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Abstract--Zeolites and associated minerals occur in a tholeiitic basaltic pillow lava sequence that makes 
up part of the Eocene Siletz River Volcanics in the central Coast Range, Oregon. Regional zoning of 
zeolite assemblages is not apparent; the zeolites formed in joints, fractures, and interstices, although most 
occur in central cavities of basalt pillows. The zeolites and associated minerals identified, in general order 
of paragenetic sequence, are smectite, pyrite, calcite (small spheres), thomsonite, natrolite, analcime, 
scolecite, mesolite, stilbite, heulandite, apophyllite, chahazite, mordenite, calcite (scalenohedra and twinned 
rhombohedra), laumontite, and amethystine quartz. Common three-mineral assemblages are: natrolite- 
analcime-sfilbite, stilbite-heulandite-chabazite, stilbite-apophylli~e-chabazite, and natrolite-mesolite-lau- 
montite. 

Alteration of  basaltic glass, which was initially abundant, appears to have been an important factor in 
formation of the zeolites. Isotopic data suggest that zeolitization occurred during a low-temperature (60 ~ 
70~ submarine hydrothermal event, or by reactions of cold (~ 10~ meteoric water with basalt over a 
long time. The occurrence of different mineral assemblages in cavities of adjacent basalt pillows indicates 
that these minerals crystallized in dosed systems that were isolated as fractures and joints were sealed 
by deposition of smectite and early zeolites. Although the total chemical composition of the mineral 
assemblages in cavities is similar, different mineral species formed because of the sensitivity of zeolite 
minerals to slight variations in physical and chemical conditions within individual cavities. 

Key Words--Analcime, Apophyllite, Isotope abundance, Laumontite, Mesolite, Pillow lava, Smectite, 
Zeolites. 

I N T R O D U C T I O N  

A variety o f  zeolites and associated minerals  occur 
in a basaltic pi l low lava sequence o f  the early and mid-  
dle Eocene Siletz R ive r  Volcanics in the central Coast  
Range, Oregon (Figure 1). Similar  mineral  assemblages 
in similar  geologic env i ronments  have  been described 
f rom Iceland (Walker, 1960a; Betz, 1981), Ireland 
(Walker, 1960b), India  (Sukheswala et  al., 1974; Kos-  
toy, 1981), Newfoundland  (Bay o f  Fundy) (Carpenter,  
1971), and the Uni t ed  States (New Jersey) (Fenner, 
1910; Schaller, 1932). Al though a regional zeolite zo- 
nat ion was recognized for mos t  o f  these ma jo r  occur- 
rences, it has not  been recognized in the Siletz R ive r  
Volcanics. The  present  study describes the occurrence 
o f  the zeolites and associated minerals  in the basaltic 
pi l low lavas o f  the Siletz R ive r  Volcanics and at tempts  
to explain their  origin. 

GEOLOGIC SETTING 

During early and middle Eocene time, the coastline of Or- 
egon and Washington was far to the east of its present location, 
and an island arc trending nearly north-south occupied the 
area of the present Oregon Coast Range (Snavely and Wagner, 

1963; Lyttle and Clarke, 1975). The Siletz River Volcanics 
(Snavely et aL, 1968) make up the island-arc rocks in the 
central Oregon Coast Range and thickness varies from about 
3 km in the shallower parts to as much as 6 km near volcanic 
centers. The great thickness of the volcanic rocks and the 
shallow character of the interbedded sedimentary layers sug- 
gest that the sequence was deposited in a constantly subsiding 
basin. Snavely et aL (1968) divided the Siletz River Volcanics 
into two petrochemical units: (1) a lower unit that consists of 
early Eocene submarine flows oftholeiitic basaltic pillow lavas 
and breccias; and (2) an upper unit of middle Eocene subaerial 
and submarine alkalic rocks. The volcanic rocks interfinger 
complexly with marine basaltic tuffaceous siltstone and sand- 
stone. In both units pillow lavas and breccias are common, 
and zeolitization has taken place throughout the entire se- 
quence. 

Pillow structure in basaltic iavas has been attributed to the 
subaqueous cooling of lava (Moore, 1975). As the hot lava 
comes in contact with cold water, pillows are formed which 
have outer shells of glass due to quenching by cold water. 
Central cavities are formed when fluid lava drains from the 
pillows before the interior of the pillows cools (see Ballard 
and Moore, 1977; Francheteau et aL, 1980). Pillows with 
similar large central cavities but without zeolitic alteration 
were described by Waters (1960) in the Columbia River Basalt 
Group where the pillows formed in shallow lakes and are 
palagonifized but not zeolitized. Grenne and Roberts (1983) 
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Figure 2. Map showing generalized geology and location of 
quarries sampled in this study. 

Figure i. Map showing location of study area and general 
distribution of Siletz River Volcanics in the central Coast 
Range of Oregon (after Snavely et al., 1968). 

described Ordovician pillow basalts with large central cavities 
in Norway and suggested that seawater entered the cavities 
immediately after the lava drained out, thus chilling the in- 
terior of the cavities to glass. 

Parts of the Siletz River Volcanics have been uplifted and 
folded into numerous broad, elongate anticlines and synclines 
(Snavely and Wagner, 1964). Numerous northwest- and 
northeast-trending, high-angle normal and reverse faults hav- 
ing displacements of a meter to hundreds of meters, and west- 
to northwest-trending, strike-slip faults cut the volcanic se- 
quence (Snavely and Wagner, 1964). Post-Eocene mafic dikes 
and sills have intruded 'the Siletz River Volcanics. 

The area of this study is an easte/n exposure of basaltic 
pillow lavas that were deposited in a shallow marine back- 
arc basin between the island-arc axis to the west and the 
Eocene coastline to the east. Thin-bedded tuffaceous sedi- 
mentary rocks and thin sills and dikes are locally associated 
with the basaltic pillow lavas. The lower unit of the Siletz 
River Volcanics in this area is exposed in a northeast-trending 
anficliv-! uplift bounded by northeast-trending, steeply-dip- 
ping faults roughly parallel to the anticlinal axis (Figure 2). 

EXPERIMENTAL 

Quarries for road rip-rap provided excellent rock 
exposures in an otherwise heavily vegetated region. 

Five quarries containing unusually large and abundant  
secondary minerals were selected for detailed study. 
Alteration and secondary mineral distribution were 
mapped in the quarries, but lack of exposures preclud- 
ed any continuous mapping between quarries. Other 
quarries irregularly distributed through the Siletz River 
Volcanics in the study area have exposed pillow lavas 
that are barren or nearly barren of secondary minerals. 
Quarry maps of secondary mineral distribution and 
descriptive mineralogy of the zeolites and related min- 
erals from four of the quarries were given by Clark 
(1964). 

Samples were studied with the binocular microscope 
to determine paragenetic sequences and assemblages. 
The refractive-index oil-immersion technique was used 
to determine optical properties of the alteration min-  
erals, and observe any overgrowths or inclusions that 
might exist. X-ray diffraction (XRD) using the Debye- 
Scherrer powder method provided films for mineral 
identification. The smectite was identified from XRD 
powder diffractograms using a goniometer equipped 
with a graphite crystal and focussing monochromator. 
Five minerals were hand-picked for chemical analyses 
by wet chemical techniques and flame photometry for 
major oxides, and by visual direct-reader spectrometry 
for semi-quantitative trace'-element analyses. Samples 
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of  quartz, calcite, apophyllite, and altered basalt were 
analyzed for stable isotopes of  oxygen, and the calcite 
for isotopes of  carbon, using a mass spectrometer. 

RESULTS 

Alteration minerals occur: (1) as replacements ofpla- 
gioclase phenocrysts in the basalt; (2) in large central 
cavities of  the basalt pillows; (3) along joints and frac- 
tures within the basalt pillows and the interstices be- 
tween pillows; (4) within brecciated areas where pillows 
broke apart  during emplacement, and (5) along frac- 
tures through the basaltic pillow lava sequence; and (6) 
in fractures through thin, interbedded, tuffaceous silt- 
stone and sandstone beds. Plagioclase phenocrysts in 
the zeolitized areas of  pillow basalt are partly or com- 
pletely replaced by zeolites and dark-green smectite. 
Smectite occurs in the cores of  the phenocrysts or as 
thin green bands outlining internal zones within the 
phenocrysts. 

The largest and best-crystallized zeolites were de- 
posited in the central cavities of  basaltic pillow lavas. 
In cross section the basalt pillows are round to slightly 
elliptical having diameters of  about 30 cm to 2.5 m 
but averaging about 1 m. They are piled on each other 
with little space between. The space between pillows 
is filled mostly with smectite and minor  amounts of  
calcite and zeolites, which are alteration products of  
basaltic glass. Most of  the pillows are solid to the core 
and show radial cooling joints. About  20% of  the pil- 
lows in the localities studied have one or more cavities 
located just above the center of  the pillow (Figure 3), 
and the outcrop distribution of  the pillows containing 
central cavities is irregular. The cavities are typically 
elliptical and have a rounded top and flattened base 
indicating the orientations of  the pillows when they 
cooled. Maximum dimension of  the cavities is from a 
few centimeters to about 60 cm. At  the JayTe'el and 
Soap Creek quarries, pillows commonly contain 2 to 
4 small cavities (Figure 3--upper);  those at the Coffin 
Butte and Kings Valley quarries characteristically have 
only one large central cavity (Figure 3--lower). All 
cavities found contained zeolites and associated sec- 
ondary minerals. The cavities are lined with a thin layer 
(0.5-2 m m  thick) of  dark-green smectite upon which 
the secondary minerals were deposited. Some of  the 
zeolites crystallized all the way around the inside of  a 
cavity, but others crystallized only on the bottom. 
Acicular zeolites in pillow cavities are as long as 60 
ram, tabular crystals are as long as 25 mm, equant 
analcime crystals are as large as 60 m m  in diameter, 
and twinned calcite rhombohedra are as large as 200 
m m  on a side. Cavities are usually not completely filled 
but are vuggy. For  example, in one pillow at the Coffin 
Butte quarry, a layer of  stilbite covers the bot tom of  
the cavity, and chabazite, which crystallized later, coats 
the stilbite and the sides and top of  the cavity. Crys- 
tallization appears to have occurred prior to regional 

Figure 3. Altered basaltic pillows showing central cavities 
that contain secondary minerals. Upper--pillow from the 
JayTe'el quarry has several small elliptical cavities containing 
mostly mesolite. Pillow is not in place; top is toward left. Note 
radial cooling joints. Lower--large central cavity lined mostly 
with stilbite in a pillow at the Coffin Butte quarry. Note flat 
bottom and rounded sides and top of the cavity. 

folding of  the pillow lavas because secondary mineral 
deposits follow the configuration of  the cavities and 
are not deposited at an angle to the flat cavity bottoms. 

The most common 3-phase assemblages of  second- 
ary minerals in the pillow cavities are as follows, in 
order of  deposition: 

natrolite-analcime-stilbite 
stilbite-heulandite-chabazite 
stilbite-apophyllite-chabazite 

natrolite-mesolite-laumontite. 

Locally, only two phases are commonly found in a 
cavity, and rarely four are found. In addit ion to the 
minerals mentioned, calcite is generally the last min- 
eral deposited in larger cavities. A definite layering of  
the minerals in the cavities of  most pillows has been 
noted, indicating that the major  phases were not co- 
depositional but changed during the alteration process. 
Later minerals are, with few exceptions, deposited upon 
fresh crystal surfaces of  already existing crystals, and 
corrosion of  early-formed crystals is generally not ap- 
parent. The corrosion of  early-deposited natrolite at 
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Figure 4. Unbroken basaltic pillow showing zeolites outlin- 
ing cooling fractures. 

the Coffin Butte and Kings Valley quarries where sphe- 
roidal clusters of  twinned analcime include remnants 
of  earlier natrolite (Staples, 1946) is the only evidence 
of  later-stage reactions affecting already existing sec- 
ondary minerals. 

The outcrop distr ibution of  zeolite assemblages in 
pillow cavities of  the Siletz River  Volcanics appears to 
be random, and no regional distr ibution was evident. 
Adjacent  pillows commonly  contain different mineral 
assemblages. For  example, one pillow may contain na- 
trolite-analcime-stilbite,  and an adjacent one may con- 
tain stilbite-heulandite-chabazite. Careful plotting of  
pillow assemblages at two quarries showed that local 
concentrations of  similar assemblages could be mapped 
(Clark, 1964), but the assemblages did  not give any 
pattern of  regional zoning. 

Radial  cooling joints  and fractures within pillows are 
filled with zeolites in areas such as the JayTe'el  and 
Soap Creek quarries, where zeolite and clay alteration 
of  the basalt is extensive (Figure 4). At  the Coffin Butte 
and Kings Valley quarries, the basalt is not so highly 
altered and only minor  zeolites have been found along 
radial  joints,  even though the central cavities may con- 
tain abundant  zeolites. Interstices between the rounded 
basalt pillows are commonly  filled with massive dark- 
green smecfite containing small amounts of  massive 
analcime, natrolite, stilbite, and/or  calcite. Locally the 
zeolites between pillows are small but  occur as well- 
developed crystals rather than in masses. Brecciated 
areas where pillows broke apart  during extrusion are 
pervasively altered to smectite, and abundant  zeolites 
(generally analcime and natrolite) and calcite cements 
the breccia. Fractures through the basaltic pillow lava 
were found only at the JayTe'el  quarry, where the frac- 

Figure 5. Outcrop of zeolitized basaltic pillow lava at the 
JayTe'el quarry cut by vertical fractures (arrows) that filled 
with zeolites and calcite. 

tures extend from the ground surface about 2.5 m 
downward into the quarry wall cutting through several 
pillows (Figure 5). These fractures are filled with me- 
solite, laumontite,  and calcite. Thin-bedded tuffaceous 
sandstone and siltstone beds 15 to 100 cm thick are 
interlayered with the pillow lavas and contain zeolites, 
usually stilbite, replacing glass of  the tuff fragments, 
and in 1-2 m m  wide veinlets cross-cutting the bedding 
planes. 

The general paragenetic sequence of  the secondary 
minerals is the same at the 5 quarries, and nearly all 
minerals occur at each locality although the relative 
amounts are different. The general paragenetic se- 
quence combined from the individual quarries is shown 
on Figure 6. Locally there appears to be codeposition, 
and analcime, apophyllite, and calcite formed during 
at least two periods of  major  deposition. 

Chemistry 

Chemical analyses for major  oxides and semiquan- 
titative spectrographic analyses for trace elements for 
five minerals are shown in Table 1. The analyzed apo- 
phyllite has an exceptionally high F content and is 
therefore fluorapophyllite, according to the nomencla- 
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Figure 6. General paragenetic sequence of zeolites and as- 
sociated minerals. Solid bars represent relative time of main 
deposition; dashed lines between bars represent minor inter- 
mittent deposition. 

ture of Dunn et al. (1978). The analcime is nearly pure 
end-member Na-analcime with only traces of K and 
Ca; its Si/A1 ratio is 2.13. Chabazite contains minor 
amounts of Na and K, and trace amounts of Ba and 
Sr, and has a Si/(A1 + Fe 3+) ratio of 2.06, placing it in 
the range of "normal" chabazites, as defined by Shep- 
pard and Gude (1970). The analyzed mesolite is slight- 

ly more Ca-rich than midway between natrolite and 
scolecite, but within the range for mesolite indicated 
by Alberti et al. (1982). Mesolite and scolecite occur 
as overgrowths on natrolite in several of the quarries. 
The analyzed stilbite is higher in Si than most stilbites, 
but within the range of normal composition (Cern~, 
1965); its Si/A1 ratio is 3.18. 

Generally the minerals contain low concentrations 
of trace elements; 30 elements were looked for but not 
detected (Table 1). Whole rock major oxide and se- 
lected trace element analyses of unaltered basalt from 
near the JayTe'el and Coffin Butte quarries are shown 
in Table 2. 

Isotopes 

The minerals and rocks analyzed are greatly enriched 
in 180 and 13C (Table 3). A sample of tholeiitie basalt 
from the freshest part of a pillow has a ~180 of + 8.11%, 
which is a small enrichment from the usual + 6 . 0 ~  ot 
unaltered basalt (Taylor, 1968). A highly altered part 
of the same pillow adjacent to the internal cavity con- 
sisting mostly ofsmectite has a ~180 value of + 16.87~. 
The oxygen isotopes show that all of the lava has under- 
gone some alteration. 

Although the quartz and calcite 8~80 values plot at 

Table 1. Chemical analyses of secondary minerals from the Siletz River Volcanics, Oregon. 

Apophyl l i te  Analc ime Stilbite Mesoli te  Chabazi te  

(Wt. %)1 

SiO2 52.96 55.98 57.89 44.46 47.05 
A1203 0.18 22.54 15.56 27.39 19.51 
Total Fe 

as Fe203 0.10 0.09 0.08 0.10 0.08 
MgO nd 0.14 nd nd nd 
CaO 24.80 0.02 7.76 9.29 9.33 
Na20 0.07 13.42 0.86 6.46 1.02 
K20 3.97 0.02 0.02 0.08 0.33 
H20 + 16.65 8.03 16.18 11.92 17.29 
H~O- 0.17 0.04 2.25 0.53 5.16 
F 2.01 <0.01 <0.01 <0.01 <0.01 
Total 100.91 100.28 100.60 100.23 99.77 
O---F 0.84 

100.07 

Si/A1 -- 2.13 3.18 3.79 2.07 
(ppm) 2 

Ba 2 <2 <2 <2 150 
Sr 2 1 7 30 1500 
Cu 7 50 10 15 5 
Ga <0.7 <0.7 <0.7 15 <0.7 
Ti 7 2 5 1.5 10 
V 50 <1 <1 <1 <1 

i Analysts: J. H. Christie, K2 and Na20 by flame photometer; S. T. Neil, other major oxides and F by wet chemistry. 
2 Analyst: C. Heropoulos; 6-step semi-quantitative spectrographic analysis; additional elements looked for but not detecter 

listed with limit of detection (in ppm): Mn <0.7, Ag <0.7, As <100, Au <7, B <2, Be <0.7, Bi <7, Cd <7, Ce <50, C, 
<1, Cr <0.7, Cu <0.7, Eu <50, Ge <7, Hf <50, In <1.5, La <7, Li <100, Mo <2, Nb <10, Ni <0.7, Pb <7, Pd <1, 
<5, Re <7, Sb <20, Sc <0.7, Sn <2, Ta <50, Te <300, Th <150, T1 <3, U <150, W <10, Y <7, Yb <0.7, Zn <15, Z 
<3. 

nd--not detected. 
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Table 2. Whole rock chemical analyses, recalculated water- 
free, of unaltered tholeiitic basaltic pillow lavas of the Siletz 
River Volcanics, Oregon (Snavely et al., 1968). 

Tholeiite Tholeiite 
Jay Te'el Coffin Butte 

quarry quarry 

(wt. %) 
si02 48.6 48.4 
AlzOs 14.7 14.1 
Fe2Os 4.3 5.2 
FeO 6.7 8.5 
MgO 8.6 5.7 
CaO 12.9 11.9 
Na20 2.1 2.7 
K20 0.10 0.17 
TiO2 1.7 2.9 
P 2 0 5  0.16 0.29 
MnO 0.19 0.30 
Total 100.05 100.16 

(ppm) 
Ba 7 70 
Co 70 70 
Cr 150 70 
Cu 70 150 
Ga 7 15 
Ni 150 150 
Sc 15 15 
Sr 300 300 
V 70 150 
Zr 70 70 

300~ on the temperature of deposition curve of Fried- 
man and O'Neill (1977), geologic evidence indicates 
this temperature is much too high. Calcite and quartz 
were likely not deposited in equilibrium with each oth- 
er in the pillow lavas. 

DISCUSSION 

Zeolites may have formed in the basaltic pillow lavas 
of the Siletz River Volcanics by: (1) a hydrothermal 
mechanism; (2) low-grade regional metamorphism; or 
(3) alteration of basalt by cold meteoric water. Regional 
metamorphism at low-grade (zeolite facies) conditions, 
as defined by Coombs et aL (1959), should have re- 
sulted in a regional zeolite zonation, but such zoning 
has not been recognized in the present study. Likewise, 
no geologic evidence of regional burial metamorphism 
of the Siletz River Volcanics has been found. 

Alteration by the reaction of cold meteoric waters at 
25~35~ and the abundant  basaltic glass was consid- 
ered by Nashar and Davies (1960) and Nashar and 
Basden (1965) for similar assemblages in other areas. 
Alteration by meteoric waters at 250--35~ should take 
place at a shallow burial depth and thus alteration by 
such meteoric waters should have resulted in a regional 
distribution and zonation of secondary minerals, at 
least below a regional water table. This pattern was not 
recognized in the study area. 

Alternatively, such low-temperature hydrothermal 

Table 3. Isotopic compositions of selected minerals and al- 
tered pillow lava. 

~80J fi~3C2 (~) (%) 

Quartz +25.21 
Calcite +22.0 
Apophyllite +9.89 
Very altered basalt of pillow ad- 

jacent to interior cavity + 16.87 
Least altered part of same pil- 

low +8.11 

+7.73 

vs. SMOW. 
2 vs. PDB. 
Analyst: L. D. White. 

conditions may have been superimposed on the pillow 
lavas by localized heat sources such as individual erup- 
tive centers. This type of heat source would have re- 
suited in patchy alteration which extended throughout 
the area of island-arc volcanism. Westercamp (1981) 
described an irregular distribution ofzeolites and other 
minerals in amygdules in pillow lavas, hyaloclastite 
tufts, and associated rocks on the island of Martinique, 
French West Indies. He concluded that the distribution 
resulted from areas of well-defined heat flow with suf- 
ficient available fluids. He referred to these as "heat 
flow domes" (Westercamp, 1981). The concept of lo- 
calized heat flow also seems to be a reasonable expla- 
nation of the irregular distribution of zeolites and re- 
lated minerals in the Siletz River Volcanics. Other 
processes of zeolitization which depend on intrusive 
heat sources, such as plutons, dikes, and sills, and on 
fracture controls have been observed by the authors in 
the western Cascade Range of Oregon and Washington. 
Alteration in the Siletz River Volcanics, however, was 
probably not related to large intrusive bodies because 
none have been recognized in the area and geophysical 
data do not suggest their existence. Dikes and sills occur 
within the pillow lavas, but are not specifically asso- 
ciated with zeolites. Some dikes and sills may have 
locally been barriers to circulating hydrothermal fluids 
and thereby may have structurally controlled altera- 
tion. 

Fault control of hydrothermal fluids is possible in 
this anticlinal area bounded by faults; more faults prob- 
ably exist in the area than were recognized in the field. 
Indeed, laumontite, mesolite, and calcite occur along 
vertical fractures through basaltic pillow lavas at the 
JayTe'el quarry (Figure 5); however, no concentrations 
of zeolites were noted near or along the major faults. 
Fault control ofhydrothermal alteration was therefore 
minimal.  

Factors enhancing zeolitic alteration include the 
abundance of water, the abundance of glass in the host 
rocks, permeability for the circulation of altering al- 
kaline to neutral fluids, and temperatures less than about 
250~ Temperatures within the Siletz River Volcanics 
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hydrothermal system could not have been very high 
because greenschist-facies minerals were not observed. 
From a consideration of  the crystallization tempera- 
tures of  similar minerals in Icelandic geothermal holes 
(Kristmannsd6ttir and T6masson, 1978), the maxi- 
mum temperature of  crystallization of  the earliest de- 
posited secondary minerals was probably about 150~ 
chabazite was the lowest temperature zeolite and was 
probably deposited at about 70~ 

Laumontite has generally been regarded as a high- 
temperature zeolite (Liou, 1971; Kristmannsd6ttir and 
T6masson, 1978); however, Sukheswala et al. (1974) 
related the laumontite zone in the Deccan trap lavas 
of  India to structural deformation of  the lavas and to 
dikes intruding the lavas. A similar explanation may 
account for laumontite in the Siletz River Volcanics 
where deformation is obvious and dikes are common. 
In the basaltic pillow lavas of  the Siletz River Volca- 
nics, however, the laumontite is invariably a late-formed 
mineral. When the pillows and fractures containing 
laumontite were first exposed to air, the laumontite 
crystals were transparent. Within minutes to hours of  
exposure to air, the laumontite dehydrated. The clear 
laumontite crystals could not have formed at very el- 
evated temperatures; in fact, they must have formed 
at very low temperatures. Boles (1977), in his review 
of  laumontite stability, suggested low-temperature 
crystallization for some laumontites. McCulloh et ai. 
(1981) described laumontite precipitated from hot 
springs in California between 89* and 43~ 

The hydrothermal fluids to be considered in the zeo- 
litization must have been seawater, meteoric water, or 
a mixture of  the two. The active geothermal systems 
producing zeolites in most of  Iceland are dominantly 
meteoric waters (Kristmannsd6ttir and T6masson, 
1978). Zeolitic alteration and the variety of  zeolite min- 
erals such as are found in the pillow lavas of  the Siletz 
River Volcanics are scarce in similar submarine pillow 
lavas (Mottl, 1983). Submarine hydrothermal altera- 
tion usually results in widespread greenschist-facies 
mineralogy rather than zeolite assemblages (Mottl and 
Holland, 1978); however, hydrothermally altered tho- 
leiitic basalts containing analcime, wairakite, natrolite, 
thomsonite, chabazite, laumontite, stilbite, and heu- 
landite, as well as smectite and mixed-layer chlorite/ 
smectite, have been described from the Mid-Atlantic 
Ridge (Miyashiro et al., 1971; Aumento et al., 1971). 
Melson et al. (1968) described a zeolite-bearing altered 
basalt which occurs only along a level approximately 
midway between the axial valley and the crest Of the 
Mid-Atlantic Ridge. 

Permeability was likely an important factor in the 
alteration and especially in the deposition of  the dif- 
ferent zeolite assemblages. The initial permeability of  
the Siletz River Volcanics was probably generally high 
because of  spaces between rounded pillows, radial cool- 
ing joints in pillows, and interlayered thin beds of  tuff- 

aceous sandstone and siltstone. As alteration pro- 
gressed, secondary minerals were deposited in open 
spaces, thus decreasing overall permeability. I f  hydro- 
thermal fluids of  an open system had been sealed in 
the pillow cavities by crystallization of  clay minerals 
and zeolites, the individual cavities would have be- 
come closed systems. Then, as the trapped residual 
fluid became cooler and more alkaline, secondary min- 
erals would have crystallized as the reactions pro- 
gressed to completion. The sensitivity of  zeolite min- 
erals to slight changes in various physical and chemical 
conditions, such as temperature, solution chemistry, 
amount of  solutions involved in the reactions (water/ 
rock ratio), and permeabilities, was pointed out by 
HOller and Wirsching (1978). Arn6rsson et al. (1983) 
noted a change in composition of  geothermal systems 
in response to rate of  leaching of  primary constituents, 
ra teof  fluid flow, and rate of  precipitation of  secondary 
minerals, factors that were particularly pronounced at 
low temperatures. The total chemical composition of  
the different assemblages in the pillow cavities is sim- 
ilar, but when an individual cavity became a closed 
system for any length of  time the secondary mineral 
assemblage within that cavity reflected the closed sys- 
tem environment. 

The chemical components of  the zeolites and asso- 
ciated minerals were likely derived mainly from the 
basalts, particularly the basaltic glass. Field observa- 
tions show that the amount of  secondary mineraliza- 
tion is proportional to the extent of  alteration of  the 
host rocks. Plagioclase phenocrysts in the interior of  
pillows adjacent to central cavities are commonly re- 
placed by zeolites. Early smectite replacement of  the 
basaltic glass released Ca, Na, and K to the hydro- 
thermal fluids, but the Fe and Mg remained in the clay 
portion of  the altered rock. The source of  F and K to 
form apophyllite in the late stage of  secondary mineral 
crystallization is not certain. The basaltic lava must 
have been the main source of  these components even 
though it contains only 0.1 to 0.2 wt. % K20 (Table 
2). Temperatures may have been too low to form po- 
tassium-beating clays and adularia. No data are avail- 
able on the F content of  the unaltered basaltic rocks 
or the interlayered marine sediments, but the basaltic 
lavas were most likely the source of  F also. Likewise, 
small amounts of  Ba and Sr contained in basaltic lavas 
(Table 1) were probably leached and selectively con- 
centrated in chabazite. 

The depositional sequence in the Siletz River Vol- 
canics consists of  small amounts of  initial Ca-rich phas- 
es (e.g., calcite and thomsonite), changing to abundant 
Na-rich phases (e.g., natrolite and analcime) (Figure 
7). The mineral sequence then progressed gradually to 
Ca-Na phases and again to abundant Ca-rich minerals 
as the latest deposits. The water content of  the sec- 
ondary minerals generally increased as the crystalli- 
zation sequence progressed (Figure 8). 
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slo 2 

L-Laumontite 
Mo-Mordenite L 
Ap-Apophyllite 
C-Chabazite 
H-Heu/andite 
S-Stilbite 
Sc-Scolecite / \ 
Ms-Mesolite 
A -Analcirne 
N-Natrolite 

(Na,K)20 / ~ CaO 

Figure 7. SiOz-(K,Na)20-CaO variation diagram of zeolites, 
apophyllite, and unaltered tholeiitic basalt in the Siletz River 
Volcanics. Circles represent minerals analyzed for this study 
(Table 1), squares are representative zeolite compositions, and 
triangles are unaltered basaltic lavas from Coffin Butte quarry 
(CB) and JayTe'el quarry (J) (Table 2). 

Quartz and mordenite are scarce and were late to 
crystallize. These minerals probably were deposited 
from water which became locally enriched in silica at 
a late stage of  alteration. The quartz shows several 
growth stages without any other minerals deposited 
between periods of  quartz precipitation. Most  calcite 
in the pillow cavities is later than chabazite, which 
suggests low temperatures i f  chabazite crystallized at 
70~ or below as in Icelandic geothermal systems 
(Kristmannsd6tt ir  and T6masson, 1978). Therefore, 
calcite probably formed from dissociation of  bicar- 
bonate in HCO3-rich waters into carbonate ion, which 
combined with Ca leached from the basalt. 

Carbonates in hydrothermal  ore deposits show an 
increase in 813C with succeedingly younger stages of  
deposit ion and with cooling (Rye and Ohmoto,  1974). 
Only one ore deposit, however, cited by these authors 
had late calcite with a 613C as high as +5%~; the ~13C 
of  calcite from the Pine Point deposit  was as high as 
+ 10%~. Rye and Ohmoto (1974) attr ibuted this value 
to an increase in methane which caused a decrease in 
the oxidation state of  the late fluids. A slow rate of  
crystallization also concentrates the heavy isotopes in 
carbonates (O'Neil  et al., 1969). The +7.73%o 13C and 
+ 2 2 . 0 ~  'sO of  the calcite determined in the present 
study suggest a very low-temperature alteration system 
perhaps involving carbon derived from marine car- 
bonates or seawater (Lawrence et al., 1979). 

Whether the alteration fluids were low-temperature 
hydrothermal  seawater or cold meteoric waters cannot 
be determined with certainty on the basis of  available 
data. The heavy isotopes may be a result of  seawater 
alteration at temperatures below 100~ and probably 
60~75~ (Taylor, 1974; Fr iedman and O'Neil ,  1977). 
Temperatures for cool meteoric waters indicated by 
the enrichment in heavy isotopes would have to be 

H20 

Sym 

Figure 8. SiO2-HzO-(K20 + Na20 + CaO) variation dia- 
gram ofzeolites and apophyllite in the Siletz River Volcanics. 

below about 10~ Therefore, temperatures analogous 
to the Icelandic geothermal systems could only be at- 
tained using seawater as the alteration fluid on the basis 
of  the isotope data. 

S U M M A R Y  A N D  CONCLUSIONS 

The assemblages of  zeolites and associated minerals 
in the basaltic pillow lavas of  the Siletz River Volcanics 
are similar to other major  zeolite occurrences in ba- 
saltic pillow lavas. The lack of  regional zeolite zoning 
in the Siletz River  Volcanics in contrast to places where 
it has been described in India, Ireland, and Iceland 
may be explained by differences in heat source and 
heat flow. The paragenetic sequences and relative 
abundances of  secondary minerals, however, are not  
the same at all localities worldwide, which reflects the 
sensitivity of  zeolite minerals to slight changes in phys- 
ical and chemical conditions during deposition. 

The permeabil i ty of  the pillow lavas was high until 
clay alteration from the basaltic glass filled joints and 
fractures. Sealing may have begun in an open system 
and compartmental ized the altering pillow lavas into 
numerous dosed  systems as secondary minerals closed 
the fractures and joints. Slight differences in fluid com- 
position, temperatures, pH, amount  of  fluid, and size 
of  cavity in the individual  closed systems probably 
affected the type of  zeolite species that formed and 
adjacent cavities developed different secondary min- 
eral assemblages. Isotope data suggest low-temperature 
alteration of  basalt, but  whether hydrothermal  sea- 
water at 60~176 or cold meteoric water at < 10~ was 
the reacting fluid is inconclusive. 
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Pe3ioMe- I_[COJIHTBI H CBH3aHHble C HtIMH MHHepaJH,I BcTpeqaXOTCH B ToJIeHTOBOfl ~a3aJIBTOBOfI no~yjrInKOBOfI 
~aBe, I(OTopa~l flBJ~IeTC~I ~ac-r~o 3OKeHOBbIX ByJIKaHHqeCKHX nopo~ CalTI2IeT3 PaBep s I~eHTpa.rlbHO~I O6ZflCTH 
opeFOHCKOFO no6epe~H. PaflOHHpOBaHHe I~eoJIHTOBblX OTJIO)KeHH~ He ~IBJI~IeTC~I OqeBH,~ablM; I~eoJIHTI, I 
dpOpMHpOBaJIHCB B y3~ax, THeI/IHHaX H I~eYI~IX, HO caMoe 6oa~moe Hx KOJIHqeCTBO HaXO~HTCN B KeHTpa~I, HI,~X 
nycroTax 6aaa.~t,TOBblx no/~cmeK, lAeo:mTt, I H cBaaanH~,ie c Hr~Ma Mr~nepam,i Haxo~aTC~ ~ c~e~y~omeM 
o6meM n o p ~ e  napareHeTHqecKo~x cepx~m CMeKTr~T, nnpaT, Kaa~tmT (Ma.rn, ie tuapa~a), TOMCOr~T, na- 
TpoJIHT, arla~bKHM, cKo~ecrlT, MecoslKT, craz~6aT, re~t~aH~aT, anodpaXn~T, xa6a3~T, Mop~eHHT, KaJn, I~rlT 
(pa3HOCTOpOHHHe rpe~roa~,naKa a cnapenn~e pOM603~pbI), .rIOMOHHT, H aMeTHCTOBr~I~I :~apr4. O6r~]qHble 
Tpex-MnHepa~,H~,ie COCTa~,~ 3TO: HaTpOYmT-aHa~,~M-CTH~b6HT, CTr~,6HT-Fe~aH~T-Xa6a3HT, CTH~,- 
6~T-aHO~Ha~HT-Xa6a3HT, a HaTpoJ/HT-MecoJn, IT-J~OMOHHT. 

H3MeaeaHe 6a3aJIBTOBOFO c re~a ,  1~OTOpOe cna~a~a naxoaa~oc~ s 60.qBtUOM Ko~irlqecTBe,/<aTKeTc~l 3Ha- 
�9 IHTeSn, HI,IM ~RKTOpOM B IlpoKecce ~bOpMHpOBaHrla ~eo:IHTOB. H3OTOHHBIe xahq-II, ie yKa3r~iBa/oT Ha TO, qTO 
IIeoJIHTH3aKH~I nponcxo~Hsm BO BpeM~l HH3KO-TeMnepaTypHoro nO~O,~HOFO rH~poTepMaJIbHOrO npeBpa- 
~eH~,  H~XH nyreM peaK~Hn xo~o~o.~ (~ 10~ aTMocdpep~ecKo~ BO~,Z C 6a3asn, TOM ~ Te,~eaHe ~aHrmOrO 
rlepHo~a BpeMeHH. 3aJieFaHHe pa3~I~IHl~IX MHHepaJIBHBIX OTJIO~KerlH~I B HyCTOTaX coce~ax 6a3a.rlBTOBBIX 
nonyme~ yKaabzBaeT ~a TO, qTO 3TH MHHepa~b~ KpHcTa.~.TH3HpoBa~HcB B 3aMKHyTB~X c~c'reMax, KoTopBze 
6~,IaH oT~eaer~bz B BHKe TpettIHH a y3~oB, ynaoTr~eHHSZX oca~)~eHaeM CMeKTHTa H nepvoHa~a~bHr~x ~eo- 
~!~TOB. XOTH Uo~Ha$I XHMH~IecI~aH I~oMno3I,n.[HIK MI4HCp~IBHblX OT~IO~I~eHHITI B nyCTOTaX ~lBa'i~eTca~ no~o6Ho~I, 
paa~I~,~nsm MHHepa.rlBI ~OpM/,IpoBa~HcB B pe3ya~TaTe ~IyBCTBHTeYlBHOCTH KeoJ/HTOBBIX Mnaepa~os x He- 
6OYlBmHM H3MeHeHH~IM B dpH3HHecK/,IX H XHMH~IecI(rlX yc~osn~x snyrpn HH~HSHXyaa~nSXX nycTor. [E.G.] 

Resiimee--Zeolithe und Begleitminerale treten in einer tholeitbasaltischen Abfolge von Pillowlaven auf, 
die einen Tell der eoz~inen Siletz River Vulkane, Central Coast Range, Oregon, darstellt. Eine regionale 
zonare Verteilung der Zeolithvergesellschaftungen ist nicht zu beobachten; die Zeolithe bildeten sich in 
Klfiften, Spalten, und Zwischenr~iume, obwohl die meisten in zentralen Hohldiumen der Basaltpillows 
auftreten. Die identifizierten Zeolithe und Begleitminerale sind in der allgemeinen paragenetischen Ab- 
folge: Smektit, Pyrit, Calcit (kleine Kugeln), Thomsonit, Natrolith, Analcim, Skolezit, Mesolith, Stilbit, 
Heulandit, Apophyllit, Chabasit, Mordenit, Calcit (Skalenoeder und verzwillingte Rhomboeder), Lau- 
montit, und Amethyst-artiger Quarz. H~iufige Vergesellschaftungen aus drei Mineralen sind Natrolith- 
Analcim-Stilbit, Stilbit-Heulandit-Chabasit, Stilbit-Apophyllit-Chabasit, trod Natrolith-Mesolith-Lau- 
montit. 

Die Umwandlung yon basaltischem Glas, das urspfiinglich sehr h~iufig war, scheint bei der Zeolith- 
bildung ein wichtiger Faktor gewesen zu sein. Isotopen-Daten deuten darauf hin, dab die Zeolithisierung 
w/ihrend eines niedrig temperierten (60~176 submarinen hydrothermalen Ereignisses stattgefunden hat, 
oder dutch die Reaktion yon kaltem (etwa 10*C) meteorischem Wasser mit dem Basalt tiber eine lange 
Zeit. Das Auftreten verschiedener Mineralvergesellschaftungen in den HohMiumen benachbarter Basalt- 
pillows deutet darauf bin, dab diese Minerale in geschlossenen Systemen kristallisierten, die voneinander 
getrennt waren, da die Spalten und Kliifte dutch die Ablagerung yon Smektit und frtih gebildeten Zeolithen 
verschlossen waren. Obwohl der Gesamtcbemismus der Mineralvergesellschafttmgen in den HohMiumen 
~thnlich ist, bildeten sich verschiedene Mineralarten. Der Grund ist die Empfindlichkeit der Zeolithmi- 
nerale gegeniiber geringen ~aderungen der physikalischen und chemischen Bedingungen innerhalb der 
einzelnen HohMiume. [U.W.] 

R~sum~-- Des z6olites et min6raux associ6s se trouvent dans une s6quence de laves "coussins" thol6iitiques 
basaltiques qui constitue une pattie des roches volcaniques Eoc6nes de la Rivi6re Siletz dans la Coast 
Range Centrale, Oregon. Un zoning r6gional d'assemblages de z6olites n'est pas apparent; les z6olites se 
sont form6es dans des joints, fractures et interstices, quoique la plupart se trouvent dans des cavit6s 
centrales de coussins de basalt. Les z6olites et min6raux associ6s identifi6s, en ordre g6n6ral de s6quence 
parag6n6tique sont smectite, pyrite, calcite (petites sph6res), thomsonite, natrolite, analcime, scolecite, 
m6solite, stilbite, heulandite, apophyllite, chabazite, mord6nite, calcite (scal6noh6drons et rhomboh6drons 
jumell6s), laumonite, et quartz amethystine. Des assemblages de 3 min6raux communs sont natrolite- 
analcime-stilbite, stilbite-heulandite-chabazite, stilbite-apophyllite-chabazite, et natrolite-m6solite-lau- 
monite. 

L'alt6ration de verre basaltique, qui 6tait abondant initialement, semble avoir 6t6 un facteur important 
dans la formation de z6olites. Les donn6es isotopiques sugg6rent que la z6olitisation s'est pass6e pendant 
tm 6venement hydrothermique sousmarin ~ basse temp6rature (60~ ou par des r6actions d'eau 
m6t6orique froide avec du basalt pendant longtemps. L'emplacement de diff6rents assemblages min6raux 
darts les cavit6s de coussins de basalt adjacents indique clue ces min6raux se sont cristallis6s dans des 
syst6mes ferm6s qui 6taient isol6s, comme les fractures et les joints 6taient herm6tiquement ferm6s par 
le d6p6t de smectite et des premieres z6olites. Quoique la composition chimique totale des assemblages 
min6raux dans les cavit6s est semblable, des esp6ces de min6raux diff6rents se sont form6es ~ cause de 
la sensitivit6 des min6raux z6olites ~t de 16g6res variations dans les conditions physiques et chimiques au 
sein des cavit6s individuelles. [D.J.] 


