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ABSTRACT

This paper presents the occurrence, mineralogy and process of 
formation of CaK-clinoptilolite, KNa-chabazite, KNa-heulandite, 
KNa-erionite and Na-phillipsite in pyroclastic rocks from the Calvillo-
Jalpa-NochixtlÆn area in the Province of the Mesa Central, Mexico. 
CaK-clinoptilolite, (Si30.600-30.150Al5.760-5.220)(Ca1.890-1.800K1.080-0.810Mg0.540-0.450)
O72, of 5.04�5.86 Si/Al, 0.83-0.86 Si/(Si+Al) and 0.26�0.31 (Na+K)/
(Na+K+Ca+Mg) ratios, free of Na, crystallized from siliceous alkaline 
pore fluids and glasses of composition (Si0.890-0.825Al0.202-0.102)(K0.072-

0.020Ca0.020-0.010Fe0.050-0.010)O2 in tuffaceous rocks northeast of Jalpa. KNa-
heulandite, (Si28.080Al8.010)(K4.680Na2.250Ca0.270Fe0.180)O72, KNa-chabazite, 
(Si9.210-9.000Al3.090-2.940)(K0.750-1.180Na0.360-1.260Ca0.150-0.030Fe0.210-0.090Mg0.380-0.210)
O24, NaK-erionite, (Si27.990Al7.830)(K2.000)(K4.210Na1.620Ca0.090Fe0.090

Mg0.180)O72, and Na-phillipsite, (Si12.080Al3.920)(Na3.160K0.240Ca0.160Fe0.040)
O32, of 2.91-3.57 Si/Al, 0.74-0.78 Si/(Si+Al) and 0.72-0.97 (Na+K)/
(Na+K+Ca+Mg) ratios, dominant exchange cations K and Na, formed 
from siliceous alkaline high-pH fluids and glasses of composition 
(Si0.910-0.833Al0.170-0.092)(K0.101-0.050Na0-0.033-0.027)O2 in tuffs northwest of 
NochixtlÆn. The zeolites were formed in the Jalpa area by diagenetic 
alteration of the tuff; in the NochixtlÆn area, enrichment of Na and 
formation of alkali-rich zeolites was attributed to alkaline saline 
brines in an open hydrologic system. They occur in Oligocene � early 
Miocene tuffaceous rocks associated to the volcanism of the Sierra 
Madre Occidental, exposed in the Calvillo�Jalpa�NochixtlÆn area in 
the states of Aguascalientes and Zacatecas, in the Province of the Mesa 
Central, Mexico. 
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RESUMEN

Este trabajo presenta la ocurrencia, mineralogía y proceso de 
formación de CaK-clinoptilolita, KNa-chabazita, KNa-heulandita, 
KNa-erionita y Na-phillipsita en rocas piroclasticas del área de 
Calvillo-Jalpa-Nochixtlán, en la Provincia de la Mesa Central, 
México. CaK-clinoptilolita, (Si30.600-30.150Al5.760-5.220)(Ca1.890-1.800K1.080-

0.810Mg0.540-0.450)O72, de relaciones 5.04–5.86 Si/Al, 0.83-0.86 Si/(Si+Al) y 
0.26–0.31 (Na+K)/(Na+K+Ca+Mg), libre de Na, cristalizó de fluidos 

de poro silícicos alcalinos y vidrios de composición (Si0.890-0.825Al0.202-0.102)
(K0.072-0.020Ca0.020-0.010Fe0.050-0.010)O2 en tobas al noreste de Jalpa. 
KNa-heulandita,  (Si28.080Al8.010)(K4.680Na2.250Ca0.270Fe0.180)O72, 
KNa-chabazita, (Si9.210-9.000Al3.090-2.940)(K0.750-1.180Na0.360-1.260Ca0.150-0.030

Fe0.210-0.090Mg0.380-0.210)O24, NaK-erionita, (Si27.990Al7.830)(K2.000)
(K4.210Na1.620Ca0.090Fe0.090Mg0.180)O72, y Na-phillipsita, (Si12.080Al3.920)
(Na3.160K0.240Ca0.160Fe0.040)O32, de relaciones 2.91-3.57 Si/Al, 0.74-0.78 Si/
(Si+Al) y 0.72-0.97 (Na+K)/(Na+K+Ca+Mg), cationes intercambiables 
dominantes K y Na, cristalizaron de f luidos de poro silicicos 
alcalinos de alto pH y de vidrios de composición (Si0.910-0.833Al0.170-0.092)
(K0.101-0.050Na0-0.033-0.027)O2 en tobas al noroeste de Nochixtlán. Las zeolitas 
se formaron, en Jalpa, por diagenesis de la toba; en Nochixtlán, el 
enriquecimiento de Na y la formación de zeolitas alcalinas se atribuye 
a la acción de salmueras alcalinas salinas, en un sistema hidrológico 
abierto. Las zeolitas ocurren en tobas del Oligoceno – Mioceno temprano 
asociadas al volcanismo de la Sierra Madre Occidental y expuestas 
en el área de Calvillo–Jalpa–Nochixtlán, estados de Aguascalientes y 
Zacatecas, en la Provincia de la Mesa Central, México.
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INTRODUCTION

This paper presents the occurrence, mineralogy and process of 
formation of alkali-rich zeolites in volcanoclastic deposits in the states 
of Zacatecas and Aguascalientes in the Province of the Mesa Central, 
MØxico. Alkali-rich zeolites are a not so common rarity, opposed to the 
widely distributed sedimentary zeolites clinoptilolite-heulandite and 
mordenite of CaKNaMg-exchange components. Alkali-rich zeolites 
have not been reported previously in Mexico. Known deposits of sedi-
mentary zeolites in Mexico are mostly of clinoptilolite-heulandite, in 
the state of Oaxaca in the Province of the Sierra Madre del Sur (Wilson 
and Clabaugh, 1970; Mumpton, 1973; de Pablo, 1986), in the vicinity 
of Guanajuato and San Miguel de Allende in the Province of the Mesa 
Central (de Pablo et al., 1996), in the Mexican Volcanic Belt (de Pablo 
and Chavez, 1996) and in the state of Sonora in the Basin and Range 
Province (Münch and CochemØ, 1993; Münch et al., 1996). Extensive 
deposits of sedimentary zeolites are known in western United States, 
in the states of Arizona, California, Nevada and Oregon (Passaglia 
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and Franco, 1976; Passaglia and Vezzalini, 1985) but similar to the 
sedimentary calcic chabazite from the John Day Formation, Oregon 
(Sheppard and Gude, 1970; Passaglia and Sheppard, 2001) and to 
chabazite from the Big Sandy Formation, Arizona (Sheppard and 
Gude, 1973). Chabazite of 0.78 R ratio has been observed in rhyolitic 
tuffs and a ratio R of 0.77 is known for chabazite from �closed systems� 
(Sheppard et al., 1978). 

Erionite of 3.57 Si/Al, 0.78 R and 0.97 alkali ratios, DEC K, Na, 
SEC Mg, Ca, occurs in bundles of prismatic crystals in vesicles (Figure 
4h, composition 11.23.1 in Table 5). The R ratio of this erionite is 
within the range of 0.79�0.68 common to sedimentary erionite but, 
whereas its exchange cations are K and Na, the general rule is to have 
K and Ca and rarely Na as exchangeable cations (Passaglia et al., 1998; 
Passaglia and Sheppard, 2001). This erionite  has the  composition 
K6.21Na1.62Ca0.09Mg0.18(Al7.83Si27.99)O72, more potassic than the erionite-K, 
K4Na2Ca(Al8Si28)O72, from Rome, Oregon (Ballinaro et al., 2009) and 
distinct from the erionite-Ca and erionite-Na from the erionite series 
(Dogan and Dogan, 2008). 

Phillipsite amygdaloidal of 3.08 Si/Al, 0.76 R and 0.95 alkali ratios, 
DEC Na, K, SEC Ca, an unusually high content of 0.79 Na+ per 8O2- 
and almost no K+, (Ca+Mg)/(Na+K) 0.047, Na/(Na+K) 0.93 (Figure 
4i, compositions 11.20.1 Table 5) occurs in vugs; its composition ap-
proaches that of analcime (Passaglia and Sheppard, 2001).

Heulandite thick slabs and blocky crystals of high cationic and 
low Si contents have 3.51 Si/Al, 0.78 R and 0.96 alkali ratios, 0.32 Na/
Na+K, Na+K>Ca+Mg, DEC K, Na, SEC Ca (Figure 4d, composition 
11.24.4 in Table 5). The R ratio is normal for heulandite in sediments; 
a ratio of 0.85 is known for mineral from rhyolitic tuffs of Canadon 
Hondo, Argentine (Mason and Sand, 1960); the alkali ratio ranges 
from 0.07 in sedimentary crystals from silicic volcanic sandstone 
of the Baucarit Formation, Mexico (Münch and CochemØ, 1993) to 
1.0 in crystals from a burial diagenetic clay-rich horizon in a chalk 

soil from Sangstrup Klint, Denmark (Nornberg, 1990). The 0.32 Na/
Na+K ratio ranges from 0 in Na-free crystals to 0.94 in almost K-free 
crystals from Yellowstone National Park, Wyoming (Bargar and 
Beeson, 1981). Heulandite of Na+K>Ca+Mg ratios is known in samples 
from deep-sea sediments and burial diagenic sediments (Boles and 
Wise, 1978; Vannucci et al., 1992; Ogihara, 1994; Passaglia and 
Sheppard, 2001). 

Anorthoclase occurs as few rare thick crystals of defective cation 
content (Figure 4j, composition 11.17.1 in Table 5). Crystals show a 
pitted surface on which mineralized strings 1600 nm long and 350-400 
nm diameter of possible cemented glass bubbles that resemble microbes 
grew (Figure 4k, composition 11.18.1 in Table 5). Thin hexagonal 
crystallites of fayalite occur in Fe-rich glass (Figure 4l, composition 
11.15.1 in Table 5). 

The empirical formulas and the compositions of minerals are 
shown in Table 6 and Figure 5. Glasses and zeolites define composi-
tional trends (Figure 5). In the Jalpa district occur glasses of 84.67�
78.22 wt% SiO2, 8.68-4.07 Si/Al and 0.89-0.80 R ratios, framework 
modifiers K and Ca, free of Na and Mg. Clinoptilolite free of Na crys-
tallized from these glasses and pore fluids when the ratios were 5.86 
Si/Al and 0.85 R (Figure 5a). Glasses coexist with lower-temperature 
glasses of 66.04�63.16 wt% SiO2, 2.64�2.30 Si/Al and 0.70�0.72 R 
ratios, higher contents of Na and Ca and lower of K (Figure 5a). In 
the NochixtlÆn area, glasses of 91.86�81.06 wt% SiO2, free of Na, 
13.89�7.27 Si/Al, 0.93-0.88 R and 0.92-0.50 alkali ratios coexist with 
glasses of 86.98�76.74 wt% SiO2, 1.55�1.28 wt% Na2O, 9.84�4.90 Si/
Al, 0.91�0.83 R and 1.00�0.92 alkali ratios and with dacitic glasses of 
67.63�65.01 wt% SiO2, 7.09�3.17 wt% K2O, free of Na, 3.20�2.43 Si/
Al, 0.76�0.71 R and 0.60�0.43 alkali ratios. When the ratios were Si/
Al<3.57 and R<0.78 KNa-chabazite, KNa-heulandite, NaK-erionite 
and KNa-phillipsite crystallized (Figure 5b). Glasses and zeolites show 
continuous compositional correlations: diminishing contents of SiO2 

Composition (wt%)
3.4.1 3.9.1 3.9.2 3.14.1 3.14.2 3.11.1 3.37.1 3.32.2 3.34.1 3.35.1 3.38.1 3.38.2

SiO2 79.40 79.36 79.60 78.22 80.01 78.84 84.67 80.69 79.29 78.98 66.04 63.16
Al2O3 11.92 12.18 13.66 16.29 14.77 13.80 8.42 11.85 12.94 13.41 21.35 23.23
K2O 1.39 3.14 2.03 3.02 3.25 2.45 5.44 1.79 2.24 1.94 0.82 0.70
CaO 1.73 1.21 1.77 0.98 1.05 1.66 0.54 4.75 4.48 3.70 6.33 7.58
FeO 5.57 4.10 2.94 1.49 0.92 3.25 0 0 0 0 0.91 0.78
Na2O 0 0 0 0 0 0 0 0 0 0.22 4.55 4.22
MgO 0 0 0 0 0 0 0 0.91 1.04 1.72 0 0.32

Si4+ 3.39 3.40 3.37 3.30 3.37 3.35 3.56 3.40 3.35 3.33 2.90 2.79
Al3+ 0.60 0.61 0.68 0.81 0.73 0.69 0.41 0.58 0.64 0.66 1.10 1.21
K+ 0.08 0.17 0.11 0.16 0.17 0.13 0.29 0.09 0.12 0.10 0.05 0.04
Ca2+ 0.08 0.06 0.08 0.04 0.05 0.08 0.02 0.21 0.20 0.17 0.29 0.36
Fe2+ 0.20 0.15 0.10 0.05 0.03 0.12 0 0 0 0 0.03 0.03
Na+ 0 0 0 0 0 0 0 0 0 0.02 0.38 0.36
Mg2+ 0 0 0 0 0 0 0 0.05 0.06 0.11 0 0.02
O= 8 8 8 8 8 8 8 8 8 8 8 8

Si/Al 5.65 5.57 4.96 4.07 4.62 4.86 8.68 5.86 5.23 5.04 2.64 2.30
Si/(Si+Al) 0.85 0.85 0.83 0.80 0.82 0.83 0.89 0.85 0.84 0.83 0.72 0.70
Si/(Al+Fe) 4.24 4.47 4.32 3.84 4.43 4.14 8.68 5.86 5.23 5.04 2.56 2.25
alkali ratio* 0.50 0.74 0.58 0.80 0.77 0.62 0.94 0.26 0.31 0.30 0.60 0.51
Mineral gl gl gl gl gl gl gl cl cl cl gl gl

*Alkali ratio = (K+Na)/(K+Na+Ca+Mg), gl: glass, cl: clinoptilolite. 

Table 3. Composition of minerals from sample 3. 












