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Absttact-Montmorillonite and K-feldspar deposits of potential economic interest occur in the Late 
Oligocene-Miocene tuffs of the Yizcarra Formation in the state of Durango, Mexico. The two minerals 
were formed separately from rhyodacitic to rhyolitic pyroclastic deposits in a closed hydrologic system 
and diagenetically altered following two different patterns. In material deposited on dry land the glass 
was completely replaced by K-feldspar, and the interstices between the replaced glass bubbles and shards 
were filled with chalcedony, quartz, and albite. Pyroclastic material deposited in an alkaline lacustrine 
environment were diagenetically altered to montmorillonite, which formed the bentonitic tuffs widely 
exposed beneath the K-feldspar-rich tuff. These bentonitic tuffs contain as much as 85% montmorillonite 
plus authigenic chalcedony and quartz. Pyrogenic sanidine, quartz, and oxybiotite, coarse glass shards, 
and clastic grains make up about 8% of the clay-rich tuffs. The composition of the montmorillonite 
corresponds to the formula (Si, ... AIo '2)(AlI.4.MSo.5')OIO(OH)'(Cao07MSo."Nao.,. Ko.06)' The montmoril
lonite is dioctahedral, the surface acidity is of the Lewis type, and the clay swells to one- and two-layer 
complexes. The cation-exchange capacity is 64 meq/ lOO g; base exchange is Ca2+, 15; Mg'+, 20; Na+, 4.1; 
and K+, 1.0 meqllOO g. Its interlamellar charge is 18.6 microcoulombs/cm2. Dacitic pyroclastics were 
deposited later at higher elevations along the margins of the basin. Percolating solutions apparently 
removed a siliceous leachate from the dacitic glass and partially altered it to clinoptilolite. 

Key Words-Clinoptilolite, Diagenesis, Energy-dispersive X-ray spectroscopy, K-feldspar, Montmoril
lonite, PYroclastic, Scanning electron microscopy, Tulf. 

INTRODUCTION 

Volcanism during the Late Oligocene-Miocene in 
Mexico produced extensive deposits ofrhyodacitic and 
dacitic pyroclastics, which, in spite of their abundance 
and the presence of potentially economic deposits of 
non-metallic minerals that resulted from them (de Pa
blo-Galan, 1979), have scarcely been studied. This paper 
attempts to add to the knowledge of them and discusses 
the mineralogy, geochemistry, and petrology of ben
tonitic and K-enriched altered tuffs of the Vizcarra 
Formation and of the dacitic tuffs of the La Zorra For
mation. Reactions involving the transformation of 
rhyodacitic glass to potentially economic montmoril
lonite and K-feldspar deposits are emphasized, along 
with the reactions of the dacitic glass to c1inoptilolite. 

GEOGRAPHIC AND GEOLOGIC SETTING 

The tuffs discussed herein are part of the Upper Tertiary 
volcanic series that covers the Mesa Central, in the state of 
Durango, which is elongated NW-SE and is characterized by 
plutonic and hypabyssal intrusions and volcanic rocks that 
overlie the Mesozoic sediments (de Cserna-Gombos, 1956; 
Enciso, 1968; Carrasco, 1980). The volcanic rocks are exposed 
in the Cuencame-Lagunilla area at 103°25'-104°20' W lon
gitude and 24°50'-25000' N latitude and are part of a larger 
area mapped by Enciso (1968) in his Hoja Cuencame. The 
area is shown on the geologic maps (I :50,000) of Lagunilla 
and Cuencame (Direccion de Estudios del Territorio Nacion
ai , 1978a, I 978b). These tuffs also crop out in the area between 
103°40'-104°20' W longitude and 25000'-25°15' N latitude, 

shown on the 1:50,000 maps of Rodeo, Yelardena, and Nazas 
(Direccion de Estudios del Territorio Nacional, 1978c, 1978d, 
1978e). 

The geology of the area, based on the work ofEnciso (1968), 
Direccion de Estudios del Territorio Nacional (I 978a, 1978b, 
1978c, 1978d, 1978e), and Lopez-Ramos (1983), is shown in 
Figure I. The mountainous area around the valley of Laguni
lla-Cuencame-Pedricena is underlain by Cretaceous lime
stones of the Cuesta del Cura, Aurora, and La Pena Forma
tions, which underlie the clayey and gypsiferous limestones 
of the Indidura Formation (Razo, 1960; Enciso, 1968; Rol
dan, 1969). The Lower Tertiary is represented by the Ahui
chila Formation, which consists of conglomerate and calcar
eous breccia. The Oligocene-Miocene rocks are andesite, 
rhyolite, basalt, and their tuffs, all well exposed throughout 
the area. Also present are the tuffs of the Yizcarra Formation, 
which are characterized by their white and pink colors and 
by their low topographic relief, generally < 100 m at elevations 
of 1128 m above sea level (Figure 2). The darker colored 
dacitic tuffs of the La Zorra Formation (Enciso, 1968) are 
about 300 m thick and crop out at elevations > 1420 m. The 
Yizcarra Formation resembles the Santa Barbara Formation 
exposed southeast of Durango (Cordoba, 1960) and the San 
Pablo Formation described by Roldan (1 969) southeast of 
Cuencame. Field observations suggest that pyroclastic ma
terial transported as a "nuee ardente" was deposited in the 
basin, over the Cretaceous sediments. Subsequent diagenetic 
alteration of the material deposited on high dry ground formed 
the K-rich tuffnow represented in the upper part of the Yiz
carra Formation, whereas the material deposited in the la
custrine environment altered to the green and pink smectites, 
which now crop out at elevations of l340 m in the Cuencame
Lagunilla valley and extend around Pedricena and to the west 
towards Rodeo and Nazas where they are exposed at eleva-
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Figure 1. Map of area between 103°25'-104.00' W longitude and 24°50'-25°15' N latitude, in state of Durango, Mexico. 
Data taken from Enciso (1968), Direccion de Estudios del Territorio Nacional (1978a, 1978b, 1978c, 1978d, 1978e), and 
Lopez-Ramos (1983). Main deposits of smectite are located east of Cuencame and west of Pedricena. 

tions of 1128 m (Figure 2). Therefore, an extensive area hav
ing a thick deposit of smectite of potential economic interest 
is indicated. 

The dominant lithology of the area is the Late Oligocene
Miocene altered vitric tuffwhich crops out in the eastern and 
northwestern part of the basin as a white and pink rock, 2~ 
m thick. This tuff is fine-grained and contains altered glass 
bubbles and shards and minor phenocrysts offeldspar, quartz, 
and biotite, with local secondary calcite and gypsum. A silic
ified tuff locally crops out on top. The altered vitric tuff is 
underlain by bentonitic tuff at elevations of 1134 m above 
sea level near Pedricena and of 1344 m east of Cuencame 
(Figure 2). The two tuffs comprise the Vizcarra Formation 
(Enciso, 1968). The bentonite in contact with the overlying 
altered tuff is green, < 50-cm thick, and changes sharply to 
pink bentonite, which is generally exposed 4-8 m above a 
concealed lower contact. The bentonites have a similar min
eralogy, which includes essential smectite and minor feldspar 
and quartz phenocrysts, glass shards, and clastic grains. 

A unit of dacitic vitric tuff containing local basalt flows is 
exposed at elevations of 1420 m on the southern and western 
margins of the depositional basin (Figures 1 and 2) and is 
referred to as the La Zorra Formation (Enciso, 1968). It is 

dark colored and contains glass, pyrogenic plagioclase and 
quartz, and authigenic zeolite. 

SAMPLING AND ANALYTICAL METHODS 

The tuffs were sampled at the localities of Mesa de 
Los Difuntos, northwest of Pedricena; Cerro Prieto, 
east of Nazas; and San Antonio de Ojo Seco and Las 
Cuevas, east ofCuencame (Figure I). About 100 sam
ples were collected, but only those which are most 
representative are included in this paper. 

Optical microscopy, utilizing thin sections and oil
immersion methods, and X-ray powder diffraction 
(XRD), using filtered CuKa radiation, were used to 
identify the various minerals and their interrelation
ships. Scanning electron microscopy (SEM) coupled to 
energy-dispersive X-ray spectrometry (EDX) was used 
to study the rnicrotextural relations, morphology, and 
composition of minerals. The authigenic feldspar filling 
the altered glass bubbles was so finely crystalline that 
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detailed measurements of the optic angle to differen
tiate between sanidine and orthoclase were not possi
ble; hence, its identification as K-feldspar had to rely 
on the chemical composition determined by EDX. Pla
gioclase of a composition near the albite end member 
was similarly characterized. Chalcedony was seen op
tically as a low-birefringent, massive phase, filling in
terstices between the altered glass shards, and was lo
cally altered to saccharoidal quartz; cristobalite was 
identified by XRD. Chemical analyses by EDX were 
somewhat difficult due to the nature of the clays and 
the non-planar surface of the specimens. 

The chemical composition of the tuffs was analyzed 
by X-ray fluorescence (XRF) spectrometry and by wet
chemistry procedures for Na, Cl, S04, CO2, and H 20; 
total Fe is reported as Fe20 3 • The Bouyoucos hydrom
eter was used to determine the particle-size distribu
tion. The cation-exchange capacity and exchangeable 
cations were analyzed by the usual techniques (Jaynes 
and Bigham, 1986). The smectite, separated after sed
imenting the coarse components, was K-saturated and 
used to establish the nature of the interlamellar charge, 
recording the displacement of the 001 reflection before 
and after heating to 300°C (Weaver, 1958; Schultz, 
1969). The site of the charge was located on Li-smectite 
by the position of the 00 I plane before and after heating 
to 225° and glycolating (Greene-Kelley, 1955; Schultz, 
1969). The swelling behavior was followed on Na
smectite saturated with Li for as long as 115 hr (Low, 
1981; Sposito et al., 1983). Na-smectite, saturated with 
pyridine and heated at 150° and 400°C, allowed rec
ognition of the surface acidity of the clay according to 
the displacement of the infrared absorption bands in 
the 1430-1600-cm- 1 region (Perry, 1983; Svobodaand 
Kunze, 1966; Ward, 1968; Wright et al., 1972; Occelli 
and Tindwa, 1983). For the IR analysis, the treated 
smectite was mixed with dry KBr and pressed to thin 
wafers, which were analyzed in a single-beam Perkin
Elmer 783 Spectrometer at wavelengths from 4000 to 
200 cm- I. 

RESULTS 

The authigenic minerals identified in the altered vit
ric tuffare K-feldspar, chalcedony, cristobalite, quartz, 
and albite. K-feldspar and albite were differentiated by 
SEM and EDX as Si-, AI-, K-, and Na-containing phas
es. In the bentonitic tuff, montmorillonite and cristo
balite are the two main authigenic minerals. 

The authigenic minerals in the dacitic vitric tuff are 
a noncrystalline aluminosilicate phase, clinoptilolite, 
cristobalite, and halite. The noncrystalline alumino
silicate phase was noted in the optical microscopy and 
SEM studies as a non-birefringent component having 
an index of refraction slightly lower than that of the 
dacitic glass and having an "amoeba" texture. Clinop
tilolite, cristobalite, plagioclase, and halite were iden
tified by XRD. Well-formed crystals of sodic plagio-
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Figure 2. Schematic columnar sections. Altered vitric tuffs 
overlie bentonitic tuffs, the boundary occurring at 1134.2-
1376.2 m elevation. Lower contact of the bentonitic tuff is 
masked by alluvium. Dacitic vitric tuffs are exposed at ele
vations > 1420 m on southern and western margins of de
positional basin. Numbers indicate elevation in meters above 
sea level. 

c1ase were found coexisting with c1inoptilolite in vugs 
and were considered to be authigenic. In the SEM, these 
crystals appeared to be thicker than the clinoptilolite, 
which forms thin platy crystals. EDX analyses indi
cated differences in the Si/AI ratio and the Na and Ca 
contents; material removed from the vugs was iden
tified as c1inoptilolite and plagioclase by XRD. 

K-feldspar 

K-feldspar occurs as columnar aggregates, which 
completely replace the parent glass (Figure 3). Opti
cally, it appears as low birefringent aggregates of elon
gated crystals that are radially oriented towards the 
interior of the altered glass bubbles or perpendicular 
to the surface of the shards. SEM shows it as delicate 
columnar aggregates (Figure 4A) or growths of well
developed crystallites (Figure 4B), which are not as
sociated with any other mineral in the interior of the 
replaced bubble. Its EDX composition is 64.3% Si02 , 

17.1% A120 3, and 16.4% K20 (total 97.8%), with the 
remaining 2.2% being un quantified NazO and, possi
bly, analytical error. This analysis corresponds essen
tially to pure K-feldspar. The morphology and micro
texture of these crystals are different from those of the 
pyrogenic sanidine phenocrysts (Figure 5) that also oc
cur in the tuff. 
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Figure 3. Scanning electron micrographofaItered tuff, show
ing glass bubbles and shards altered to columnar aggregates 
of K-feldspar. Sample M3, San Antonio de Ojo Seco, Cuen
came. Horizontal bar is 100 /lm. 

Chalcedony. cristobalite. quartz 

Chalcedony was observed optically as a Iow-bire
fringent, massive phase, filling interstices between the 

Figure 4. Scanning electron micrographs showing (A) co
lumnar growths and (B) well-developed crystallites ofK-feld
spar. Columnar growths are oriented radially towards interior 
of devitrified glass bubble and have completely replaced par
ent glass. They are not associated with any other mineral 
phase. Horizontal bar is 10 /lm. 

Figure 5. Scanning electron micrograph of altered vitric tuff 
showing sanidine phenocrysts (SA), K-feldspar altered from 
glass (KF), chalcedony (C), and gypsum (OY). Sample MlO. 
Horizontal bar is 10 /lm. 

altered shards and bubbles. It appears to have been 
altered to saccharoidal quartz, which increases pro
gressively in concentration towards the silicified tuffat 
the top of the deposits (Tables I and 2). Cristobalite 
was identified by XRD in the altered vitric tuff and in 
the bentonitic tuff. 

Albite 

Albite occurs in the altered vitric tuff as a massive 
authigenic phase, filling interstices. It was best iden
tified by EDX as a Si02-, AI20 3-, and Na20-containing 
phase, inasmuch as it can easily be mistaken optically 
for chalcedony and cannot readily be differentiated by 
XRD from the predominant authigenic K-feldspar or 
pyrogenic sanidine. The chemical analyses (Table 2) 
indicate contents ofNa20 averaging 2% (3.1 % for sam
pIe M3) and <0.8% CaO (0. 12% forsampleM3), which 
suggest an albitic plagioclase, because glass was not 
recognized optically as a major phase in this altered 
tuff. Albite was identified only in the altered vitric tuff 
that does not contain clinoptilolite, as indicated by 
XRD and microscopy. 

Montmorillonite 

Montmorillonite crystallized as the essential mineral 
component of the bentonitic tuff as thin, curved, del
icate flakes diagenetically produced from the glass (Fig
ures 6A and 6B). EDX analyses indicate that this mont
morillonite contains 46.1 % Si02 , 17.9% A120 3, 2.5% 
K 20, and 3.2% CaO, which sum to 69.7%; the re
maining 30.3% is presumably H 2 0 and very minor 
unquantified MgO and Na20. It is different from a 
second montmorillonite, containing Si, AI, no Ca, and 
minor K, that occurs as a minor authigenic mineral on 
the prismatic faces of pyrogenic sanidine phenocrysts 
(Figure 6C). 

The more abundant pink montmorillonite and the 
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Table I. Mineralogy of the altered vitric tuff and the bentonitic tuff of the Vizcarra Formation. I 

Sam-
Mineralogy (wt. %) 

pIe Elevation (m) Lithology Q AL K-FL CR CA MT PL BI GY 

Mesa Los Difuntos, Pedricena 
PE3 1144 atp 30 20 25 25 
PE4 1141 atp 5 15 25 55 
PE6 1138 atw 10 20 10 30 30 
PE2 1134 btg 5 5 5 20 65 
PEI 1132 btp 5 10 85 

Cerro Prieto, Nazas 
TF 1165 atw 45 15 40 
NA22 1163 btg 5 5 5 10 5 70 
NA23 1162 btp 10 5 25 10 50 
NA24 1161 btp 10 5 25 10 50 

San Antonio de Ojo Seco, Cuencame 
CU15 1349 ats 50 10 30 10 
M3 1346 atw 10 10 75 5 
M4 1344 btg 15 85 
M5 1343 btp 10 20 65 5 
M9 1382 ats 50 10 40 
MIO 1365 atw 5 10 50 5 5 25 
MI2 1362 btg 10 5 40 40 5 
MI4 1359 atw 70 20 10 
MI5 1357 btp 20 80 

Las Cuevas, Cuencame 
CUIO 1383 ats 40 10 50 
CUll 1380 atw 40 10 50 
CUI3 1375 btp 10 5 ID 30 50 

I Weight percentages estimated from megascopic, optical, X-ray powder diffraction, and scanning electron microscopy data. 
Q, Quartz; AL, Albite; K-FL, K-feldspar; CR, Cristobalite; CA, Calcite; MT, Montmorillonite; PL, plagioc1ase; BI, Biotite; 
GY, Gypsum; atp, altered tuffpink; atw, altered tuffwhite; ats, altered tuffsilicified; btg, bentonitic tuffgreen; btp, bentonitic 
tuffpink. 

green montmorillonite are dioctahedral, d(006) = 1.504 
A. If the total concentration of exchangeable cations 
corresponds to the Si/AI tetrahedral substitution, 
chemical compositions and formulae can be calculated 
for these montmorillonite materials (Table 6). Various 
size fractions sedimented from a sodium hexameta
phosphate suspension exhibit a basal 001 reflection at 
13.2 A, which upon glycolation expands to 17.6 A. In 
K-saturated montmorillonite heated to 300°C, the 001 
reflection shifted from 11.9 A for the unheated material 
to 15.5 A after heating, suggesting a low interlamellar 
charge. The displacement of the basal spacing in Li
montmorillonite, from 15.5 A (air-dried) to 12.0 A 
(heated to 225°C) to 16.5 A (glycolated), indicates that 
the site of the charge is in the tetrahedral layer. One
layer (d(OOI) = 12.28 A) and two-layer (d(OOI) = 16.68 
A) spacings were developed for Na-montmorillonite 
saturated with Li for 2-115 hr, and the intensity of 
their basal reflection was substantially increased as the 
Li saturation progressed. Infrared spectroscopy exper
iments performed on Na-montmorillonite saturated 
with pyridine, dried, and heated to 150° and 400°C 
indicate Lewis-type surface activity. This activity is 
indicated by the persistence of the 1450- and 1620-

cm- 1 vibrations assigned to pyridinejoined by the two 
nitrogen electrons to an empty p-orbital. 

The formulae calculated for the green and pink 
montmorillonite materials indicate comparable de
grees of tetrahedral substitution. Mg in excess to that 
in exchangeable positions was assigned to the octa
hedral layer. The octahedral layer of the pink mont
morillonite has more Al than Mg. From these for
mulae, the interiayer areas available for cation exchange 
were calculated to be 119.73 AZ/ion for the green ma
terial and 168.27 AZ/ion for the pink material, equiv
alent to 8.354 and 5.944 esulcm2 x 10-4, or 24.23 and 
18.66 microcoulombs/cmz, respectively. 

Noncrystalline aluminosilicate material 

A noncrystalline aluminosilicate material formed as 
a dissolution-reprecipitation product from the dacitic 
glass in the dacitic tuff (Figure 7). It was recognized 
optically by the absence of birefringence and by a re
fractive index only slightly less than that of the dacitic 
glass. Throughout the SEM studies, it was character
ized by an "amorphous" or "amoeba-form" micro
texture. Its EDX chemical composition is 55.0% SiOz, 
21.3% Alz0 3, 9.0% CaO, and 1.6% K20, total 86.9%. 
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Table 2. Chemical composition of the altered vitric tuff and bentonitic tuff of the Vizcarra Formation, Durango. I 

Sam· 
Components (wt. %) 

pie Si02 A1,0, Fe,O, CaO MgO Na,O K,O TiOl H,O- H,O· Total 

Mesa Los Difuntos, Pedricena 
PE3 80.00 10.59 1.07 0.84 0.10 2.13 2.75 0.11 0.32 0.76 98.68 
PE4 83.40 8.51 0.61 0.66 0 2.10 3.41 0.14 0.54 0.61 99.98 
PE62 52.25 6.03 0.96 17.80 1.08 2.13 1.05 0.12 2.35 2.22 99.96 
PE2 64.69 12.87 2.91 1.03 2.13 1.70 0.41 0.11 8.70 4.97 99.52 
PEI 60.96 14.49 1.49 0.74 5.28 1.62 0.55 0.15 8.77 5.87 99.92 

Cerro Prieto, Nazas 
TF 73 .70 13.55 2.30 1.00 0 1.84 5.98 0.29 0.33 0.98 99.97 
NA22 51.81 18.61 2.99 9.02 1.68 2.70 1.78 0.62 3.46 5.31 97.98 
NA23 55.59 16.98 5.36 2.25 4.07 2.23 1.84 0.82 6.20 4 .59 99.93 
NA24 56.70 15.74 6.57 1.38 3.38 2.19 2.76 1.08 5.35 4.83 99.98 

San Antonio de Ojo Seco, Cuencame 
CU15 77.38 8.99 1.28 1.82 0 1.46 5.50 0.09 0.42 1.95 98.89 
M3 64.60 18.12 1.45 0.12 0 3.10 11.75 0.12 0.29 0.37 99.92 
M4 62.55 17.20 1.89 0.73 4.14 2.59 1.11 0.17 3.23 5.44 99.05 
M5 74.30 8.49 1.21 0.57 1.62 1.96 0.33 0.10 7.62 3.73 99.93 
M9 72.40 14.03 1.94 0.67 0 1.30 7.85 0.17 0.05 0.92 99.33 
MIO) 55.11 12.43 2.05 8.80 0.10 1.55 9.59 0.09 1.82 3.71 98.49 
MI2 64.89 11.57 1.50 0.55 2.91 1.45 0.31 0.08 11.95 4.01 99.20 
M14' 61.00 10.14 1.87 7.57 0.18 1.16 7.11 0.14 0.19 3.41 98 .80 
MI5 69.60 10.86 1.45 0.36 3.36 1.78 0.42 0.07 6.65 4.50 99 .05 

Las Cuevas, Cuencame 
CUIO 65.83 17.90 1.18 0.24 0 1.43 10.48 0.10 0 1.05 98.20 
CUll 64.08 17.67 0.43 0.71 0.11 1.74 12.38 0.15 1.58 1.11 99.96 
CUI3 66.51 14.53 2.01 0.42 2.55 2.13 1.69 0.11 5.00 3.95 98.90 

I Analyses by X-ray fluorescence, except Na20, CO2, SO" and H20 , by wet chemistry. 
2 Sample also contains 13.97% CO2• 

) 3.24% SO,. 
46.03% CO2• 

The difference from 100% is presumably very minor 
unquantified Na20 and some H 20. Optically, it could 
hardly be differentiated from the associated glass and 
was considered as such in the estimation of the mineral 
content of the dacitic tuff indicated in Table 3. 

Clinoptilolite 

Clinoptilolite forms well-developed thin plates in the 
dacitic vitric tuff. It was clearly identified by XRD. In 
the SEM studies it was differentiated from the coex
isting sodic plagioclase by its platy morphology, higher 
Si! Al ratio, and lower Ca content. The exchangeable 
cation was not determined. The abundance of clinop
tilolite in vugs (Figure 8) or embedded in the glass 
suggest that it may have crystallized from leached glass 
or from solution. 

P/agioc/ase 

Plagioclase occurs as well-formed crystals (Figure 9) 
coexisting with clinoptilolite in vugs in the dacitic tuff. 
Its composition, determined by EDX, indicates a sodic 
plagioclase containing only minor Ca, different from a 
more calcic pyrogenic plagioclase that also occurs in 
the daci tic tut[ 

Halite 

Halite occurs as cubes (Figure 10) in the dacitic tut[ 
It was identified by SEM and XRD studies on samples 
collected south of Cuencame at an elevation of 1515 m. 

DIAGENETIC FACIES 

Three Iithologic units are considered here in the dis
cussion of the diagenetic facies. One, represented by 
the altered vitric tuff(samples PE3 , PE4, PE6, TF, M3, 
MIO, M12, M14, CUlO, and CUll in Tables 1 and 
2), is characterized by its pink and white colors. It 
contains colorless uncollapsed glass bubbles and shards 
altered to columnar growths of cryptocrystalline 
K-feldspar (Figures 3 and 4), as well as minor phen
ocrysts of pyrogenic sanidine, sodic plagioclase, quartz, 
and biotite; rock fragments; and rare secondary calcite 
and gypsum. Authigenic albite and chalcedony fill in
terstices and are progressively altered to saccharoidal 
and massive quartz in samples collected at higher el
evations. 

The chemical composition of this altered vitric tuff 
is best represented by sample M3 (Table 2), which 
contains 64.60% Si02, 18.12% AlzO), 1.45% Fe20), 
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Figure 6. Scanning electron micrographs of the bentonitic 
tuff showing (A) uncollapsed bubble in which glass has been 
replaced by montmorillonite; (8), magnified view showing 
flakes ofmontmorillonite; (q, sanidine phenocrysts in smec
tite matrix diagenetically reacted on lateral prisms to non
calcic K-montmorillonite, which is different from the matrix 
Na-montmorillonite. Sample M5. Horizontal bar is 10 I'm. 

0.12% Cao, 3.10% Na20, 11.75% K20, 0.12% Ti02 , 

0.29% H20 - , and 0.37% H 20+, total 99.92%. Other 
analyses in Table 2 are of similar material that is silic
ified or that contains secondary calcite or gypsum. Such 
compositions could indicate a parent glass rich in K20. 
Although high concentrations of K20 are possible in 
residual derivative continental magmas (e.g., obsidian) 

Figure 7. Scanning electron micrographs of dacitic vitric tuff 
indicating: (A), shapeless and noncrystalline aluminosilicate 
material developed from dacitic glass; (8), aluminosilicate 
material cementing glass fragments and biotite phenocryst; 
(q, c1inoptilolite (CL), plagioclase (PL), and glass (GS) par
tially cemented by the aluminosilicate material. Sample M35. 
Horizontal bar is 10 I'm in 7A and 7C, and 100 I'm in 78. 

through processes offractional crystallization (Schairer 
and Bowen, 1955; Waldbaum and Thompson, 1969; 
Yund, 1975; Morse, 1970, 1980; CarmichaeJ, 1979; 
Carmichael et aI., 1974), a genesis for this altered vitric 
tuffassociated with magmas oftrachytic or phonolitic 
character can be discarded. 

Fresh glass representative of the unaltered pyroclas-
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Figure 8. Scanning electron micrograph of clinoptilolite (CL) 
in vugs in dacitic tuff. Sample M36. Horizontal bar is I 0 ~m. 

tic material could not be found; hence, its character
istics can at best be estimated from those ofthe altered 
tuff. The volatile and more soluble components were 
presumedly lost during the quenching, cooling, and 
devitrification of the magma (Noble et al., 1967; Noble, 
1967, 1970; Nakamura, 1974; Burnham, 1979; Stew
art, 1979). The composition of the altered tuff (Table 
2) indicates that, from high to low elevations, K20 / 
Alz0 3 decreased and other ratios to Alz0 3 increased, 
suggesting a possible pattern ofleaching by which Mg, 
Ca, Fe, and Na were moved downwards. The parent 
pyroclastic material possibly had a rhyodacitic to al
kaline rhyolitic composition, less potassic and more 
silicic than sample M3 or more potassic and less silicic 
than sample PE4, which was subsequently modified by 
a hydration process that removed and replaced com
ponents by HT. The few phenocrysts of sodic plagio
clase and quartz, the alteration of glass only to 
K-feldspar, and the interstitial albite and silica min
erals suggest the alteration of a K20-rich, MgO- and 
CaO-poor glass, leaching of some components, crys
tallization ofK-feldspar, and displacement ofSiOz and 

Figure 9. Scanning electron micrographs of plagioclase in 
dacitic tuff. (A), sodic plagioclase (PL) and clinoptilolite (CL) 
crystals in vug; (B), sodic plagioclase. Sample M35. Horizon
tal bar is 10 ~m. 

NazO towards interstitial spaces to form albite and 
silica minerals. 

A second lithologic unit is represented by the ben
tonitic tuffs which underlie the altered vitric tuff(Figure 
2). This facies is characterized by green and pink ben
tonitic tuffs (samples PE2, PEI , NA22, NA23, NA24, 
M4, MS, MI5, and CUl3 in Tables I and 2), which 

Table 3. Mineralogy of dacitic vitric tuffs of the La Zorra Formation, Durango. I 

Sam-
Mineralogy (wt. %) 

pIe Elevation (m) Lithology GL PL CR CL Q HA MT BI AV OL 

M37 1635 b 65 5 20 10 
M38 1634 vtd 50 5 45 
M36 1558 vtd 50 5 35 10 
M35 1557 vtd 50 25 10 15 
M33 1553 vtd 50 10 30 10 
M34 1515 vtd 50 20 10 3 5 5 5 2 
C21 1465 vtd 50 25 10 10 5 
C30 1435 vtd 50 25 5 15 5 
C31 1420 vtd 50 20 5 20 5 

I Weight percentages estimated from megascopic, optical, X-ray powder diffraction, and scanning electron microscopy 
studies. b, basalt; vtd, vitric tuff, dacitic; GL, Glass; PL, Plagioclase; CR, Cristobalite; CL, Oinoptilolite; Q, Quanz; HA, 
Halite; MT, Montmorillonite; BI, Biotite; AV, Augite; OL, Olivine. 
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Figure 10. Scanning electron micrograph of halite (H) in 
dacitic tuff. Sample M34. Horizontal bar is 10 /Lm. 

are very fine grained, plastic, and possess a relict vi
troclastic texture. The essential component is mont
morillonite (Figure 6), which occurs as thin, curved, 
delicate crystallites; the montmorillonite coexists with 
minor phenocrysts of sanidine, sodic plagioclase, quartz, 
and oxybiotite and rock fragments. The bentonite in 
contact with the overlying altered tuff is green, 50-cm 
thick, and has a sanidine and chalcedony content great
er than the underlying pink bentonite, which is exposed 
4-6 m above a concealed lower contact. 

The chemical composition of these bentonitic tuffs 
is best represented by samples PEl pink and M4 green 
(Tables 2 and 5). They contain, respectively, 5.28 and 
4.14% MgO and 0.55 and 1.11% K 20, as opposed to 
the nil MgO and very high K 20 contents of the over
lying altered vitric tuff. The contents of CaO, Na20, 
and Si02 are similar. Such compositions suggest a par
ent vitroclastic material of rhyodacitic composition, 
possibly deposited in a stagnant lacustrine environ
ment rich in Mg. The hypothesis suggested for the al
teration ofthe overlying altered tuffby descending so
lutions remains possible, but the very high MgO and 
the low K 20 and Na20 contents of the underlying ben
tonite could suggest that these two lithologic units could 
represent two different vitroclastic parent materials, 

Table 5. Characteristics of the bentonitic tuffS.1 

Bentonitic tuff 

Characteristic PEl pink M4 green 

Chemical composition (wt. %) 

Si02 60.96 62.55 
A120 3 14.49 17.20 
Fe20 3 1.49 1.89 
Cao 0.74 0.73 
MgO 5.28 4.14 
Na20 1.62 2.59 
K20 0.55 1.11 
Ti02 0.15 0.17 
H 2O- 8.77 3.23 
H 2O+ 5.87 5.44 
Total 99.92 99.05 

Cation-exchange capacity (meqllOO g) 65 64 

Cation exchange 
Ca2+ 20 15 
Mg2+ 30 20 
Na+ 2.7 4.1 
K+ 2.6 1.0 

Mineralogy (wt. %) 

Montmorillonite 85 85 
Quartz 15 
Sanidine 10 
Albite 5 

I Chemical composition determined by wet chemistry and 
X-ray fluorescence. Other characteristics determined by the 
procedures indicated in the text. 

one of which may have been deposited in a stagnant, 
Mg-rich lacustrine environment. 

The third lithologic unit is represented by the dacitic 
vitric tuffofthe La Zorra Formation, which crops out 
at elevations 1420-1634 m (Figure 2) south and west 
of Cuencame. This tuff is brown, fine to medium 
grained, and hypocrystalline. It contains (Table 3) about 
50% glass (Figure 7), 3-45% authigenic clinoptilolite 
(Figures 7C and 8), and 5-25% intermediate to sodic 
plagioclase (Figure 9) of pyrogenic and authigenic 
origins; well-crystallized halite occurs at an elevation 
of 1515 m (Figure 10). An average composition of the 
dacitic tuff (Table 4) is 65.73% Si02, 13.56% A120 3, 

Table 4. Chemical composition of dacitic vitric tuffs of the La Zorra Formation, Durango. 1 

Sam-
Composition (wt. %) 

pie SiOz Al 2O.l FezO) Cao MgO Na20 K,O Ti02 H,O H,O' a Total 

M37 52.13 17.72 7.70 8.67 4.23 3.26 1.23 1.24 1.13 2.13 99.44 
M38 66.17 13.52 1.32 2.67 1.93 2.16 2.02 0.19 3.46 6.36 99.80 
M35 66.23 15.62 2.36 2.63 1.61 2.91 2.86 0.47 1.60 3.44 99.73 
M33 62.54 13.87 2.00 2.29 1.30 1.79 3.20 0.51 3.96 5.47 96.93 
M34 70.66 13.23 1.71 2.11 0.94 2.15 1.24 0.55 3.81 3.24 0.22 99.86 
C21 68.80 13.19 2.41 2.59 1.13 2.10 2.82 0.40 2.78 3.76 99.98 
C30 68.66 13.08 1.93 3.09 0.81 2.18 2.72 0.36 2.16 4.53 99.52 
C31 70.12 11.72 2.21 1.85 0.78 2.13 2.54 0.26 1.93 3.08 96.62 

I Chemical analyses by X-ray fluorescence, except Na20, Cl, and H 20 by wet chemistry. 
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Table 6. Characteristics of the montmorillonite materials. 1 

Characteristic 

Chemical composition (wt. %) 

Si02 

Al20 3 

CaO 
MgO 
Na,O 
K,O 
H,O-
H,O+ 
Total 

Cation-exchange capacity 
(meq/100 g) 

Cation exchange 
CaB 
Mg1+ 
Na+ 
K+ 

Particle size distribution (%)1 
97 
71 
60 
48 

Structure 
Charge site 
Interlamellar charge 

(esulcm' x 10-4) 
Interlamellar complexes 
Surface acidity 
Interlayer area (A.l/ion) 

Formula 
PEI: 

Montmorillonite 

PE! pink M4 green 

53.74 58.08 
17.96 20.94 
0.92 0.89 
6.54 5.04 
2.01 3.15 
0.68 1.35 

10.86 3.93 
7.27 6.62 

99.98 100.00 

65 64 

20 15 
30 20 

2.7 4.1 
3.6 1.0 

<12.20/Lm 
<1.22 
<1.04 
<0.62 

dioctahedral 
tetrahedral 

8.35 5.94 
one-, two-layer 

Lewistype 
119.73 168.27 

(Si3.88Alo. I ,)(Al '41 M80.59)OIO(O HMCao01M80.'1 NaO.2.Ko.06) 
M4: (Si,.86Alo.,4)(Al1.5oM80.5o)OIO(OH)2(Cllo.o6Nao4oKo,,) 

I Chemical composition determined by wet chemistry and 
X-ray fluorescence. Particle size distribution in percentage of 
particles of diameter less than indicated size in /Lm. Particle 
size, structure, charge site, complexes, and surface acidity are 
the same for both materials. 

2.07% Fe20 3, 2.49% CaO, 1.38% MgO, 1.61% Na20, 
2.69% K 20, 0.41 % Ti02 , 3.63% H 20-, and 5.39% H 20+. 
Local olivine and augite basalt flows (sample M37, 
Tables 3 and 4) also occur in this facies. 

The diagenetic alteration recognized in this dacitic 
tuff is different from that found in the two lithologic 
units described above. In the dacitic tuff, the glass was 
leached to a noncrystalline aluminosilicate material 
(Figure 7), which cemented components. Clinoptilolite 
apparently crystallized from the leached glass (Figures 
7 and 9) or from solutions (Figure 8). 

Thus, three diagenetic facies have been recognized 
in the rhyodacitic to rhyolitic tuffs of the Vizcarra For
mation and in the dacitic tuffs of the La Zorra For
mation in the area ofCuencame-Lagunilla-Pedricena
Rodeo. The younger dacitic pyroclastics ofthe La Zorra 
Formation were deposited on high, dry ground and 

then leached by percolating solutions from which was 
formed a noncrystalline aluminosilicate phase; clinop
tilolite crystallized from leached glass. Halite probably 
crystallized from saline waters. The rhyodacitic pyro
clastics of the Vizcarra Formation which were depos
ited in lacustrine waters reacted to form high-Mg mont
morillonite. The pyroclastics deposited on dry ground 
overlying the bentonitic tuffs were altered to essential 
K-feldspar associated with minor albite and silica min
erals. 
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