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Abstract-The Tertiary silicic volcanic rocks in the Silent Canyon Caldera beneath Pahute Mesa, of the 
Department of Energy 's Nevada Test Site have been divided into three vertical mineralogical zones that 
vary in thickness and transgress stratigraphic boundaries. Zonal contacts are generally sharp. Zone 1, the 
uppermost zone, includes unaltered or incipiently altered rhyolitic glass . Zone 2 is characterized by a pre
dominance of c1inoptilolite and subordinate amounts of smectite, cristobalite, and mordenite. Zone 3 i s a 
complex mineral assemblage that includes analcime, quartz, calcite, authigenic K-feldspar and albite, ka
olinite, chlorite, and mixed-layer illite/smectite . The mixed-layer clay shows an increase in ordering and 
a decrease in expandability with depth . 

Shortly after deposition and after shallow burial, hydration of relatively impermeable, highly porous 
vitric rocks resulted in the rapid formation of the Zone 2 assemblage (except mordenite) . This stage of 
alteration resulted in a net porosity loss and negligible mass transfer . Continued burial and rise in temper
ature led to a dehydration stage in which the Zone 2 assemblage was replaced by the Zone 3 minerals. The 
dehydration stage resulted in a porosity increase and an increase in permeability of several orders of mag
nitude . This process , like the earlier reactions, also conserved mass. Precipitation of mordenite followed 
the formation of this zonal configuration . The diagenetic zones below Pahute Mesa were caused by: (I) 
changing pore-water chemistry in an essentially closed hydrologic system; (2) disequilibrium or kinetic 
precipitation of metastable phases; and (3) a higher thermal gradient than that now present. 

Key Words-Analcime , Clinoptilolite, Closed hydrologic system, Diagenesis, K-feldspar, Mordenite, 
Zeolite. 

INTRODUCTION 

Recently , silicate diagenesis has been the focus of 
many investigators due to its impact on porosity and 
permeability in sedimentary rocks . Zeolite diagenesis 
is of particular interest because of the abundance of 
volcanogenic sediments in the geologic record, but 
many problems remain unsolved because of difficulties 
in evaluating the thermal, chemical , and physical prop
erties of these rocks. To compound these problems, 
zeolites have variable compositions and behave meta
stably . Few useful thermodynamic data exist on zeo
lites, and alternatives to traditional approaches must be 
developed to study their diagenesis . This investigation 
evaluates a geologic setting undergoing zeolite diagen
esis using the following approach: (I) determination of 
diagenetic mineral patterns , or at least mineral distri
butions; (2) documentation of mineral reactions; (3)es
tablishment of reaction mechanisms ; (4) calculation of 
mass balance ; and (5) if possible, quantification of the 
mass transfer , or at least its relationship to porosity and 
permeability . 
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The Tertiary silicic volcanic rocks within the Silent 
Canyon Caldera (Pahute Mesa, Nevada Test Site of the 
Department of Energy-see Figure I) provide a natural 
laboratory for the study of zeolite diagenesis because 
of the relatively uniform chemical composition of pri
mary materials and the moderately uncomplicated ther
mal and structural history. Excellent stratigraphic con
trol, availability of core samples, and ground-water 
accessibility further facilitate such diagenetic studies. 
Detailed analysis of core from Wells UE2Of, UE20h, 
and PM-I (see Figure 2) yielded the primary data on 
which this study is based. 

The Silent Canyon Caldera is an almost completely 
buried Late Miocene volcanic center in southern Ne
vada (Orkild et al ., 1968) . Collapse of the caldera co
incided with the eruption of the Belted Range Tuff (13 
to 14 my). With collapse of the caldera , the Belted 
Range Tuffwas downdropped 1.5 to 2 km into an ellip
tical, 30 x 42 km depression . Subsequently , the 
depression was filled by related tuffs and lavas, and still 
later , tuffs associated with the Timber Mountain (11 
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Figure 1. Location map of Pahute Mesa, Nevada Test Site. 
Dots represent locations of drill holes . 

my) and Black Mountain (7 my) volcanic centers com
pletely filled and nearly obscured the Silent Canyon 
Caldera. All samples examined in this study are from 
post-Belted Range tuffs and lavas . 

Hay (1963) proposed an "open system" model to 
explain the vertical zeolite zonation in the Oligocene
Miocene John Day Formation of Oregon. With a similar 
open-system interpretation, Hoover (1%8) briefly de
scribed the vertical zonation of aut hi genic phases in the 
Tertiary rocks of the Nevada Test Site. A summary of 
his study follows : 

Zeolite zoning, chemistry of the zeolitized rocks 
and a lack of correlation of zones with depth sug
gest that the zones were formed from the leach
ing of vitric rocks, an increase in cation content 
and pH with depth and a reduced ground-water 
flow above relatively impermeable rocks. On the 
basis of petrographic evidence , clay minerals 
formed first, followed by c1inoptilolite, then mor
denite and finally analcime. 

The chemical , mineralogical , and textural data that fol
low suggest contrasting diagenetic mechanisms and a 
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uEZQF 

ZONE J 

Analcime, Quartz , 
IlIife/Smecfif. , Albif. , 

K·Feldspo, 

U[20H P.' 

2 11111. 

Figure 2. Schematic cross section through Wells UE2Of, 
UE20h, and PM-I. Modified from Orkild et al. (1969). 

different paragenetic sequence to explain the diagenetic 
history of Pahute Mesa. 

ANALYTICAL METHODS 

Core samples were ground to < 50 /-Lm in preparation 
for the following analyses: 

1. Powder-pack mounts , used to produce "random" 
orientation , were made for bulk X-ray diffraction 
mineral analyses. The mounts were run at 2~9/min 
from 4° to 50°29 (CuKa radiation). 

2. For clay mineral identification, the < 2-/-Lm size frac
tions were obtained by centrifugation and oriented 
mounts were prepared using the methods of Drever 
(1973) . 

3. Bulk chemical analyses were carried out by atomic 
absorption spectroscopy. 

4. Total carbon (by combustion-coulometric method) 
and inorganic carbon (hot-acid titration method) 
were obtained to determine the weight percent or
ganic carbon (by difference) . 

5. Mineral compositions were determined with an 
ARL electron microprobe . 

MINERALOGICAL RESULTS 

The Tertiary rocks beneath Pahute Mesa may be di
vided into three mineralogic zones , each characterized 
by a particular suite of diagenetic minerals (Figure 2). 
Zone I , the uppermost zone , includes unaltered to in
cipiently altered rhyolitic glass . Zone 2 i s characterized 
by a predominance of c1inoptilolite and subordinate 
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Table I. Partial major-element analyses of "primary" volcanic material. 

Oxides (wt. %) 

Sample' SiO, AI,O, K,O Na,O CaO MgO Fe2O, 

UE2Of-0.30 
Devitrified vitric tuff 76.3 10.8 4.90 3.37 0.49 0.25 1.18 

UE2Of-0.46 
Vitric tuff 74.2 10.8 4.61 3.45 0.49 0.14 1.15 

UE2Of-0.91J2 
Rhyolite 78.3 11.8 5.1 3.0 0.64 0.08 0.91 

UE2Of-1.1O 
Vitrophyre 74.2 10.7 4.99 3.18 0.60 0.08 1.10 

UE2Of-1.38 
Rhyolite 75.2 11.6 4.14 3.86 0.76 0.21 1.93 

UE2Of-1.50 
Rhyolite 75.7 10.6 3.91 3.48 0.71 0.24 2.53 

UE2Of-2.59 
Rhyolite 76.8 10.7 4.80 3.68 0.30 0.07 1.96 

UE2Of-2.74 
Rhyolite 73.7 10.8 4.96 3.77 0.22 0.05 2.67 

UE2Of-2.90 
Rhyolite 76.4 10.9 4.46 3.25 0.20 0.04 1.80 

1 Last three digits = depth, in km. 
2 From Quinlivan and Byers (1977). Others by Steve Boese, University of Wyoming. 

amounts of smectite, cristobalite, and mordenite. Zone 
3 contains a complex mineral assemblage that includes 
analcime, quartz, calcite, authigenic K-feldspar and 
albite, kaolinite, chlorite, and mixed-Iayed illite/smec
tite. These zones vary in thickness laterally and trans
gress stratigraphic boundaries (Hoover, 1968). Zonal 
contacts are generally sharp, although mineralogical 
elements from a shallower zone may be found well 
within a deeper zone. The three diagenetic zones are 
developed in rhyolitic pyroclastic rocks that have var
ious amounts of quartz and feldspar phenocrysts or 
clasts and rhyolitic lithic fragments. Most plagioclase 
is zoned, having compositions that average An23 to 
An27 • Common accessory minerals are biotite, horn
blende, apatite, and sphene. 

Glass 

The predominant phase in Zone 1 is volcanic glass, 
and based on relict glass-shard outlines in the other 
zones, it is the solid component from which most of the 
other authigenic phases were derived. The chemical 
compositions of unaltered glasses (Table 1) are similar 
to each other as well as to rhyolites regardless of sample 
depth beneath Pahute Mesa. Figure 3 shows the typical 
porous texture of unaltered glass from the upper part 
of Zone 1. Deeper in the same zone, incipient argilli
zation forms rims fringing glass fragments. Still deeper, 

bordering Zone 2, clinoptilolite crystals have formed 
adjacent to smectite rims. 

Clay minerals 

X-ray powder diffraction (XRD) analyses indicate 
that the clay minerals in the cores are segregated into 
the different diagenetic zones. Smectite is restricted 
chiefly to Zones I and 2. Accurate microprobe analyses 
of the smectite were not obtainable due to the inter
mixing of smectite with cristobalite fibers. However, 
approximate cation ratios were determined, and com
positions were estimated. 

The clay mineral assemblage in Zone 3 is more com
plex than that in shallower zones. The appearance of 
a poorly ordered, mixed-layer illite/smectite (liS) hav
ing a high expandability in part marks the boundary 
between Zone 2 and Zone 3. The mixed-layer phase 
shows a persistent increase in ordering and decrease in 
expandability with increased depth in Zone 3. The pres
ence of discrete smectite within Zone 3 makes quanti
fication of liS expandability difficult. However, Figure 
4 demonstrates the overall decrease in the amount of 
smectite relative to illite with depth in Zone 3. 

Accessory clay minerals in Zone 3 include kaolinite 
and chlorite. In thin section, kaolinite was noted as an 
alteration product ofplagioclase, and chlorite, predom
inantly as a fine-grained fracture cement. 
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Figure 3. Scanning electron micrograph of unaltered glass 
from Zone I. 

Clinoptilolite 

Clinoptilolite is the predominant zeolite in Zone 2 
( -70-90% by weight), where it commonly occurs with 
cristobalite, smectite, and mordenite (particularly in 
the lower portion of Zone 2) and less commonly with 
glass, authigenic K-feldspar, and analcime. In thin sec
tion or by scanning electron microscopy, clinoptilolite 
occurs as tabular, coffin-shaped crystals lining dis
solved glass shards with the long axes of the crystals 
oriented perpendicular to shard margins (Figure 5). 
Clinoptilolite was not found occupying primary pore 
spaces. Partial electron microprobe analyses of four 
clinoptilolites are listed in Table 2. 

Mordenite 

Mordenite is found in Zone 2 (increasing in abun
dance toward the lower part of the zone) and only in 
the upper part of Zone 3. It occurs as fibrous masses 
filling pore space or as thin, scattered fibers over cli
noptilolite and cristobalite inside relict shard outlines 
or over analcime and albite (Figure 6). Mordenite was 
not observed as a direct alteration product of glass. The 
fibers and masses of mordenite were too fine or too in
timately associated with cristobalite, clays, or other 
zeolites to be analyzed by electron microprobe. 

Analcime 

Analcime occurs only in Zone 3 and decreases in 
abundance with depth (from 0 to 40% by weight, see 
Figure 2). Two forms were observed: (1) pseudomorphs 
after clinoptilolite within shard outlines (Figure 7), and 
(2) pore cements outside of relict shard outlines (Figure 
8). Electron microprobe analyses of analcime from the 
three cores are listed in Table 3. The analcimes have 
high Si/AI ratios (about 2.4 to 2.7) and may be classified 
as "Group A" analcime as defined by Coombs and 
Whetten (1967). 
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Figure 4. Plot of log IIS versus depth for Well UE20f where 
I = illite 002 peak area and S = smectite 001 peak area. 

Cristobalite 

Two forms of cristobalite were recognized in the up
per two zones in zeolitized and nonzeolitized rocks 
(Figure 2). The first type occurs in axiolitic textures in
termixed with tridymite and feldspars and is clearly a 
result of devitrification during cooling of the rock (Ross 
and Smith, 1961). The second type is diagenetic in or
igin and is found in Zone 2 in the form of minute (-5-
8 p,m) spherules perched on clinoptilolite (Figure 9) or 
intermixed with smectite. 

Quartz 

Quartz is ubiquitous in the rocks beneath Pahute 
Mesa. It occurs as crystals and fragments in the ground
mass or in lithic fragments throughout the length of the 
drill cores. However, in Zone 3 diagenetic quartz was 
noted as -5-p,m hexagonal pyramids in the ground
mass, as fracture cements, and as overgrowths on 
phenocrysts or clasts. 

Figure 5. Scanning electron micrograph of clinoptilolite re
placing glass. The rest of the field is clay. 
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Figure 6. Scanning electron micrograph showing mordenite 
(M) over analcime (A) and albite (Ab). 

Authigenic feldspar 

Authigenic feldspars, found in the lower parts of the 
cores , were identified by electron microprobe analysis 
and by scanning electron microscopy with multichan
nel X-ray analysis. Authigenic K-feldspar is common 
in Zone 3 and is rare in the lower parts of Zone 2. Au
thigenic albite is apparent only in Zone 3. It occurs as 
discrete, thin, bladed crystals in ghost-shard structures 
(at depths greater than about 1.8 km, Well UE2ot) , with 
or without K-feldspar or as alteration products oflithic 
fragments and plagioclase phenocrysts. 

Calcite 

Figure 10 shows the distribution of calcite with depth 
in core from Well UE2Of. There is little or no calcite in 
Zones 1 and 2, however, it makes up an average of 
about 0.3% of the rock in Zone 3. Calcite fills primary 
pore space or is pseudomorphous after plagioclase. 

CHEMICAL RESULTS 

Figure 11 shows the distribution with depth of four 
major oxide components in Well UE2Of. The oxide dis-

Table 2. Partial electron-microprobe analyses of c1inoptil
olite. 

Wt. % 

Oxide 

Si02 67.45 72.11 76.24 62.77 
AI20 3 12.82 13.42 10.53 10.07 
K20 4.64 4.73 3.69 4.83 
Na20 3.75 3.85 2.31 2.69 
CaO 0.96 1.03 0.99 0.39 
Fe2O, 0.00 0.03 0.40 0.05 

1, 2, and 3 are from Well UE20f at 0.87 km; 4 is from Well 
PM-I at 0.51 km. 

Figure 7. Photomicrograph of analcime pseudomorphous 
after clinoptilolite. 

tributions for Wells UE20h and PM-I are similar. These 
data show that the major oxides do not vary signifi
cantly with depth except between 1.0 and 1.7 km, co
inciding with the distribution of mordenite in the lower 
part of Zone 2. With the exception of the mordenite re
gion, there is no obvious depth control of the distri
bution of major elements. 

The difference between the amount of inorganic car
bon (in calcite) and total carbon is the amount of organic 
carbon (Table 4). These data indicate that there was an 
adequate internal supply of carbon for calcite forma
tion. 

Ground-water samples were collected and analyzed 
for major elements from 14 wells in Pahute Mesa by 
Blankennagel and Weir (1973). From these data, they 
reasoned that the present-day water flow is from the 
northeast to the southwest based on an increase in total 
dissolved solids from the northeastern part of the cal
dera southwest to the north-central Amargosa Desert. 

REACTION SEQUENCES 

From the mineralogical and chemical data presented 
above, two styles of alteration can be recognized in the 
rocks beneath Pahute Mesa. Hydration reactions re
sulted in the authigenic assemblages found in Zones I 
and 2; whereas, dehydration reactions produced most 

Table 3. Partial electron microprobe analyses of analcime. 

Wt. % 

Oxide 4 

Si02 63.71 62.27 61.78 59.02 61.37 
AI20 3 21.38 20.76 21.12 20.23 21.37 
K20 0.00 0.14 0.00 0.03 0.00 
Na20 11.99 12.12 12.39 12. 10 12.61 
CaO 0.00 0.08 0.02 0.11 0.00 
Fe20 3 0.00 0.01 0.00 0.00 0.00 

I i s from Well PM-I , 0.86 km; 2 and 3 are from Well UE2Of, 
1.22 km ; and 4 and 5 are from Well UE20h, 1.56 km . 
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Figure 8. Scanning electron micrograph of analcime and 
quartz (Q). 

of the authigenic phases found in Zone 3. Obviously, 
the style of alteration is dependent on depth . 

The appearance of incipient clay rims around glass 
shards, the formation of c1inoptilolite crystals in the 
presence of glass and smectite, and the lack of clay 
domination in any sample suggest the following general 
hydration sequence: 

Glass + H20 ~ Smectite + Ions, and (I) 

Glass + H20 ~ Clinoptilolite + Ions. (2) 

Cristobalite occurs mixed with early-formed smec
tite but more commonly as spherules perched on c1i
noptilolite. These relationships indicate that cristobal-

Table 4. CO2 analyses (Well UE2ot). 

Depth (km) % CO, (inorg.) % CO, (org.) % CO, (total) 

0.61 0.03 1.40 1.43 
0.87 0.01 0.41 0.42 
0.92 0.01 0.33 0.34 
1.\0 0.01 0.25 0.26 
1.16 . 0.01 0.54 0.55 
1.19 0.05 0.37 0.42 
1.22 0.02 0.33 0.35 
1.23 0.03 0.39 0.42 
1.24 0.02 0.38 0.40 
1.30 0.01 1.02 1.03 
1.49 0.13 0.59 0.72 
1.61 0.01 0.40 0.41 
2.59 0.04 1.23 1.27 
2.74 0.05 0.88 0.93 
2.90 0.08 0.75 0.83 
3.05 0.18 0.71 0.89 
3.20 0.04 0.99 1.03 
3.51 0.57 0.91 1.48 
3.66 1.60 0.52 2.12 
4.0 0.22 1.04 1.26 

Figure 9. Scanning electron micrograph of cristobalite 
spherules (Cr) over c1inoptilolite (Cl). 

ite saturation was reached during glass dissolution, yet 
most of the cristobalite precipitated as a late alteration 
product of glass . From the data in Tables 1 and 2 and 
the average abundances of authigenic minerals from 
XRD analyses, an overall reaction can be written: 

glass 
Na t.at K t.oCao.t4Mgo.o4Feo.osAI2.s2Sit2.6s030. 7 

+ 0.12Fe2+ + O.lCa2+ + 18HzO 

smectite 
~ 0.025Na2Kz.4Caa.6Mg,.osFe6.92AI,4Si3s0IOo(OHho 

c1inoptilolite 
+ 0.981 Nat .o2Ko.s2Cao.t,Feo.03AI2. ,sSig.84024 ·8HzO 
+ 0.26Na+ + 0.14K+ 

cristobalite 
+ 2.08Si02· (3) 

4.0 : I 

I -3.5 I I 
I I 
I I 

3.0 I I 
Zone I lone I Zone 

2.5 1 I 2 I 3 
I I 
I ,., 

2.0 0 
<.) 
0 

I 
I 
I 

<.) 1.5 I 

tfe I -I 
1.0 I 

I 
I 

0.5 I - - - • I I • -I I- • - • . 1;'_ ,wi.,.l I ,- -., - I 0.0 
0.0 0 .5 1.0 1.5 2.0 2.5 3.0 3 .5 4.0 

DEPTH (km) 

Figure \0. Plot of percent CaC03 vs. depth in Well UE2Of. 
The sharp increase in calcite coincides with the transition from 
Zone 2 to Zone 3. 
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Figure 1 \. Plots in weight percent of (a) A120 3 , (b) Na20, 
(c) K20, and (d) CaO vs. depth in Well UE2Of. 

CaH probably was immobilized within the immediate 
area of the dissolving glass by the relatively imperme
able smectite rim as a result of its large hydration radius 
relative to those of monovalent cations. 

Each of the products from hydration reaction (3), 
deep below Pahute Mesa, underwent further diagenetic 
change to produce the phases in Zone 3. The transition 
from smectite in Zone 2 to a mixed-layer illite/smectite 
in Zone 3 was documented by XRD analyses. The pro
gressive increase in ordering and the decrease in ex
pandability with depth are similar to that described by 
Perry and Hower (1970) . This transition may be rep
resented by the general dehydration reaction: 

Smectite + K+ ~ Illite + Na+ + Ca2+ + FeH 

+ Mg2+ + Si02 + H20. (4) 

This reaction is similar to that proposed by Boles and 
Franks (1979) for the smectite-illite/smectite transition 
observed in the Tertiary pelitic sediments of the Gulf 
Coast. 

Replacement of c1inoptilolite by analcime is suggest
ed in Figure 7. This reaction has been widely recog
nized in modern and ancient saline, alkaline-lake de
posits (Surdam and Sheppard, 1978) as well as in other 
diagenetic settings (Hay, 1966). Using the data from 
Tables 2 and 3, the replacement of c1inoptilolite by an
alcime may be written: 

c1inoptilolite 
Na1.u2Ku.82Cao.,:;AI2.26Sig.84024·8H20 + 1.14Na+ 

analcime 
- 2.16NaAISiz .. ,707.,4· H20 + O. ISCaH + 0.82K+ 

+ 4.29Si02 + S.8H20 , (S) 

where AI is conserved. 

TINE 

Figure 12. Summary of chronology of reactions leading to 
diagenetic zones. 

Murata and Larson (197S) and Ernst and Calvert 
(1969) discussed the diagenesis of the Monterey For
mation (Miocene) of California and described the tran
sition from diatomite (amorphous silica) to cristobalite 
to quartz with increased depth. The silica zonation be
neath Pahute Mesa is similar to the zonation in the 
Monterey Formation ; the zones are as follows: glass 
(Zone I), cristobalite (Zone 2) , and quartz (Zone 3). The 
precipitation of quartz in Zone 3 may be represented 
by: 

cristobalite quartz 
Si02 'nH20 - Si02 + nH20, (6) 

where n ~ 0 depending on the degree of crystallinity 
of cristobalite. Quartz also probably precipitated di
rectly from solution in Zone 3 by the reaction: 

(7) 

The distribution of calcite may be explained in terms 
of Eqs. (3-S). Eq. (3) demonstrates the dissolution of 
Ca2+ from glass and its incorporation in smectite and 
c1inoptilolite. At depth, the Zone 2 assemblage was 
more unstable than at shallower depths, and smectite 
and c1inoptilolite were replaced by illite and analcime, 
respectively, according to Eqs. (4) and (S). These re
actions evolved Ca2+ which precipitated as calcite. 

Figure 12 summarizes the principal reactions and rel
ative sequences leading to the formation of Zones 1 2 
and 3. The diagram also demonstrates the interdepe~d~ 
ance of the reactions. Although absolute chronology 
cannot be determined, an estimate of the alteration tim
ing has been made (vide infra). 

. The fate of feldspars is more complex and less pre
dIctable than that of the other phases. Primary plagio
c1ase phenocrysts have undergone two different styles 
of progressive alteration with increased depth. The first 
involved the preferential dissolution along the more 
calcic zones and the evolution of significant intragran
ular secondary porosity. The second style of alteration 
included albitization or calcification of plagioclase in-
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volving a loss of porosity. The albitization process may 
be expressed as: 

anorthite 
CaAlzSizOs + O.989H+ + 1.011Na+ + 2.023H4Si04 

albite kaolinite 
- 1.011NaAISi30 s + 0.495AI2Si20~(OH)4 

+ Ca2+ + 3.55H20 (8) 

Eq. (8) is written to account for the volumetric re
placement of calcic plagioclase by albite where Al is 
conserved by the formation ofkaolinite. The formation 
of discrete authigenic albite and K-feldspar within 
shard outlines postdated the dissolution of clinoptilolite 
because the zeolite was the first to replace glass. 

Chronologically, the formation of mordenite does not 
fit this sequence of alteration with increased depth. 
Mordenite fibers are found over clinoptilolite and cris
tobalite in Zone 2 and over analcime and albite (Figure 
6) in the upper part of Zone 3. Clearly, the precipitation 
of mordenite postdated the formation of diagenetic 
Zones I, 2, and 3. 

OPEN-SYSTEM VS . CLOSED-SYSTEM 
DIAGENESIS 

The distribution of authigenic phases beneath Pahute 
Mesa is similar to that of Tertiary geosynclinal deposits 
in the Niigata Oil Field in Japan. Here, the diagenetic 
mineral zonation is considered to be controlled pri
marily by the thermal gradient in an essentially closed 
hydrologic system (Iijima and Vtada , 1971; Hay, 1977). 
However, the zeolite zonation at the Nevada Test Site 
previously had been correlated more closely with dia
genesis in an open hydrologic system (Hoover, 1968; 
Hay and Sheppard, 1977) . We think that there is sig
nificant evidence to show that the primary authigenic 
mineral zonation below Pahute Mesa was a result of 
closed-system burial diagenesis. 

Chemical variations 

From the data in Figure 11, it is apparent, with the 
exception of the mordenite region (about 1-1.7 km), 
that the variation in bulk chemistry from unaltered to 
highly altered rocks is insignificant. This observation 
implies that diagenesis did not involve significant mass 
transfer . However, in zeolitic rocks , dry bulk density 
increases about 10-15% with depth. Combining these 
observations, D. L. Hoover (V.S. Geological Survey, 
Denver, Colorado, written communication) stated that 
"a constant weight percent cannot be a constant con
tent of cations when zeolitization occurs"-meaning 
that the increase in mass was derived from the leaching 
of shallower, vitric rocks and the reprecipitation of new 
phases at depth. 

To increase mass without changing bulk chemistry 
by a leaching mechanism , shallow vitric rocks must 
dissolve in migrating waters in stoichiometric propor-

tion similar to that of glass. Precipitation at depth must 
also be done stoichiometrically. We believe that highly 
saturated (probably supersaturated) waters could not 
migrate through rock having a high density of nuclea
tion sites without changing composition . We also be
lieve that an open-system, leaching-concentration 
mechanism would result in depletions or enrichments 
in bulk chemistry in different parts of the system (see 
Walton, 1975). Therefore, the absence of bulk chemical 
variation below Pahute Mesa suggests that diagenesis 
did not involve significant mass transfer . Furthermore, 
the increase in bulk density may be accounted fOf by 
10-15% compaction. 

Porosity and permeability 

To move fluids through porous media, there must be 
sufficient effective porosity and permeability and a gra
dient or potential to initiate and maintain fluid move
ment. Transfer of ions through the medium is controlled 
by convection and diffusion. Aquifers in the present 
day Pahute Mesa result from fracture permeability in 
welded tuffs and rhyolites (Blankennagel and Weir, 
1973). In contrast, the aquitards are in zeolitized rocks 
(Zones I and 2) that constitute most of the Tertiary sec
tion. Fracture permeability is minor in zeolitic rocks of 
Zones 2 and 3 chiefly because of their incompetence. 
Zone I (characterized by unaltered glass) is in essen
tially unsaturated rock. If a vertical leaching-concen
tration mechanism resulted in the formation of clino
ptilolite (Zone 2) and finally analcime (Zone 3), an open 
system must have been maintained for the duration of 
the process. Table 5 shows porosities and permeabili
ties of rocks from each diagenetic zone. The extremely 
low permeabilities of rocks from Zones I and 2 imply 
that fluid movement was severely restricted. As indi
cated in Figure 5, regardless of these relatively high 
porosities, the pore spaces are effectively sealed. 

To test this restricted fluid movement (or closed-sys
tem) hypothesis, a mathematical model for chemical 
mass transfer was designed using a solution to the one
dimensional, non steady-state, convective-diffusion 
equation (Gupta and Greenkorn, 1974): 

aclat = D(a2/ax2) - V(ac/ax) (10) 

where , c = concentration, t = time , 0 = diffusion 
coefficient , V = velocity in the x direction , and x = 
distance in the x direction. 

The initial and boundary conditions assume that: (I) 
c (x,O) = 0 for x > 0; (2) c (O,t) = c for t ~ 0; (3) c 
(oo,t) = 0 for t ~ 0; (4) t = 10 my (approximate age of 
youngest rocks); (5) V = 5 X 10- 10 cm/sec (from mea
sured transmissivities in the tuff aquitard (Winograd 
and Thordarson , 1975»; and (6) x = 3 km (depth below 
Pahute Mesa). 

Assumptions (2) and (4), respectively , create an in
finite reservoir (at x = 0) of diffusing component c , and 
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Figure 13. Convective-diffusion profiles . The concentration 
(Co) of a component is held constant for all t at depth = O. 
Profiles show the change in the amount of that component with 
depth for different t. (A diffusion coefficient of 10-5 cm2/sec 
was assumed.) 

give ample time for mass movement and thus provide 
optimum conditions for the transfer of mass. The result 
of this hypothetical test is shown in Figure I3 and in
dicates that under optimum conditions the increase in 
concentration of ions at depth due to convection and 
diffusion is minor (see lO-my curve at 3 km, Figure 13). 

MASS- AND VOLUME-BALANCE 
CALCULATIONS 

Mass- and volume-balance calculations may be uti
lized to test the following: 

(I) From the predicted reaction sequences, do math
ematically constructed mineral assemblages match 
the measured physical and chemical properties of 
the "real" assemblages? 

(2) Is the addition of components to sustain a reaction 
consistent with a closed-system model? 

Tests of this type require the following assumptions: 

(I) The bulk composition of originally vitric rocks in 
Zones 2 and 3 were about the same as glasses in 
Zone I (for diagenetic considerations). This is con
sistent with the data in Table I. 

(2) The mineral compositions are assumed to be valid 
and representative . 

(3) Reactions conserve AI. This is a valid assumption 
for two reasons: first, weight percent AI does not 
vary significantly from zone to zone; and second, 
at the pH and temperature range of waters below 
Pahute Mesa, AI mobility is probably negligible. 

The mass- and volume-balanced model first utilizes 
Eq. (3) to produce the Zone 2 assemblage. A very small 
amount of smectite was first formed from glass with a 
given initial porosity. The residual AI was consumed to 
produce clinoptilolite. Cristobalite precipitated next in 
a quantity governed by cristobalite solubility. The final 
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Figure 14. Plot of calculated weight percent clinoptilolite vs. 
final porosity for different initial porosities. Points represent 
measured values of percent clinoptilolite and porosity. In
ferred initial porosities of 40-50% are consistent with mea
sured values for the vitric tuffs. 

porosity was calculated from the volume of the solid 
phases . This calculation was repeated, each time in
creasing the amount of clay that was formed. Figure 14 
is a plot of weight percent clinoptilolite formed vs. final 
porosity (1fJf) for the alteration of glasses with initial po
rosities, lfJi (contours). As Figure 14 illustrates, Eq. (3) 
involves a porosity reduction of about 15-20% depend
ing on how much smectite is produced . 

The points on Figure 14 represent measured values 
for typical rocks from Zone 2. These points suggest that 
the initial porosities of the glass precursors were 40-
50%, values that are consistent with measured values 
for unaltered glasses (subtracting phenocryst volumes). 
The final porosities of 25-35%, which is again consis
tent with measured values, mean that these rocks 
underwent a porosity loss of about 15%. Even though 
there was a porosity reduction, to form these hydrated 
phases and still have saturated pore spaces, water must 
have been added to the system. The system can be con
sidered closed because this water requirement is very 
small. Eq. (3) requires that only 0.13 pore volumes must 
be added to the system in order that the reaction be 
completed. Therefore, not only did the alteration of 
glass have a negligible effect on permeability (see Table 
5), but the physical rearrangement of material due to 
the reactions did not require a higher permeability or 
an open system. 

To summarize, the calculations adequately predict 
by Eq. (3) an assemblage with similar bulk chemistry, 
mineralogy, and porosity as that of Zone 2 rocks. Fur
thermore, the model is consistent with a closed-system 
interpretation . 

Next, the model was expanded to incorporate Eqs . 
(4-6) to test the hypothesis pertaining to the origin of 
analcime, smectite/illite , calcite, and quartz . The sim
ulated Zone 2 assemblage was used to generate the 
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Zone 3 assemblage using similar methods . Depending 
on the actual compositions and densities, Eq. (4) in
creases porosity by about 1-3% (CPC1)' If Zone 2 clino
ptilolite was altered by Eq. (5) , precipitation of analcime, 
quartz, and calcite resulted in an increase in porosity 
of -1% (CPC2)' The replacement of cristobalite by quartz 
(Eq. (6)) involves a porosity increase of -1% (cpf3). 
Therefore, the conversion of a Zone 2 assemblage to 
the Zone 3 assemblage involves an increase in porosity 
of 3-5% (cpf1 + cpf2 + CPf3)' Unfortunately, this predic
tion cannot be tested accurately . Measured values 
show a decreasing trend in porosity of about 10% per 
kilometer, yet there is a corresponding increase in lithic 
content ("dead volume" ) with depth of -9'lO, thus 
clouding the significance of measured porosities. 

To test for an open or closed system, the amounts of 
Na needed to satisfy Eq. (5) and the amount of COl
needed to make calcite must be evaluated. Calculations 
show that a maximum of about 4 pore volumes of water 
are needed to supply the Na required by Eq. (5). This 
value does not account for an additional internal supply 
of Na from the dissolution of plagioclase or from the 
illitization of smectite. 

The Ca in calcite reasonably matches the amount of 
Ca from a clinoptilolite and smectite source. If an at
mospheric source of CO2 is proposed to account for the 
amounts of calcite found in Zone 3, it would require a 
flux of as much as 105 pore volumes of water. This vol
ume of water would certainly exceed closed-system re
quirements. However, Table 4 demonstrates that an 
adequate internal supply of CO2 existed (due to the 
present excess of organic carbon), as a result of decar
boxylation or cracking of organic compounds . These 
mass-balance calculations indicate that the diagenetic 
reactions did not require an open system with respect 
to fluids. 

DIAGENETIC MODEL 

We propose an alternate mechanism to the open-sys
tem model (Hoover, 1968) for diagenesis below Pahute 
Mesa for the following reasons: (I) Constant chemical 
composition of rocks with depth suggests that negligi
ble mass transfer was involved in the formation of the 
diagenetic zones (except for the late stage precipitation 
of mordenite) ; (2) Rates of chemical mass transfer are 
low enough to invoke a closed-system interpretation; 
and (3) Mass and volume changes incurred by the dia
genetic reactions satisfy closed-system requirements. 
The following interpretation is based on these criteria. 

The initial pore-water chemistry was controlled 
mainly by the dissolution of highly soluble volcanic 
glass. As the salinity and alkalinity increased due to this 
dissolution, saturation with respect to various phases 
was attained. At greater depths, saturation was reached 
faster due to the accelerated rate of glass dissolution at 
higher temperatures. The rate at which salinity and pH 
increased was greater than the rate at which the first 

Table 5. Core plug porosilies and permeabililies. 

Well PermeabililY ( md) 
UE20f 
deplh Horiz. Porosity 

Zone (km) Horiz. (90") Vert . (%) 

1 0.54 2429 0.03 1294 34.9 
2 0.74 0.04 0.03 0.01 25.4 
2 0.80 0.02 0.01 0.01 14.5 
2 1.20 0.13 0.08 0. 12 24.5 

2-3 1.22 4.6 3.6 J.7 26.9 
3 1.76 4.8 4.3 4.3 29.9 
3 2.09 0.46 0.37 0.28 22.6 

phase , smectite, precipitated. As a result, waters be
came supersaturated with respect to smectite and 
climbed rapidly into a feldspar stability field. The slug
gishness with which K-feldspar or albite precipitated 
was overcome by the rate at which the c1inoptilolite 
formed . The metastable precipitation of c1inoptilolite 
exerted major controls on solution chemistry as ions 
were removed from solution stoichiometrically. Simi
larly, cristobalite precipitated metastably (instead of 
quartz) as a result of the kinetic barriers to rapid quartz 
precipitation . Thus, vitric rocks at depth were altered 
to a Zone 2 assemblage due to a prolonged exposure to 
pore waters at an elevated temperature . This process 
essentially conserved mass and caused no significant 
changes in permeability, yet porosity was reduced by 
as much as 15%. The process was probably occurring 
during the accumulation of tuffs and rhyolites in and 
above the Silent Canyon Caldera, and shortly after the 
establishment of a water table. As rocks continued to 
accumulate, the hydration process continued (forma
tion of Zone 2), and the initially zeoJitic rocks were pro
gressively subjected to higher temperatures due to bur
ial. As a result of time and temperature, the metastable 
hydration products underwent dehydration. Eventu
ally, clinoptilolite was replaced by analcime and pos
sibly K-feldspar and albite, and smectite was trans
formed to a mixed-layer illite/smectite having 
progressively decreasing expandability with depth. The 
release of Ca due to these reactions resulted in calcite 
precipitation . At these elevated temperatures, the de
gree of saturation with respect to quartz was lowered 
thus reducing kinetic barriers to quartz precipitation 
(Murata and Larson, 1975). As a result, quartz replaced 
cristobalite. Simultaneously, plagioclase suffered the 
effects of time and temperature and was either dis
solved or albitized. With more time and greater depth 
of burial (temperature), analcime was replaced by al
bite . This second phase of alteration (formation of Zone 
3) resulted in a porosity increase of as much as 5% and 
an increase in permeability by two or three orders of 
magnitude. This process also conserved mass . 

The thermal conditions during diagenesis below Pa
hute Mesa may be inferred from other diagenetic en-
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vironments of similar age that underwent similar re
actions. Thermal gradients from the Monterey 
Formation (silica reactions), the Tertiary Gulf Coast 
(clay mineral reactions), and the Niigata Oil Field (zeo
lite zonation) were readjusted for the depths below Pa
hute Mesa (Well UE2Dt) at which analogous zone 
boundaries occur. The calculated thermal gradient is 
50°-90°C/km. The present-day thermal gradient below 
Pahute Mesa (Well UE2Dt) is 25°C/km. Inasmuch as 
Pahute Mesa was in a region of active heat production 
during and after emplacement of the tuffs, and from the 
analogs above, diagenetic zonation probably took place 
under thermal gradients significantly higher than that 
at present. 

To summarize, the diagenetic zones below Pahute 
Mesa are a result of three factors: (1) changing pore
water chemistry in an essentially closed hydrologic sys
tem, (2) disequilibrium precipitation, and (3) a thermal 
gradient that was much higher than that now present. 
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Pe3IOMe--TeTpH"!Hble KpeMHe3eMHble BYJlKaHII"!ecKile nopoAbl B THXOM KaHboHe KaJJbAepa HHiKe TIa
rYTe Meca, Ha MecTe HcnblTaHHH OT)1eJla 3Heprnll IIITaTa HeBaAbl, 6blJlH nOAPa3AeJleHbl Ha Tpll BepTH
KaJJbHble MHHepaJJOfH"!ecKHe 30Hbl, c pa3HblMII TOJlIl\HHaMH H HapYllleHHblMII CTpaTHrpa<jlH"!eCAHMH 
rpaHHl(aMH. 30HaJJbHble KOHTaKTbl MBJljIlOTCM 06bl"!HO onpeAeJleHHblMH. 30Ha I, CaMaM BblCOKaM 30Ha, 
BKJlIO"!aeT HeH3MeHeHHoe HJlH H3MeHeHHoe B Ha"!aJlbHOH CTaAHH peOJIHTH"!eCKoe CTeKJlO. 30Ha 2 xapaK
TepH3yeTcM HaJJH"!HeM npeHMYll\eCTBeHHo KJIHHOnTHJIOJIHTa H YMepeHHoro KOJIH"!eCTBa CMeKTHTa, KPHC
T06aJJJIHTa H MOPAeHHTa. 30Ha 3 xapaKTepH3yeTcM CJIOiKHblM MHHepaJJorH"!ecKHM COCTaBOM, KOTOPblH 
BKJlIO"!aeT aHaJJbl(HM, KSapl(, KaJJbl(HT, aYTHreHHblH K-<jleJlbAlllnaT, H aJJb6HT, KaOJlHHHT, XJIOPHT, H 
cMelllaHO-CJlOHHbIH HJIJIHT!cMeKTHT. CMelllaHO-CJIOHHaM rJlHHa BblRBJIReT YBeJIH"!eHHe ynopMAo"!eHHocTH 
H YMeHbllleHHe cnoc06HoCTH pa36yxaHHM C rJIy6HHoH. 

B Te"!eHHe KopoTKoro speMeHH nOCJIe ocaiKAeHHM H HerJIy60Koro norpe6eHHM pe3YJIbTaTOM fHApa
Tal(HH OTHOCHTeJIbHO HenpOHl\aeMblx BblCOKO nopHcTblX CTeKJIMHHblX nopoII 6bJJlO 6blcTpoe 06pa30BaHHe 
COCTaBa 30Hbl 2 HCKJlIO'IaM MOPAeHHT. Pe3YJlbTaTOM 3TOH CTaAHH nepeMeHbl 6blJIa nOTepR nopHcToCTH 
HeTTO H npeHe6peiKHMo MaJlblK nepeHoc MaCCb!. TIpoAOJliKalOll\eec" norpe6eHHe H BCPOCT TeMnepa
TYPbl npHBOAIIJIH K CTaAHH AerHApaTal(HH, s KOTOPOK MHHepaJlbl 30Hbl 2 GblJIH 3aMeHeHbl MHHepaJIaMH 
30Hbl 3. Pe3YJIbTaTOM CTaAHH lIerHllpaTal(HH GblJIO YBeJIH"!eHlle nopHcToCTH H npOHHl\aeMOCTH Ha He
CKOJIbKO nopMAKOB. 3TOT npOl(ecc, KaK 11 GOJIee paHHHe peaKl(IIH, TaKiKe npOIICXOAIIJI C coxpaHeHlleM 
MaCCb!. OcaiKAeHHe MOPlleHHTa HacTynaJIO nOCJIe 06pa30BaHIIM 3Toro 30HaJlbHOro COCTaBa. JJ:HareHeTII
"!eCKHe 30Hbl HlliKe TIarYTe Meca 6bJJlII pe3YJIbTaTOM: (I) H3MeHMIOIl\eticM XIIMIIH nopOBOH BOllbl B 
OCHOBHOM 3aMKHYToii f11l1pOJIOrll"!eCKoii CHCTeMe; (2) HepaBHOBeCHR HJlH KIIHeTII"!eCKoro OCaiKAeHIIR MeTa
cTa611JIbHbIX <jla3; 11 (3) 60JIee BblCOKoro TepMaJlbHoro rpaAHeHTa, npllcYTcTBYIOIl\erO paHee. [E .C.] 

Resiimee--Die tertiaren Si02-reichen vulkanischen Gesteine in der Silent Canyon Caldera unter Pahute 
Mesa, Department of Energy's Nevada Test Site, wurden in 3 vertikale mineralogische Zonen geteilt, die 
in der Dicke variieren und iiber stratigraphische Grenzen gehen. Die Grenzen zwischen den einzelnen 
Zonen sind im allgemeinen scharf. Die Zone I , die oberste Zone, enthalt unverandertes oder kaum ver
andertes rhyolithisches Glas. Die Zone 2 wird durch ein Vorherrschen von Klinoptilolit charakterisiert, 
untergeordnet treten Smektit, Cristobalit, und Mordenit auf. Die Zone 3 ist eine vielfaltige Mineralver
gesellschaftung, die Analcim, Quarz, Calcit, authigenen K -Feldspat, und Albit, Kaolinit, Chlorit , und IlIit
Smektit-Wechsellagerungen enthiilt. Die Wechsellagerung zeigt mit zunehmender Tiefe eine zunehmende 
Ordnung und eine Abnahme der Quellfahigkeit. 

Kurz nach del' Ablagerung und nach einer geringen iiberdeckung fiihrte die Hydratation der relativ durch
lassigen, stark poriisen glasigen Gesteine zu der raschen Bildung del' Mineralvergesellschaftung der Zone 
2 (mit Ausnahme von Mordenit). Dieses Vmwandlungsstadium fiihrte zu einer Abnahme der Porositat und 
zu einem vernachlassigbaren Stofftransport. Fortschreitende iiberdeckung und Temperaturanstieg fiihrten 
zu einem Dehydratationsstadium, in dem die Mineralvergesellschaftung der Zone 2 durch die Minerale der 
Zone 3 ersetzt wurde . Das Dehydratationsstadium fiihrte zu einer Porositatszunahme und einer Zunahme 
der Durchliissigkeit urn einige GriiBenordnungen. Dieser ProzeB verursachte, wie auch die friiheren Reak
tionen , keinen Stofftransport. Nach dieser zonaren Anordnung folgt die Fallung von Mordenit. Die diage
netischen Zonen unter Pahute Mesa wurden verursacht. durch: (I) Veranderungen im Chemismus des Po
renwassers in einem nahezu geschlossenen hydrologischen System; (2) Ungleichgewichts- oder kinetische 
Fallung metastabiler Phasen, und (3) einen hiiheren geothermischen Gradienten als er jetzt vorhanden ist. 
[V.W.] 

Resume-.Les roches siliciques volcaniques tertiaires dans le Silent Canyon Caldera sous Mesa Pahute, du 
site de tests du departement d'energie dans le Nevada ont ete divisees en trois zones mineralogiques ver
ticales qui varient en epaisseur et qui transgressent les frontieres stratigraphiques. Les contacts entre zones 
sont generalement marquees. Zone I, celle du dessus, comprend du verre rhyolitique soit non-altere, soit 
commenc;:ant 3 etre altere . Lazone 2 est caracterisee par une predominance de c1inoptilolite, et des quantites 
subordonnees de smectite, de cristobalite, et de mordenite . Zone 3 est un assemblage mineral complexe 
comprenant de I'analcime, du quartz, de la calcite, de la feldspath-K et de I'albite authigeniques, de la 
kaolinite, de la chlorite, et de I'illite/smectite 3 couches melangees. 

Peu apres la deposition et apres un enterrement peu profond , I'hydration de roches vitriques imperme
abies et tres poreuses a resulte en la formation rapide de I'assemblage de la zone 2 (3 part la mordenite). 
Ce stage de I'alteration a resulte en une perte nette de porosite et un transfert de masse negligeable. 
L'enterrement prolonge et une hausse de temperature a me ne 3 un stage de deshydration auquel 
I'assemblage de la zone 2 a ete remplace par les mineraux de la zone 3. Le stage de deshydration a resulte 
en un accroissement de plusieurs ordres de grandeur de la permeabilite. Ce procede, comme les reactions 
precedentes, a aussi conserve la masse. La precipitation de mordenite a suivi la formation de cette con
figuration zonale. Les zones diagenetiques sous Mesa Pahute ont ete causees par: (I) un changemenl de 
chimie pore-eau dans un systeme hydrologique essentiellement ferme ; (2) un desequilibre ou la precipitation 
kinetique de phases metastables ; et (3) un gradient thermal plu s eleve qu'il ne I'est it present. [D.l.] 
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