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Abstract — The principal geologic settings of zeolites are (1) saline,
alkaline lakes, (2) saline, alkaline soils, (3) deep—sea sediments, (4)
low—temperature open hydrologic systems, (5) burial diagenesis, and (6)
hydrothermal—geothermal systems. Volcanic ash layers alter rapidly to
zeolites in saline, alkaline lakes, and relatively pure deposits can be
formed. Silicic volcanic glass is altered slowly, and principally to
smectite, in deposits of moderately saline, nonalkaline lakes, as
demonstrated in sediments of Searles Lake, California. Vitric tuffs in
saline, alkaline playa—lake complexes are characteristically zoned from
an outer fresh—water zone with unaltered glass or glass altered to smec—
tite, an inner saline zone with zeolites, and an innermost highly saline
zone with analcime and/or alkali feldspar, most commonly K—feldspar.
Large—scale zoning of saline, alkaline type is exhibited by the Upper
Jurassic Morrison Formation in the San Juan Basin, New Mexico and Arizona.

Deep—sea sediments contain large volumes of clinoptilolite and phillip—
site. The phillipsite predominates in Miocene and younger sediments and
clinoptilolite in older sediments, possibly because clinoptilolite was
favored in pre—Miocene sediments by re siliceous pore waters.
Hydrolysis by ground water in open hydrologic systems can transform ash
layers to bentonite or to zeolite—rich deposits. Temperature is the
principal control on zeolite assemblages in burial—diagenetic and
hydrothermal—geothermal systems. Igneous analcime has been documented
in the Colima Volcanic Complex of Mexico.

INTRODUCTION

Much work has been done on the geologic occurrence of zeolites over the past thirty years,
and the distribution and origin of zeolites is generally well established [1—5]. Zeolites
occur in many types of rocks but are nest common in volcaniclastic sediments, and the
largest and purest deposits are altered vitric tuffs. The principal geologic settings of
zeolites are (1) saline, alkaline lakes, (2) saline, alkaline soils, (3) deep—sea sedi-

ments, (4) low—temperature open hydrologic systems, (5) burial diagenesis, and (6)
geothermal—hydrothermal systems. Features common to all geologic settings are available
SiO and Al and a Ca + Na + K/H activity ratio higher than that in which a phyllosilicate

woud be formed. The species of zeolite formed depends principally on the nature of the
Al—Si aluminosilicate source material (e.g. glass vs. crystalline materials), chemistry of
the pore fluid, temperature, and time. Minerals commonly associated with zeolites are
alkali feldspars, silica minerals, and phyllosilicates. Zeolites and associated minerals
are commonly zoned, reflecting differences in water chemistry, temperature, or both.

SALINE, ALKALINE LAKES

Zeolites are both common and widespread in deposits of saline, alkaline lakes in arid and
semiarid regions [6]. Because of the high pH, silicic vitric tuffs alter rapidly and may
form nearly pure deposits of zeolite, generally clinoptilolite, phillipsite, erionite, or
chabazite. Vitric tuffs in playa—lake complexes are characteristically zoned: an outer
fresh—water zone contains unaltered glass or glass altered to smectite; an inner saline
zone contains glass altered to zeolites; and an innermost highly saline zone contains
alkali feldspar, generally K—feldspar. An analcimic zone may lie intermediate between the
zone with zeolites and that with alkali feldspar. Albite is locally common in Eocene and
older deposits of saline, alkaline lakes, where it can replace analcime and other zeolites
[2]. The apparent lack of albite in post—Eocene deposits is difficult to understand, as
albite has formed at low temperatures in hypersaline marine sediments of late Miocene and
early Pliocene age in the Mediterranean Sea [7].

Until recently, zoning had only been recognized in Cenozoic playa—lake complexes. Now,
however, similar zoning has been demonstrated in the Upper Jurassic Morrison Formation of
the San Juan Basin of New Mexico and Arizona [8]. Here the Brushy Basin Member of the
Morrison Formation, 60—120 m thick, contains the southern part of a playa—lake complex at
least 300 km in an east—west direction that is zoned from a broad smectite mudflat facies
through a playa—margin zeolite facies with clinoptilolite into a central playa facies in
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size and consist of unaltered vitric shards with variable, generally small amounts of
authigenic smectite. The finer grained ash layers are much more altered than the coarser
layers. All but the lowermost of the finer grained layers are extensively altered to smec—
tite and may contain coarse shards either etched or replaced by clinoptilolite.
Clinoptilolite also lines cavities and is dispersed through the smectite. The lowermost
ash layer consists of analcime pseudomorphs after coarse shards in a smectite matrix. The
association of zeolites with smectite in the finer grained layers suggests that the chemi—
cal environment for zeolite crystallization was created by hydrolysis of the finer grained
ash. Thus the alteration of glass is slow, comparable to that in deep—sea sediments, in
contact with saline, nonalkaline pore fluid except where hydrolysis is enhanced by a fine
grain size.

SALINE, ALKALINE SOILS

Zeolites are formed at the land surface where the pH is 9.5 or higher as a result of the
evaporative concentration of sodium carbonate in an arid or semiarid climate. Analcime has
been documented as a reaction product of montmorillonite in modern saline, alkaline soils
[12], and a wide variety of zeolites has formed at the land surface in sediments of
Pleistocene and Holocene age in the vicinity of Olduvai Corge, Tanzania. The climate at
Olduvai Gorge is arid with seasonal rains, and soils are highly alkaline, at least during
the drier part of the year. Analcime and less commonly phillipsite, chabazite, and natro—
lite have formed in non—tuffaceous claystones [13] , and alkali—rich, low—silica tuffs have

altered to phillipsite, chabazite, analcine, natrolite, dawsonite (NaA1(OH)2C03), and
illite [14].

DEEP-SEA SEDIMENTS

Sea—floor sediments contain the largest volume of zeolites, and Kastner [15] has estimated

that clinoptilolite averages 2 percent and phillipsite 1 1/2 percent of deep—sea sediments.
Analcime is next in abundance. Phillipsite is generally associated with volcanic
materials, principally basaltic; clinoptilolite occurs widely in both tuffaceous and non—
tuffaceous sediments, particularly carbonates [15]. Phillipsite is found principally in
Miocene and younger sedinents at burial depths of less than 100 m but occurs in sediments
as old as Cretaceous. Clinoptilolite is most common at depths of greater than 100 m and
increases toward a maxinum in upper Cretaceous sediments. Smectite is associated with
phillipsite and clinoptilolite in altered vitroclastic sediments and may be the dominant
alteration product. Analcime and K—feldspar increase with age and are most abundant in the
oldest sediments sampled, of late Jurassic age [15]. Analcime and K—feldspar can be
directly associated with glass, unlike nonmarine vitric tuffs, where they form from zeolite
precursors. Glass is altered slowly in deep—sea sediments, and unaltered glass as old as
Cretaceous has been found. The slow rate of alteration explains why K—feldspar can be pre-
cipitated directly in a solution from dissolving glass rather than from a netastable
zeolite precursor which precipitates where glass dissolves more rapidly than feldspar can
nucleate and crystallize. Reasons for the differing distribution of phillipsite and
clinoptilolite are not yet established. The overall dominance of clinoptilolite in sedi-
ments older than Niocene has been attributed to reaction of phillipsite to clinoptilolite

[16]. It may, however, reflect more siliceous pore water in pre—Niocene sediments. In
support of this possibility, apparent peaks of siliceous sediments fall in the Eocene and
Late Cretaceous [15].

LOW-TEMPERATURE OPEN HYDROLOGIC SYSTEMS

Nonnarine tephra sequences commonly show a more or less vertical zonation of smectite and
zeolites that reflects the chemical change in ground water moving through the systen [17].
Solution and hydrolysis of vitric ash to smectite in the upper part of the system increases
the pH, aSio2, and Na + K/H activity ratio to the point where glass is altered to zeolites
rather than smectite. In silicic tephra accumulations, zeolites (especially clinop—
tilolite) are generally found at a depth of greater than 200 to 500 n, whereas in alkali—
rich, low—silica deposits zeolites may be formed at depths of a few meters or tens of

meters. Open systen—zeolites may be vertically zoned, with clinoptilolite, phillipsite,
and chabazite in the upper zone and analcime in the lower zone. Although this paper is
focussed on zeolites, it should be noted that many of not most montmorillonitic bentonites
formed from silicic ash layers are a result of leaching in open systems. Where the pore
fluid is static, as in deep—sea sediments, silicic glass is altered to a mixture of zeolite
and snectite.

BURIALDIAGENESIS

In burial diagenesis, temperature is the dominant influence on zeolite zonation. Within
silicic tuffs a common downward zonation is (1) fresh glass with smectite, (2) clinop—
tilolite and mordenite, (3) heulandite and analcime, and (4) albite and laumontite.
Thickness of the zones varies according to the geothermal gradient, as shown by studies in
the Green Tuff Region of Japan [18]. In areas of active diagenesis, temperatures of
30—50°C are found at the top of the clinoptilolite—mordenite zone, 84—91° at the top of the
heulandite—analcime zone, and 120—124° at the top of the albite—launontite zone [19].



SI' H'K' KLTaaou C601' 20C' W6L yp81' LJJ ILOLW LY S5 (Ia8?)'
SO' 1'E' rrvL uq I'2'E' C9LIJITCP96T COUCL' ZJ' Q) ISI (Io8I)'

yW6L' CP6W • SOC'' (Ia. I)' ______________________________
I V IT1TW9 9IJ J4' fl19q9 A91JC68 1U CP6WT8cLA 26LT68 jOj I4OT6Cn]L 216A6 S6OTT68 —
18' ' 2CT' B9b' COJT66 EcJnC91TOIJ OUTA' LOIC)O 180—551 (IaI)'
n' rc'r' jA rv' p6bb9Lq },U' 2oc' yW6L' poLc COflLø6 14Oc68 o (Io.u)'

r,Lob6Lfl6a fla6 6L9WOU L689' XoLq) ro.8 b'53?'
IQ' 1'K' 20168 uq MT86 T'J E'V' J4flWb0U 6q' .,1491nL91 6OIT16a OCCnLL61JC6
1?' 14' K98CU6L' TU EIJJT1T9UT C' 6q' ,JJJ6 OC69IJTC rTpoebp6L6.,' 14T16A' WA'S 1081' b'OJ?'
i' g'' 149A' 14fU' 20C' yflJ6L' 2b6c' jb'' si (lOxo)'
n' ic'r' jsA Loc66q' ?P IUT' C0U' Oil 60T' r'A' Jç668 6q'' 1?? (1080)'
15' 14'V' 911q r'D' IMJTIT' IL0C 2°TJ 2CT' 1JJ6L'' 53? (1088)'
II' 2'C' cnjqwvU rnibnp' gp6eTe' OIJTA' C9TTIOLUT9' 26L1C616A (Io8t)'
10' B' 148k suq g'v M0TOT9' 6qw6U1oJoA' ' 31S (1083)' ________________________
0' C'E' 2WTP' A'l' B9LC$91C' C'E' 140111L0U' zq 'i'c' rqqco9r' fl'2' c601' 2nL4' I,LO' Ib'IS?Q (1083)'
8' C'E' J/ILU6L—B616L80U' yW6L' yaeOC' 61L01' C601' 21111'' 80 1000 (los?)'
T' fl'2'CO1' LTIJ1TIJ OTC6' M9apTUoiJ' D'C" SI (IoS)'

' 14' I(98U6L Ti! f''' gA9U 9!J 01J16L8' IUTIT9T K6bOLI8 O JJ6 1)6Gb 269 DLT11TU BLO16C1
8' ff'c' nLq9w' MTIJ 2oC' VIJJ6L' 2POL1: COUL86 1401:68' ' e? (I0.\)'
2' V' IT1TW9 9U 14' fl1:9q9' '19b9U '1' (6O] C6OL" t5' 81 (IoXs)
t' E'V' WTWb1:oU' 6q'' J41U' 20C' yDJ6L' 2IJOL1: C011L86 1401:68' ' (Iax)'

B6L149W0U L688' OXOLq' IO9' b''
3' K'' H9A' TI! E'V' J4IIIIJbCOU' Gq'' ,1491:11L9] 601T1:68' OCCITLLGUC6' ,Lob6L1:T6e' fl86'
5' K'l" liSA' C601' 2OC' yW6L' 2b6c' 8? (1088)' ________________________
I' D'2' C00Wp8' ri' ElIte' M'2' EAt euq V'14' JI9AJOL' C60CPTW' 61: CO8WOCJJTW' VC1:9' Ii'?3 (1020)'

BEEEBELICE2

JJ98 JJ6 bO1:6U1:T9J tOL 9TTU 6U61TC TIJ16LbL6191TOU8'
TU' 1P686 tGA T2O1:ObTC UJ698UL6W6U8 apo JJ6 OXA6U—T804ObTC cowboeTlTou 0 $6Ofl62
VTPGL1:9' 9zl9q9' JJ9A6 2jO A9J1T62 O +J3'Q Guq +If'3 0\O0' L6PTCP t9AOL 9 JJ61920W91TC OLT—

61qeb9Le' VU9TCTW6 ,,bpGIJOCLA21:2,, Ti! 19A92 0 1J16 CL619C60112 CLOA2U621: EOLJJJ9ITOU 0

98 2180 A911162 0 +55'? 0 +5çt' 0\00' Ti! 1JJ6 L9IJ6 O 10A—1:6Wb6L91:11L6 9(I1:JJT6UTC

C0U1L921:' wJ9A$6q 9UGICTW6 0 JOA—16Wb6L91:flL6 0LTTJJ tLOW 891T1J6' 9IJC9JTUG—19JC6 q6boe12
J46XTC9U 9U9ICTW6 bpGuocLAale T2 +9'S o\oo [5J]' COWb9LGpJ6 10 TU6O8 6qeb9Le' BA
fl16 9UETCTWG IDeA 6 9 TOA—16Wb6L91:11L6 LGbTIDC6W6UI O ]6flC16' jjJ6 2jO A91116 O 1:JJ6

E9LIT6L LGboL1Gq OCCIILL6UC62 O 9U9]CW6 bpGuocLAaia Ti! WUCJJ OJ6L 19A92 9L6 t1UL61T9p16' 98

19A9 tIOMa O IJJIUG1: 1:6 COWbO2T1:TOU Ti! 1JJ6 COITW9 AOICGUTC C0Wb16X O W6XTCO (ETa' s)'
WTCLObP6UOCLA218 T 1JJ6 1IU91:6L6 1eeeA LOfl17qW982 O A6LA 191:6 1316T21066176 OL H010C6176
VIJ9TCTW6 p92 iJObI 66U rnJ6dUTAOC9TJA OCtlW6U1:6 92 917 TU6Ofl2 W1176L91 [so]' ii OCCI1L8 92

ICLlEOfl2 VL1VCIINE

LOCJC2 9L6 6011117017 bLO1:01T1:JJ2'

CP9L9C6LT81TC O pAcJLO1:J76L11J9J 911:6L91:TOU' 26691126 Ot 1:JJ6 PTP 1:6U1b6L9111L68' 6Jq2b91JJT6
C9TCTC $6O1T1:62 2tICJJ 92 UJ0LqGUTIG' p6n9uqT16' 1911W0U1T16' A(791&9L91T1:6' 917J A9TL9JCTG 9L6

b9Le O 1:J16 AoLJq' TucnqT1J M9TL9IC6T' 146A 699U A6110A21O176 },9LJC' fl'2'V'! eug IcGIeuq'
pAqLo1:p6Lw9 9116L9fl017' LGe6u1:—q9A 9601T1TC pAqLocp6Lw9 9116L91T0U T2 JCIIOIW T WGUA

S6O1T162 6917 6 oLwGq 91: 66A916q 1GWb6L91(1L62' 92 PTJJ 92 3?00C' 92 9 L621111 ot IOC9TT96

HADB0.LHEWAIVr-GE0.LHEBvgvr

21L91:9 [18]'
1:pLOfljJ 1L9172bOL1 O CO1781:T1T6U12' 92 2OAL7 pA CP6WTC9T CJJ9U68 PO1:JJ LT1:PTU 9U 9CL082

20162' 108?' b6L2Oi79J COIJJWI1UTC91:TOU) cLOnuq—A91:6L WOA6IJJ6IJ1:8 6917 9UGC1: PULT9I T96U62T2
PTJJ6L 1:6Wb6L9C11L62' ezig 19nw0171:T16 6917 tOLIU 91: 1:6Wb6L91:17L62 92 IOA 92 ?0—800C ('1' ic'

£P626 16Wb6L91:11L6 1T17T12 6977 A9LA cou2q6L9pA' euq CITUOJI1:TTOITIG 6917 bGLeTe1: 10 WITCJJ

2917b16 awe bLoAq6q pA 'i' ' rp'CLAB1:9Ja ot C1TUObALOX6U6 eziq obecln6 0L68'
80 hID Ti! 9flJ6C6L Ti! 9 W91:LTX O E98a &1:JJ
VU9TCTW6 tOLW8 C010L1688 UITCLObJJ6i!OCLA81:8 90117

J9A9 tLOUJ COITWB AOIC9UTC COWbT6X 01 6xTco [so]
hT S' JJ01:0WTCLO&L9bp 01 9U9ICTWTC IJJTUG1:C6

J3'15 B1'HVA




