, CaO, and H,0 and about equal
Fe,05 than their rhyolitic precursor. Essentially linear corre-
lations occur between Al,O, and the remaining constituents.
Low-Al,0, clinoptilolite-containing tuff is associated with
relatively high contents of SiO,, MgO, and CaO and low
K,0, Na,0, and H,0, whereas high-Al,O4 clinoptilolite tuff
is associated with low SiO,, MgO, and CaO and high K,0,
Na,O, and H,0. Correlation among the compositions of
rhyolite, vitric tuffs, and zeolitic tuffs of the Chichindaro
Formation indicates substantial reductions in the contents of
§i0,, K,0, and Na,O and increases in CaO, MgO from the
rhyolite to the zeolitic tuff. The ratios SiOZ;’Ale; and
Si0,/Fe,05 are lower and Al,05/Fe,0; higher in the vitric
tuff than in the zeolitic tuff; MgO/Al,0, and MgO!Fc203
and CaO/Al,O5 and CaO/Fe,0, are approximately equal in
both tuffs, higher than in rhyolite. K,0/Al,0; and
K,0/Fe,05 and Na,0/Al,04 and Na:’!()a’FezO3 are about the
same in the tuffs and about half of what they are in the rhyo-
lite. The zeolitic tuff contains opal-C from 5% in the most
zeolitized material to 20% in the least one. This opal-C
appears to accommodate 0.20% K,O and 0.48% Na,O in its
composition; the low content of npal -C in the zeolitic tuff
suggests that some silicic acid may have been flushed from
the system. This, associated with the absence of smectite in

the zeolite tuff, suggests that diagenesis was in an open
hydrologic system.

GENESIS OF SEDIMENTARY ZEOLITES
ASSEMBLAGES OF CRYSTALLIZATION

In the sedimentary zeolite deposits of the Sierra Madre
del Sur and Sierra Madre Occidental. pyroclastic debris
deposited in lacustrine and marine environments shows the
following zeolite assemblages: (1) K-feldspar + opal-C; (2)
smectite + opal-C; (3) smectite + clinoptilolite + opal-C; (4)
clinoptilolite + opal-C; (5) mordenite + opal-C + K-feldspar.
Zeolite assemblages have been described for other sedimen-
tary deposits (Surdam, 1977; Hay and Sheppard, 1977;
Altaner and Grim, 1990; Sheppard, 1991). The assemblage
K-feldspar + opal-C is not universally present and may have
been due to crystallization from the precursor rhyolitic glass.
The diagenetic alteration to smectite + opal-C is not neces-
sarily associated with zeolites and typifies diagenesis in
closed lacustrine environments. Clinoptilolite and mordenite
appear to be the two most common zeolites in some regions
of Mexico.

GEOCHEMISTRY OF ZEOLITE DIAGENESIS

Zeolitic tuffs that crop out in the deposits in the Sierra
Madre del Sur and in the Sierra Madre Occidental have lower
mean contents of SiO,, K,0, and Na,0, higher Al,0;, MgO,
Ca0, and H,0, and about the same Fe,0; than the parent rhy-
olitic precursor ash falls. Fe,04 is essentially constant and
Al 05 increases within closed limits with decreasing SiO,. In
the deposits of the Sierra Madre Occidental, the SiO,/Al,0,
ratios are in the range 4.91 to 7.14, lower in the zeolitic tuff
than in the rhyolite or unaltered precursor vitric tuff. Within
the zeolitic beds, MgO, CaO, Na,0, and K,O remain essential-
ly constant, but the ratios (K,0+Na,0)/(MgO+CaO) change
between 2.19 to 0.79, which appear to be necessary to crystal-
lize clinoptilolite. Higher concentrations of alkalies or lower
concentrations of alkaline earths that move the ratio outside
these ranges do not allow crystallization of zeolite in the stud-
ied systems. The correlations confirm the inverse behavior of
Na,O and K,0 relative to MgO and CaO, release of SiO,, and
association of clinoptilolite and mordenite with relatively high
activities of Ca and Na.
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