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ZEOLITE REACTIONS IN THE TUFF ACEOUS SEDIMENTS 
AT TEELS MARSH, NEVADA 
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Abstract-The most prominent authigenic reaction in Holocene tuffaceous sediments at Teels Marsh, Ne­
vada, is the hydration of rhyolitic glass by interstitial brines and the subsequent formation of phillipsite. 
This reaction has the form : rhyolitic glass + H20 ..... hydrous alkali alumninosilicate gel ..... phillipsite . Phil­
lipsite is the most abundant authigenic phase in the tuffaceous sediments (> 95%), analcime is the next most 
abundant phase, and clinoptilolite occurs as a trace mineral in the < 2-mm fraction . Analcime forms by the 
reaction ofphillipsite and Na+. Gaylussite and searlesite also are common authigenic phases at Teels Marsh. 
The concentration of silica in the interstitial brines is controlled by one or more of the authigenic reactions 
at less than 100 ppm. A stoichiometric equation for the reaction of phillipsite to analcime at Teel s Marsh 
is: 

0.43Na+ + KO.43Nao.57AISi3.,O •. 2·3.2H20 ..... NaAISi.O. ·H20 + I.lH.SiO. + 0.43K+. 

Sodium and potassium activities of brines associated with both phillipsile and analcime were used to es­
timate the equilibrium constant for this reaction as 3.04 x 10-5. The Ll.Go value for the reaction is +6.2 
kcallmole at 25°C and I atm pressure . The estimated Ll.GO value ofphillipsite , using this reaction , is -1072 .8 
kcallmole at 25°C and I aim. 
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INTRODUCTION 

Studies of zeolites in saline-lake environments have 
examined the alkalic zeolites (phillipsite, c1inoptilolite, 
erionite, mordenite, and chabazite) that commonly 
form by the reaction of volcanic glass with saline, al­
kaline solutions (Sheppard and Gude, 1968, 1%9, 1973 ; 
Hay , 1%6, 1970; Surdam and Parker, 1972; Surdam and 
Eugster, 1976). Investigations of ancient alkaline lake 
deposits have established paragenetic sequences for 
the formation of alkalic zeolites from volcanic glass 
(Surdam and Sheppard, 1978) . However, a complete 
understanding of the reactions between the volcanic 
glass and the saline, alkaline solutions requires some 
knowledge of the initial composition of the glass and 
composition of the reacting solutions. Surdam and 
Eugster' s (1976) study of modern and ancient environ­
ments at Lake Magadi, Kenya, documented several 
zeolitic reactions and provided data for the reaction 
between volcanic glass and saline, alkaline brines. 

The present study concentrated on reactions taking 
place in the upper ash bed at Teels Marsh, Mineral 
County, Nevada (Figure I) . This ash bed generally oc­
curs approximately 30 cm below the surface and varies 
in thickness from 1.3 to 5.1 cm. Teels Marsh is similar 
to Lake Magadi in that it is also a modern saline, al­
kaline-lake environment, and it contains tuffaceous 
sediments. It is a typical discharge playa with interior 
drainage of both ground water and surface water. Teels 

I Present address: Mobil , P.O. Box 5444, Denver, Colorado 
80217. 
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Marsh represents an almost ideal natural l aboratory in 
which to study the reactions between volcanic glass and 
alkaline brines because of its limited areal extent (21 
km2)(Drew, 1969) and because the geology (Ross, 1961) 
and water chemistry (Everts, 1969; Smith , 1974; Smith 
and Drever, 1976) have been studied extensively. The 
purpose of this report is to describe the reactions taking 
place in the tuffaceous sediments a t Teels Marsh and 
to provide a better understanding of the reactions that 
can occur between volcanic glass and saline, alkaline 
solutions. 

Previous work 

Two theses from the University of Wisconsin have 
added significantly to understanding Teels Marsh. C. 
H. Everts (1969) described the evolution of the brines 
at Teels Marsh in detail. Everts drilled 28 holes to ap­
proximately 40 feet each, and P. A. Drew studied sev­
eral cores from this drilling. Drew' s investigation in­
volved iron-sulfur-carbon reactions in the playa and the 
correlation to stratigraphic color changes. Drew (I %9) 
also identified c1inoptilolite in the lowermost ashes at 
Teels Marsh. 

GENERAL GEOLOGY 

Teels Marsh is located in a block-faulted valley typ­
ical of the Basin and Range geomorphic province. De­
tailed geological studies of Teels Marsh were made by 
Vanderburg (1937) , Ferguson et al . (1954) , and Ross 
(1961 , see Figure 1). The west-southwest trending Ex­
celsior Range is to the north of Teels Marsh , and Ter­
tiary age intermediate to felsic volcanic rocks form the 
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Figure 1. Generalized geologic map of the area surrounding 
Teels Marsh, Nevada; "M" indicates areas of mineralization 
(after Ross, 1961). 

mountains to the south. The surrounding mountains 
provide solutes to the basin. The average precipitation 
in the mountains is higher than the 15 cm/yr for the val­
ley floor, and the high evaporation rate of 127 cm/yr 
(Everts, 1969) yields a high evaporation to inflow ratio 
which is typical for an ephemeral lake such as Teels 
Marsh (Hardie et al., 1978) . 

The closed basin in which Teels Marsh is located fits 
the general description of the characteristics of the sa­
line lake deposits of Hardie et al. (1978). The "sub­
environments" found at Teels Marsh as described by 
Hardie et al. (1978) are: (I) alluvial fan , (2) sandflat, 
(3) dry mudflat , (4) ephemeral saline lake , (5) dune field , 
and (6) springs. 

Source of the upper ash bed 

Although the upper ash bed at Teels Marsh has not 
been dated, its age may be estimated and a source sug­
gested. Hay (1966) cited a Cl4 date of gaylussite from 
Teels Marsh at 10,760 ± 400 years B.P. The gaylussite 
was collected from a depth of 5.5 m which is 1.2 m be­
low the lowest tuff indicating possible zeolitization in 
the lowest tuff in less than 10,000 years. Hay suggested 
an age for the uppermost ash bed of about 1000 years. 
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Figure 2. Map showing ash , sediment , and spring locations 
at Teel s Marsh, Nevada. 

This age can be correlated to the ages of recent volcan­
ism in the vicinity of Teels Marsh. Wood (1977) de­
scribed a tephra having an age of 1190 ± 80 B.P. that 
is associated with the Mono Craters in southeastern 
California. Although the easternmost extent of this 
tephra has not been determined , Wood suggested that 
it may extend into the Great Basin. He reported several 
tephras as far east as Hawthome, Nevada, 48 km north­
west of Teels Marsh, but these have not yet been pos­
itively correlated with the tephra Z that he described. 
Based on age association, this tephra could be the same 
as the upper ash bed at Teels Marsh. Wood suggested 
that Panum Crater, 68 km southeast of Teels Marsh, is 
the most likely source of this tephra. The age and geo­
graphical location also indicate that Panum Crater is the 
most likely source for the upper ash bed at Teels Marsh. 

SAMPLING AND SAMPLE LOCATIONS 

Samples were obtained from 24 locations spaced at 
305-m intervals along 4 traverses (see Figure 2) . At each 
sample location, a shallow pit (1-2 m deep) was dug 
exposing the upper ash bed. Samples from the ash bed, 
the sediment above, and the sediment below the ash 
bed were collected in plastic pipe 15.5-cm long and 6.5 
cm in diameter. The interstitial brine was squeezed into 
a syringe using a technique similar to that described by 
Smith (1974) . The brine was squeezed in the original 
plastic cylinder so that contact with the atmosphere 
was held to a minimum. The pH and the temperature 
of the brine were recorded as it was being squeezed into 
the syringe . The pH was measured using a Sargent­
Welch S-30070-1O Glass Combination Electrode. The 
squeezing apparatus included two 0.45-mm Millipore 
filters which filtered the brine before it entered the sy­
ringe . The samples were transferred from the syringe 
directly into plastic bottles and sealed with plumber's 
tape . Samples A-F were squeezed in the field ; how­
ever , due to adverse surface conditions on the playa, 
samples G-X were sealed in plastic pipe and refriger-
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ated until they were squeezed. All samples were 
squeezed within 12 hr of collection. Eighteen samples 
were collected in March 1977, and the remaining 54 
samples were collected in June 1977. Samples of sev­
eral springs along the fringes of the lake were also col­
lected in l-liter polyethylene bottles. The temperature 
and pH of the samples were measured in the field, and 
the samples were then sealed until analysis. 

ANAL YTICAL METHODS 

All ash samples were examined by standard X-ray 
powder diffraction (XRD) methods (Carroll, 1970) us­
ing a GE XRD-5 instrument and Ni-filtered CuKa ra­
diation. The clay mounts were made using the mem­
brane-peel technique of Drever (1973). Selected 
samples were also examined in thin sections and by 
scanning electron microscopy (SEM) using a JEOLCO 
instrument. The amount of calcium carbonate in the 
sediments was determined by a colorimetric method 
using acid decomposition (S. W. Boese, Department of 
Geology, University of Wyoming, Laramie, Wyoming, 
personal communication). Near-monominerallic sepa­
rates for chemical analysis were prepared by gravity 
separation, using diluted heavy liquids. XRD patterns 
and optical examination in immersion oil showed less 
than 5% impurities in these fractions; however, correc­
tions were not made for these impurities. 

The major elements, total Fe, Ca, Na, Mg, K, and 
AI, were determined using a Perkin Elmer Model 403 
A to mic Absorption Spectrophotometer. Alkalinity, as 
defined by Stumm and Morgan (1970), was measured 
in the brine by titration with 0.0206 M HCl using a 
Brinkman (Metrohm) Automatic Titrator. A Buchler­
Cotlove Chloridometer Automatic Titrator was used to 
determine the amount of chloride. Fluoride was deter­
mined using an Orion fluoride ion selective electrode. 
A colorimetric procedure (American Public Health As­
sociation, 1971) was used to determine phosphate using 
a Varian 6350 UV-VIS spectrophotometer. Boron 
was determined by titration with NaOH and Mannitol 
(Jeffery, 1970). Silica was determined colorimetrically 
(Fanning and Pilson, 1973) and sulfate was determined 
by X-ray fluorescence. 

Estimates of the precision for the various techniques 
are as follows: (1) sediments and ash beds (absolute 
precision), Mg and Ca = ±0.03%; Si02 = ±0.2%; 
Al = ±0.2%; Fe, Na, and K = ±0.1%; inorganic cal­
cium carbonate = ±0.05%; (2) brine samples (relative 
precision), Na, Cl, alkalinity, and C03 = ±1%; K = 
±2%; Ca = ± 10%; Mg and HC03 = ±5%; Si02 and 
P = ±2%; F and B = ±5%; and Al = ± 1 ppm; (3) 
water samples, K, Ca, and Si02 = ±2%; Na, Cl, al­
kalinity, HC03, and P = ±1%; Mg, F, and B = ±5%; 
and pH = ± 1. Charge balance for all samples, except 
those specified, is within 5%. Brine and sediment sam­
ples A-F and all spring samples were analyzed by S. 

W. Boese. All other samples were analyzed by the au­
thors under his direction. 

WATER CHEMISTRY 

Table I gives the compositions of the interstitial 
brines that are associated with the tuffaceous sediments 
at Teels Marsh. Table 2 gives the composition of the 
springs, surface waters, lake brines, and interstitial 
brines that are associated with nontuffaceous sedi­
ments at Teels Marsh. The chemistry ofthe springs was 
discussed by Smith and Drever (1976), and the brine 
chemistry and the evolution ofthe brines were discussed 
by Everts (1969) and Smith (1974). Discussions on the 
evolution of the brines similar to those found at Teels 
Marsh can be found in Jones (1966), Garrels and Mac­
kenzie (1967), Hardie and Eugster (1970), and Eugster 
(1970). Smith (1974) also described the distribution and 
the controls on the trace elements in the brines at Teels 
Marsh. 

The brines are essentially sodium chloride waters 
with carbonate and sulfate the next most abundant con­
stituents. The pH in the brines ranges from 9.0 to 10.1, 
and the total dissolved solids have a wide range from 
20,000 to 300,000 mglliter. The density of the brines 
ranges from 1.01 to 1.22 glcm3. The activity of sodium 
in the brines was determined using a specific-ion elec­
trode. Figure 3 shows a map of the distribution of total 
dissolved solids at Teels Marsh. The distribution in this 
map is similar to the concentric pattern of the total dis­
solved solids during 1972-1973 (Smith, 1974). The gen­
eral trend is one of increasing concentration into the 
center of the lake as would be expected in a closed basin 
where evaporation exceeds inflow. The chemistry of 
the intersitial brines is controlled by evaporative con­
centration and the precipitation of minerals from so­
lution (Smith, 1974). 

Everts (1969) suggested three stages in the evolution 
of the brines: (1) Hydrolysis of silicates from silica-rich 
volcanic and granitic rocks releases alkali and alkaline 
earth cations and bicarbonate. The bicarbonate then 
precipitates along with Ca and Mg near the playa mar­
gin using the mechanism previously suggested; (2) The 
loss of some sulfate takes place by evaporative precip­
itation ofburkeite [Na6(C03)(S04hJ or by the reduction 
of sulfate to sulfide in the muds by bacteria; (3) Halite 
and other alkali chlorides precipitate. This evolution 
scheme seems to fit the path ofa sodium/carbonate/sul­
fate/chloride-rich brine of Eugster and Hardie (1978). 

In summary, the brines in the Teels Marsh basin are 
very rich in Na, bicarbonate-carbonate,chloride, and 
sulfate, but they are conspicuous by the near absence 
of Ca and Mg. 

MINERALOGY 

The mineralogy of the tuffaceous· ro·cks and mud­
stones at Teels Marsh can be characterized by several 
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Table I. Composition of the interstitial brines associated with the tuff bed (mglliter). 

Sample Temp. Field Lab 
number ('C) pH pH SiO, Na+ 

2A 24 9.2 9.25 52 60,000 
28 17 9.8 9.65 54 80,000 
2C 13 9.9 9.70 61 70,000 
2D 20 9.7 9.70 66 114,000 
2E 20 9.85 9.70 52 94,000 
2F 19 9.5 9.60 63 108,000 
2G 34 9.25 9.10 72 38,000 
2H 32 9.6 9.50 44 112,000 
21 32 9.7 9.45 68 94,000 
2J 30 9.7 9.50 65 96,000 
2N 30 10.1 9.75 95 66,000 
20 29 9.7 9.55 67 112,000 
2P 27 10.0 9.65 42 106,000 
2Q 28 9.6 9.45 52 116,000 
2V 27 9.6 9.50 75 102,500 
2W 27 9.6 9.50 55 104,000 
2X 29 9.7 9.45 68 110,000 

Sample 
number CI- F- B PO,'-

2A 79,500 125 470 0 
28 91,600 235 440 384 
2C 85,600 228 270 398 
2D 114,000 465 360 657 
2E 104,000 330 310 588 
2F 124,000 420 440 636 
2G 52,700 110 214 66 
2H 131,000 223 719 1318 
21 116,000 235 505 800 
2J 107,000 245 427 508 
2N 52,200 225 466 348 
20 115,000 250 893 1049 
2P 93,000 405 816 627 
2Q 118,000 310 816 710 
2V 122,000 350 583 1017 
2W 120,000 330 544 786 
2X 124,000 250 699 800 

groups of minerals: (1) detrital silicates, (2) saline min­
erals, (3) calcite, dolomite, and gypsum, (4) quartz, (5) 
seariesite, and (6) authigenic zeolites. Table 3 shows 
the distribution of the mineral assemblages that are as­
sociated with the tuffaceous rocks at Teels Marsh. Na­
rich plagioclase and microcline are the two common 
detrital silicates at Teels Marsh. The sources of these 
silicates are probably the andesite, felsic rhyolite, and 
quartz monzonite in the area. The clay minerals at Teels 
Marsh are illite, montmorillonite, chlorite, kaolinite, 
and mixed-layer clays that probably formed by the 
weathering of silicates (Smith, 1974), although some of 
the clays may be authigenic. 

The saline minerals at Teels Marsh are generally ef­
florescent crusts formed from the brines through evap­
orative concentration. These minerals are halite, trona, 
burkeite, and mirabilite, with halite being the dominant 
saline mineral. Crystal casts of halite also are present 

Total 
alkalinity 

K+ HCO,- COl- SO,l- (meqlliter) 

1720 ° 110O 45,700 37 
2160 866 7690 13,100 271 
1820 2400 7650 9910 294 
3180 4940 19,200 19,000 721 
2800 4450 13,100 10,000 510 
3040 4950 14,500 11,400 564 
2520 2790 1540 4390 97 
6200 2470 14,800 14,900 534 
3460 6220 11,300 10,200 479 
3700 6220 11,300 22,900 479 
3176 3110 16,400 16,500 598 
6250 0 15,100 24,600 503 
3300 622 19,800 30,600 670 
4100 0 14,800 30,600 493 
2690 6 10,400 15,900 347 
2490 3100 10,700 12,300 407 
3680 622 13,200 20,000 450 

Total dis-
solved solids Density Chg. ba!. 

AI (ppm) (glcm") error aNa-l-

<1 189,000 1.12 <5 29,670 
<1 197,000 1.14 <5 42,780 

2.8 178,000 1.13 <5 33,810 
<1 276,000 1.20 <5 64,480 
14 230,000 1.18 <5 49,680 
12 267,000 1.20 <5 63,710 

<1 102,000 1.04 <5 13,800 
<1 284,000 1.21 <5 54,740 

0.83 243,000 1.18 <5 40,480 
1.25 248,000 1.18 <5 40,700 
0.5 160,000 1.14 <5 18,860 
0.38 275,000 1.20 <5 39,790 
1 255,000 1.19 <5 36,800 

<1 285,000 1.22 <5 44,390 
0.63 256,000 1.20 <5 42,320 

<1 254,000 1.18 <5 42,320 
<1 273,000 1.20 <5 43,240 

in the mudstones. Gaylussite (Na2C03 'CaC03 '5H20) 
occurs at Teels Marsh, generally as rhombs (Figure 4) 
in the sediment samples. 

Calcite, dolomite, and gypsum were identified in sev­
eral samples. Some of the calcite may be detrital, but 
most of it, along with the dolomite and gypsum, prob­
ably precipitated near the alluvial fans and at the edge 
of the lake (Smith and Drever, 1976). Calcite rhombs 
were observed in thin sections of some of the ash sam­
ples. Quartz is ubiquitous in the samples from Teels 
Marsh and is associated with the authigenic zeolites. 
Searlesite (NaBSi20 6 ' H20) also occurs at Teels Marsh 
mainly in the mudstone, although traces are in the up­
per ash bed. 

The authigenic zeolites at Teels Marsh are phillipsite, 
analcime, and clinoptilolite. The distribution of phillip­
site and analcime at Teels Marsh is shown in Figure 5. 
Phillipsite in the form of laths (Figure 6) is the predom-
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Table 2. Composition of springs, surface water, lake brines, and interstitial brines (mg/liter). 

Sample Temp. Field Lab SiO. Na+ K + HCO, - CO,'- SO/ -
number (OCl pH pH (mg/liter) (mg/liter) (mg/liter) (ppm) (ppm) (mg/titer) 

Springs 
SI 12 7.65 70 240 22 109 176 
SI 14 7.50 75 320 36 161 182 
S3 14 8.20 59 2040 51 750 22 754 
S4 16 8.25 66 330 10 49 4.0 225 
S5 14 8.25 79 290 14 51 3.0 199 
S6 12 8.25 16 280 29 406 564 
S7 8 8.55 29 580 71 738 22 38 
S8 18 8. 15 40 490 56 781 179 
S9 14 8.70 79 200 27 263 11.0 83 

Surface water 
SI 9.05 43 2800 124 214 680 
SII 9.2 42 1800 56 94 453 

Lake brines 

B 9.40 38 88,000 2300 12,220 8060 11,400 
G 9. 15 54 24,000 1240 2706 2990 
I 9.5 50 124,000 3660 2477 15 ,800 14,990 
J 9.5 53 116,000 3900 1861 15 ,800 20,000 
K 9.5 40 82,000 6300 3099 9455 11,200 
N 9.6 48 69,000 4000 1238 12 ,590 14,700 
Z 9.8 95 11,000 663 1891 1420 

Interstitial brines 
lA 20 9.1 9 .05 66 82,000 1720 1340 32 ,500 
3A 22 9.2 9 .25 76 62,000 2320 1440 20,500 
1B 17 9.8 9.60 74 84,000 1280 1340 8000 14,800 
3B 15 9.8 9.60 43 76,000 2140 1950 6420 7010 
1C 14 9.7 9.60 76 90,000 2420 2500 10,900 8420 
3C 14 9.9 9.65 56 72,000 2060 1950 7690 5760 
10 20 9.55 9.70 88 108,000 3180 3840 18,100 11,300 
3D 20 9.7 9.55 37 98,000 3080 5920 12,700 11,900 
lE 19 9.8 9.70 66 108,000 3240 5800 14,500 9060 
3E 20 9.8 9.60 36 100,000 3140 4820 12,200 12,100 
IF 20 10.0 9.65 86 102,000 3180 2990 17,500 7220 
3F 20 9.5 9.60 61 110,000 3240 3110 14,200 9060 
IG 34 9.45 9. 15 80 68,000 4200 3510 5140 10,300 
3G 33 9.4 9. 10 74 22,000 1320 689 2070 2510 
IH 32 9.7 9.5 48 105 ,000 4875 3690 15 ,700 10,800 
3H 33 9.7 9.45 53 104,000 6200 2470 14,500 14,900 
11 36 10.0 9.45 75 90,000 3100 14,200 8180 2890 
31 31 10.0 9.55 51 105,000 3600 4330 12,600 15,200 
IJ 30 10.0 9.5 63 97,000 3880 · 5550 11,000 25,700 
3J 29 10.0 9.5 57 94,000 3300 6160 11 ,000 21,300 
3K 29 9.8 9.5 93 76,000 6540 9270 10,100 10,900 
3L 29 10.0 9.55 167 9850 764 2260 1180 1610 
3M 31 9.65 9.4 126 7600 560 976 465 1360 
IN 33 10.0 9.6 87 82,000 3920 549 1950 18,500 
3N 25 10.1 9.65 73 44,700 2280 4330 7870 8260 
30 29 9.7 9.5 26 90,000 6000 2650 12,200 17,200 
IP 27 10.0 9.7 85 110,000 3680 0 22,000 66,500 
3P 27 9.85 9.6 48 102 ,000 3420 0 19,800 23,300 
IQ 27 9.75 9 .5 64 103 ,000 4060 0 15 ,400 33,300 
3S 24 9.6 9.45 27 43,000 1670 278 3600 3580 
3T 19 9.6 9.45 19 104,000 3340 0 12 ,300 11,400 
IV 22 9.7 9.5 64 94,000 4000 0 12,900 9890 
3V 27 9.65 9.45 72 98,000 2680 1240 10,700 5940 
3W 28 9.9 9.4 64 101,000 2650 3100 10,700 15,300 
IX 22 9.55 9.45 58 100,000 2740 0 12,300 15,100 
3X 22 9.7 9.55 60 86,000 2140 622 9110 13,000 
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Figure 3. Distribution of total dissolved solids in interstitial 
brines at Teels Marsh. Numbers are in mg/liter x 10". 

inant zeolite in the upper ash bed, and it occurs in all 
ash samples. Analcime also is present in the tuffaceous 
sediments in the upper ash bed and is associated with 
phillipsite and quartz. Clinoptilolite occurs in trace 
amounts and is associated with phillipsite and locally 
with analcime. Altered and unaltered rhyolitic glass 
shards are associated with phillipsite in the tuff beds. 
According to Everts (1969), the glass at Teels Marsh 
contains 70% Si02 • A gelatinous material is also asso­
ciated with phillipsite and rhyolitic glass at Teels Marsh 
(Figure 7). 

20)Jm 

Figure 4. Scanning electron micrograph of a gaylussite crys­
tal from sample 2L. 

FORMATION OF AUTHIGENIC MINERALS 

Phillipsite 

Phillipsite is the predominant zeolite at Teels Marsh. 
Figure 8 shows that the brines at Teels Marsh are rel­
atively low in silica as compared with Lake Magadi 
brines. However, the question arises as to why a high­
silica rhyolitic glass precursor yields phillipsite, a low­
silica zeolite. Hay (1966) noted a relationship between 

Table 3. Mineral assemblages associated with the tuffaceous rocks at Teels Marsh. 

Sample Ph An Cl H S Ga Q Cc D Gy F G 

2A C C N C T T C N N C C T 
2B C C N C T N C T N T T T 
2C C C T C T T C T N T C T 
2D C C N C T C C N N N C T 
2E C C N C T C C N N N C T 
2F C C N C T T C N N N C T 
2G C C N C T C C N C N N T 
2H C C N C T N C N N N N T 
21 C N T C T N C N N N T T 
21 C N N C N N C N N N T T 
2K C N N C T T C C N N C C 
2L C N N C T T C T T T T C 
2M C C T C T T C T N N C T 
2N C N T C T T C T N N C C 
20 C C T C T C C N N N C T 
2P C C N C T N C N N N C C 
2Q C N T C T T C T N N C C 
2R C C N C T T C N N N C T 
2S C N T C T C C C N N N T 
2T C C N C T C C C N N C T 
2U C N T C T T C C N T C C 
2V C C N C T T C T N N C T 
2W C C N C T T C N N N N T 
2X C C N C T C C T N N C N 

C = common, T = trace, N = none; Ph = phillipsite, S = searlesite, D = dolomite, An = anaicime, Ga = gaylussite, 
Gy = gypsum, Cl = clinoptilolite, Q = quartz, F = feldspar (see text), H = halite, Cc = calcite, G = glass. 
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AUTHIGENIC ZEOLITE 

DISTRIBUTION 

AT TEElS MARSH 

" 
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Figure 5. Distribution of authigenic zeolites in the upper ash 
bed at Teels Marsh. 

the Si! AI ratio of the zeolites formed in modern envi­
ronments and the alkalinity of the solutions in which 
the zeolites form. Mariner and Surdam (1970) suggested 
that the relationship between the Si/AI ratio and the pH 
is the result of the reaction between silicic glass and 
alkaline solution whereby (1) a gel forms whose Si/AI 
ratio is controlled by the Si/AI ratio of the solution, and 
(2) a zeolite forms from the gel whose Si/ Al ratio is con­
trolled by the composition of the gel. They also dem­
onstrated experimentally that the solubility ofrhyolitic 
glass increases with increasing pH (see also Surdam 
and Sheppard, 1978) and that the concentration of dis­
solved Al increases with increasing pH but the Si/AI 
ratio decreases with increasing pH. This second point 
indicates that at high pH, zeolites such as phillipsite, 
which has a relatively low Si/AI ratio, are favored 
over zeolites with high Si! Al ratios such as clinop­
tilolite. 

Surdam and Mariner (1971) were able to separate the 
gel phase from Teels Marsh samples and, upon heating 
it to 80°C at autogenous pressures, found that it crys­
tallized to phillipsite. This relationship is illustrated in 
Figure 9. Figure 10 shows the lath-like phillipsite that 
formed in close proximity to the gel. Figure 11 is an 
SEM photograph showing the dissolution texture of a 
glass shard and phillipsite that has grown on the outside 
of the shard. Note the absence of textures that suggest 
that phiIJipsite directly replaced the glass. 

Analcime 

Analcime commonly is found in saline, alkaJine-lake 
deposits (Hay, 1966; Sheppard and Gude, 1969; Hay, 
1970: Surdam and Parker, 1972). Data from studies of 
tuffaceous sediments indicate that analcime does not 
form from the alteration of glass because glass and an­
aJcime have not been found in association (Surdam and 
Eugster, 1976). AnaJcime has been found, however, in 
association with many alkalic zeolites. Surdam and 
Eugster (1976) reported evidence that erionite altered 
to anaJcime at Lake Magadi, and Sheppard and Gude 

Figure 6. Scanning electron micrograph of lath- or rod­
shaped phillipsite crystals from Teels Marsh, Nevada. 

(1%9) reported evidence that clinoptilolite and phillip­
site altered to anaJcime. At Teels Marsh analcime is 
always associated with phiJlipsite, indicating that phil­
lipsite may be the precursor to analcime. Analcime was 
not found in association with glass or gel in any of the 
thin sections or XRD patterns of samples from Teels 
Marsh. 

Other authigenic silicates 

Clinoptilolite occurs in trace amounts in some of the 
samples from the upper ash bed. In addition, searlesite 
is common in the sediments at Teels Marsh, and gay­
lussite occurs in the tuffaceous sediments. 

Figure 7. Scanning electron micrograph showing the lath­
like crystal habit of phillipsite (p). Laths are approximately 10 
to 12 I'm in length. Note the radiating fibrous material in the 
center of the photograph from which the phillipsite laths ap­
pear to be forming. This material is a precursor gel phase. 
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Figure 8. Relationship between silica (ppm) and pH in the 
brines (modified from Surdam and Sheppard, 1978). 

CHEMICAL PETROLOGY 

Several authors have studied the chemistry of the 
phillipsite and rhyolitic glass at Teels Marsh. Table 4 
shows the analyses of Hay (1966) and Surdam and 
Sheppard (1978). Table 4 also shows the composition 
of the phillipsite and rhyolitic glass calculated to the 
Barth Standard Cell. The phillipsite composition from 
Hay (1%6) was derived from a chemical analysis of 
phillipsite from the third youngest tuff bed at Teels 
Marsh which occurs at a depth of 2.3 m. The compo­
sition of phillipsite and rhyolitic glass (Surdam and 
Sheppard, 1978) are from microprobe analyses of these 
materials from the upper tuffbed at Teels Marsh. Based 
on Barth Standard Cell calculations, the reaction of 
rhyolitic glass to phillipsite at Teels Marsh involves a 
loss of silica and calcium and a gain of sodium and po­
tassium. 

Figure 9. Photomicrograph of glass shard (center of picture) 
surrounded by gelatinous material (ropy texture, isotropic, 
density less than 2) and phillipsite apparently growing from gel 
(lath-like crystals). Unpolarized light. 

Figure 10. Photomicrograph ofphillipsite (laths) apparently 
growing from gelatinous material (ropy texture). Unpolarized 
light. 

The phillipsite from Teels Marsh examined in this 
study has an average Si! Al atomic ratio of 3.3 to 3.4. 
This phillipsite occurs in association with brines rang­
ing in pH from 9.1 to 10.1. Hay (1964, 1966) described 
phillipsite from Teels Marsh with an average Si/ Al ratio 
of 3.0 in association with brines ranging in pH from 9.1 
to 9.4. The phillipsite synthesized by Mariner and Sur­
dam (1970) came from a gel with a Si/AI ratio of 3.4 in 
a solution having a pH of 9.1. 

Silica solubility 

The brines at Teels Marsh are high in alkalies (Na+, 
K +) and low in alkaline earths and silica (Surdam and 
Sheppard, 1978; Taylor, 1978, Figure 8). The low silica 
concentration in an alkaline brine is noteworthy, es-

Figure 11. Scanning electron micrograph of a partially dis­
solved glass shard. Phillipsite laths on outside of the shard. 
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pecially because the alkaline brines involved in hy­
drating the rhyolitic glass release silica into solution 
(Table 4) . The Jack of silica in the brines has been ex­
plained by the presence of abundant boron in the brines 
and the presence of searlesite in the sediments. Surdam 
and Sheppard (1978) suggested that the boron content 
of the brines at Teels Marsh is high enough that the pre­
cipitation of searJesite effectively controls the silica 
content of the brines . 

THERMODYNAMIC DATA 

The equilibrium constant (Keq) for the reaction phil­
lipsite _ analcime and the free energy value (,10) for 
phillipsite can be estimated using the chemical data and 
mineral reaction described in this paper. Figure 12 
shows the activity ratios of brine samples that are as­
sociated with the upper tuffbed at Teels Marsh plotted 
on a stability-field diagram of phillipsite and anaIcime. 
An important factor in dealing with supersaline solu­
tions is the increased possibility of complexing. For this 
reason, a computer program was written to calculate 
the molalities and activities of several ions correcting 
for complexing in the brines. 2 

A linear regression on the hydrogen-normalized so­
dium vs. potassium data for phillipsite and anaJcime 
determined the stability-field boundary between phil­
lipsite and analcime (Figure 12). The slope of the line 
is 1.0, and the y-intercept is 2.94. A stoichiometric 
equation for the reaction phillipsite ~ analcime is: 

0.43Na+ + K.,.43Nao.57AISi3 .• 0s.2· 3H20-
NaAISi2 0 s·H20 + I.IH.Si04 + 0.43K+. (I) 

The equilibrium constant (K) for this reaction is: 

K = [a(H4Si04)I.IJ[a(K.)0.43]/[a(Na,>0.43]. (2) 

Figure 12 suggests that [Na+) and [K+] strongly affect 
the reaction of phillipsite ~ analcime. As discussed 

2 See Taylor (1978) for a description of program. 

24 .0 

• Glass. P hil l ipsitt 

23.0 
o Phdhp si te ~ Ano lcime 

22 .0 

ANALCIME 

21 .0 

200 

•• 
19 .0 

PHILLIPSITE 

18 .0 

17.0 '--...L..-'---_-'--_--'-_--'-_---'-_---'_ 
13 .0 14.0 I~ .O 16 .0 17.0 18 .0 19 .0 

Log + (
0

2 +) 
o H+ 

Figure 12. Stability diagram for analcime and phillipsite in 
system K20-Na"O-AI203-Si02-H20 at 25°C and I atm pressure 
(Garrels and Mackenzie, 1971). The activity ratios of intersti­
tial brines from Teels Marsh are plotted on diagram. The solid 
line was determined by linear regression. The dashed line is 
from Garrels and MacKenzie (1971) for the reaction analcime 
--> K-feldspar. (The correlation coefficient for the linear 
regression is 0.979.) 

above, the silica concentration of the brines is rela­
tively constant with time. 

Using Eq. (2) and assuming that the aH.SiO. = con­
stant = 2.94 x 10- 4 M, it follows that: 

K' = (aK+)O. 43/(aNa+)O.43, (3) 

or log K' = 0.43 log aK. - 0.43 log aNa', (4) 

or log K' = 0.43 log(aK+/aw) - 0.43 log(aNaJaw ). (5) 

Thus, !Og(aNa./aW) = log(aK+/aH +) - log K' /0.43 . (6) 

To compute K' using the y-intercept from Figure 12, 
the variables must be in the proper form. Thus, Eq. (6) 
must be multiplied by 2_ It follows that: 

Table 4. Chemical analyses of rhyolitic glass and phillipsite from Holocene tuffs at Teels Marsh . 

Chemical Analyses (wt. %) 

Oxide 
RhyoIitic 

glass' Philiipsite ' Phillipsite2 

Si02 77.2 56.7 56.58 
AI20 3 12.6 15.3 15.15 
Fe203 1.2 1.2 1.25 
CaO 1.2 0.1 0.40 
Na20 3.5 5.5 5.25 
K20 4.2 6.2 6.13 

1 Oxides 99.2 99.95 

I Microprobe analysis from Surdam and Sheppard (1978). 
2 Chemical analysis from Hay (1966). 

Barth Standard Cell 

Element Rhyolitic glass Phillipsitc' 

Si 66.6 41.6 
AI 12 .8 12.8 
Fe 0.7 0.7 
Ca 1.1 0.1 
Na 5.7 7.6 
K 4.7 5.6 

1 Oxygen 160 

3 Calculated with respect to the Al content of rhyolite Barth Standard Cell, from Surdam and Sheppard (1978). 
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Table 5. aNa+/aK+ ratios for interstitial brine. 

Sample 'Y/I;a- aNa t a,' aNa-t/aK-'-

2A 0.49 29,700 851 35 
2B 0.54 42,800 1160 37 
2e 0.48 33,800 879 38 
2D 0.56 63,500 1770 36 
2E 0.53 49,700 1480 34 
2F 0.59 63,700 1790 36 
2G 0.36 13,800 915 15 
2H 0.49 54,700 3030 18 
21 0.43 40,500 1490 27 
2J 0.42 40,700 1570 26 
2N 0.28 18,700 900 21 
20 0 .36 39,800 2320 17 
2P 0.36 36,800 1150 32 
2Q 0.38 44,400 1570 28 
2V 0.41 42,300 1110 38 
2W 0.41 42,300 1010 42 
2X 0.39 43,200 1450 30 

2log(aNa+/aw) = 2log(aK./aw) - 2 log K'/0.43, (7) 

or log(aNa./aw)2 = log(aK./aw)2 - 2 log K'/0.43, (8) 

then y intercept = -2 log K'/0.43 = 2.94 and (9) 

log K' = -6.63. (10) 

Thus, log K' = -0.63, or K' = 0.234. (11) 

Thus, K = 1.234(aH,SiO)!.1 = 3.04 = 10-5
, (12) 

and IlGo of reaction (1) = -(0.001987)(298)(2.303) 
·log(3.04 x 10- 5

) 

= +6.16 kcal/mole. (13) 

The computation of IlGo for phillipsite is as follows: 

IlGo = (IlGo + 1.IIlGoH•sio• + 0.43IlGOK. ) 
reaction (I) analcime 

then 

- (IlGO + 0.43IlGoNa·), 
phiUipsite 

AnO. = 1l(10 + 1.IIlGoH•siO• + 0.43IlGOK• 
pniTfipslte anruclme 

(14) 

- 0.43IlGONa · - IlGo of reaction (1). 
(15) 

Using the free energy values for H4Si04 , K+, and Na+ 
from Garrels and Christ (1965) and for analcime from 
Robie and Waldbaum (1968), it follows that: 

6Go 
phillipsite 

= (-734.26 - 330.33 - 29.01 + 26.91 - 6.16) 
kcaVmole, 

= - 1072.85 kcaVmole (I atm, 25°C) (16) 

Possible errors in the above calculations are: (1) the 
assumption that the activity coefficient of K+ is the 
same as for Na+ (the activity coefficient of Na+ was 
measured directly by specific-ion electrode); (2) the 
assumption that the activity of silica is constant; (3) the 
determination of best fitting line for the reaction bound­
ary from Figure 12; (4) the assumption that ana\cime is 

stoichiometric; (5) the experimental error related to 
sample collection and to measuring activity coefficients 
with specific-electrode equipment; (6) the unaccount­
ed-for complexation; (7) the assumption that thermo­
dynamic equilibrium was established between phases. 

The above discussion leads to an important insight 
into the formation of zeolites in saline, alkaline-lake 
deposits. By using Eqs. (3) and (11) it is possible to 
compute the (aNaJaH') ratio necessary to convert phil­
lipsite to ana\cime at Teels Marsh. From Eqs. (3) and 
( 11) , 

K' = (aK./aNa.)0.43 = 0.234, or (17) 

log 0.23 = -0.63 = 0.43 10g(aK./aNa+), or (18) 

10g(aNa.!aK+) = 1.47, and (19) 

aNa,/aK' = 101.47, or in mole ratio (20) 

Na+/K+ = 30. (21) 

The activity ratios listed in Table 5 suggest that many 
of the brines associated with the upper tuff are in equi­
librium or oversaturated with respect to ana\cime. Fur­
thermore, from Figure 12 there is some suggestion that 
the brines actually are in equilibrium with K-feldspar. 
In other words, what we may be observing presently 
at Teels Marsh are precursors to the ultimate reaction 
products suggesting that the reactions are controlled by 
kinetics rather than thermodynamic equilibrium. 

SYNOPSIS OF ZEOLITIC REACTIONS 

I. The principal zeolite-forming reaction at Teels 
Marsh is: rhyolitic glass + alkaline H20 ~ hydrous 
alkali aluminosilicate gel ~ phillipsite. 

2. The upper ash bed, particularly in those portions of 
the Marsh characterized by highly saline and alka­
line waters, commonly is completely altered to phil­
lipsite in 1000 years. 

3. In some parts of the Marsh, ana\cime has begun to 
form as a result of the reaction of phillipsite with 
Na+-rich brines. A stoichiometric equation for this 
reaction is: 0.43Na+ + K0.43Nao.57AISi3.1 0s.2· 3.2H20 
~ NaAlSiz0 6 ' H20 + 1. IH4Si04 + 0.43K+. 

4. Using the above reaction, the estimated IlGo of phi 1-
lipsite forming at Teels Marsh , Nevada, is - 1072.8 
kcallmole at 2YC and 1 atm pressure. 
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Pe3IOMe-Ha116oJlee peJlbeqJHOH aYTl1reHHoH pea~l1eH B rOJlOIJ,eHOBbIX Ty!j:JOBbIX OCa,IlKaX B TI1I1J1c 
Maprn, HeBa,Ila jlBIDIeTCjI fI1ApaIJ,l1j1 P"0JlITOBOro CTeKJla TpelIJ,l1HHoH COJleHOH BOAOH 11 nocJleAYIOlIJ,ee 
06pa30BaHI1e !j:J11J1J1l1nCI1Ta. 3Ta peaKIJ,I1j1 npoTeKaeT CJle,I:lYIOlIJ,l1M 06pa30M: Pl10Jll1TOBOe CTeKJlO + H20 ~ 
BO,I:lHOlIJ,eJlOQHbIH aJIIOMI1HOCI1J1I1KaTHbIH reJlb ~ !j:J11J1J1l1nCI1T. <l>11J1J1l1nCI1T jlBJljleTCjI Hal160Jlee pacnpo­
CTpaHeHHOH aYTl1reHHOH !j:Ja30H B Ty!j:JOBbIX OCa,I:lKaX (>95%), 3a HI1M l1,I:1eT aHaJIbIJ,I1M, TOr,I:la KaK CJle,I:lbI 
KJlI1HOnTI1J10Jll1Ta nOjlBJljlIOTCjI BO !j:Jpa~1111 pa3MepoM <2 MM. AHaJIbIJ,I1M 06pa3yeTcjI nYTeM peaKIJ,1111 
!j:J11J1J1l1nCI1Ta 11 Na+. reHJlIOCI1T 11 Cl1pJleCI1T jlBJljlIOTCjI TaK)Ke nonYJljlpHbIMI1 aYTl1reHHbIMI1 !j:Ja3aMI1 B 
Tl1l1J1c Maprn. KOHIJ,eHTpaIJ,l1j1 KpeMHe3eMa B TpelIJ,l1HHbIX COJleHbIX BO,I:laX KOHTpOJll1pyeTcjI OAHOH 11J111 
60Jlee aymreHHbIMI1 peaKIJ,I1j1MI1 npl1 MeHee QeM 100 MI1J1110HHbIX. CTeXI10MeTpl1QeCKOe ypaBHeHl1e ,I:lJljI 
peaKIJ,1111 npe06pa30BaHI1j1 !j:J11J1J1l1nCI1Ta B aHaJIbIJ,I1M: 

0,43Na+ + Ko.43Nao.57AlSi3.,08.2·3,2H20 ~ NaAlSi20 6 ·H20 + 1,IH4Si04 + 0,43K+. 

HaTpl1eBble 11 KaJIl1eBble aKTI1BHOCTI1 COJleHOH BO,I:lbI, CBjl3aHHble C o6ol1MI1, !j:J11J1J1l1nCI1TOM 11 aHaJIbIJ,I1MOM, 
6bIJlI1 I1CnOJlb30BaHbI ,I:\JljI onpe,I:leJleHI1j1 KOHCTaHTbI paBHOBeCI1j1 ,I:\JljI 3TOH peaKIJ,I1I1, paBHoH 3,04 x 10-5 • 

BeJlI1QI1Ha ~GO ,I:\IDI peaKHl111 pasHa +6,2 KKaJI/MOJlb npl1 25°C 11 ,I:laBJleHI1I1 I aTM. BeJlI1QI1Ha ~Go AJljI 
!j:J11J1J1l1nCI1Ta, onpe,I:leJIeHHajl npl1 I1CnOJlb30BaHI111 3TOH peaKIJ,I1I1, paBHa -1072,8 KKaJI/MOJlb npl1 25°C 11 
I aTM. [E.C.] 

Resumee-Die wichtigste authigene Reaktion in holozlinen tuffbaltigen Sedimenten von Teels Marsh, Ne­
vada, ist die Hydratation von Rhyolithglas durch Porenlosungen und die darauffolgende Bildung von Phil­
lipsit. Diese Reaktion verlliuft folgendermaBen: Rhyolithglas + H20 ~ wasserhaltiges Alkali-Alumosili­
kat-Gel ~ Phillipsit. Phillipsit ist die hliufigste authigene Phase in den tuffbaltigen Sedimenten (>95%), 
Analcim ist die nlichsthliufige Phase. Klinoptilolith kommt nur in Spuren in der Fraktion <2 mm vor. An­
alcim bildet sich durch die Reaktion von Phillipsit mit Na+. Gaylussit and Searlesit sind ebenfalls authigene 
Phasen in Teels Marsh. Die Konzentration an Siliziumdioxid in den Porenlosungen wird durch eine od er 
mehrere der authigenen Reaktionen kontrolliert und betrligt weniger als 100 ppm. Eine stochiometrische 
Gleichung fiir die Reaktion von Phillipsit zu Analcim in Teels Marsh lautet: 

0,43Na+ + Ko, .. Nao.57AlSi3.,08.2·3,2H20 ~ NaAlSi20 6 ·H.o + 1,IH4Si04 + 0,43K+. 

Die Natrium- und Kaliumaktivitliten der Porenlosungen, die sowohl mit Phillipsit als auch mit Analcim im 
Gleichgewicht stehen, wurden verwendet, urn die Gleichgewichtskonstante fiir diese Reaktion abzu­
schlitzen. Sie betrligt 3,04 x 10-5 • Der ~Go-Wert fiir die Reaktion betrligt +6,2 kcaVmol bei 25°C und I atm 
Druck. Der geschlitzte ~Go-Wert von Phillipsit betrligt, bei Verwendung dieser Reaktion, -1072,8 kcall 
mol bei 25°C und I atm. [V.W.] 

Resume-La reaction authigenique la plus proeminente dans les sectiments holocenes tufaces it Teels 
Marsh, au Nevada, est l'hydration du verre rhyolitique par des saumures interstitiaJes et la formation ul­
terieure de phillipsite. CeUe reaction a la forme suivante: verre rhyolitique + H20 ~ gel alkali alumino­
silicate hydre ~ phillipsite. La phillipsite est la phase authigenique la plus abondante dans les sediments 
tufaces (>95%), suivie par la phase analcime, seconde en abondance, et la clinoptilolite apparait comme 
trace minerale dans la fraction <2 mm. L'analcime est produite par la reaction de phillipsite et de Na+. La 
gaylussite et la searlesite sont aussi des phases authigeniques courantes it Teels Marsh. La concentration 
de silice dans les saumures interstitiales est controlee par une ou plusieurs reactions authigeniques it moins 
de 100 ppm. Vne equation stoichiometrique pour la reaction de phillipsite en analcime it Teels Marsh est: 

0,43Na+ + KO,43Nao,57AlSi3,,08,2·3.2H20 ~ NaAlSi20 6 ,H20 + 1,IH4Si04 + 0,43K+, 

Les activites du sodium et du potassium des saumures avec it la fois la phillipsite et l'analcime ont ete 
employees pour estimer comme constante d'equilibre pour ceUe reaction 3,04 x 10-5

• La valeur ~Go pour 
la reaction est +6,2 kcal/mole it 25°C et it I atm de pression, La valeur estimee de ~Go pour la phillipsite, 
utilisant ceUe reaction, est -1072 kcallmole it 25°C et I atm, [D,J,] 
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