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ZEOLITES IN PRE-CALDERA PYROCLASTIC ROCKS OF 
THE SANTORINI VOLCANO, AEGEAN SEA, GREECE 

PANAYOTA TSOLIS-KATAGAS AND CHRISTOS KATAGAS 
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Abstract-The vitric matrix of pre-caldera acid tuff and tuff breccia of the Santorini volcano, Aegean 
Sea, Greece has been generally replaced by one or more of the following authigenic minerals: K-rich and 
(K,Ca)-rich clinoptilolite, mordenite, opal-CT, and clay minerals, Halite is also present in some samples, 
Initial compositional inhomogeneities between the dacitic blocks in tuff breccia and tuff seem to have 
controlled the type of K-rich heulandite-group zeolite that formed. Mordenite postdates the heulandite
group zeolites and opal-CT. Some mordenite has replaced the rims of glass shards. The alteration minerals 
are not related to vertical or lateral zonation, and the irregular distribution of their assemblages is attributed 
to variations in heat flow, ionic activity in interstitial waters, and permeability. The pyroclastic rocks 
were in a region of active heat flow during and after their emplacement. The formation of authigenic 
silicates may have led to the sealing of open spaces and fractures, imposing barriers to permeability and 
subdividing the original open system into smaller closed systems. As alteration progressed, some of the 
trapped water in each individual domain was consumed in hydration reactions. Salts could have been 
concentrated by such a process, and halite probably precipitated from solutions of appropriate composition 
in the individual closed systems. 
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n~pCADWD -- H U~AWODC ua~~ ,wv npo-x~A5~PLXWV OELVWV ,6~v X~L ,O~LXWV A~,unonaywv 
,ou D~LO,~(OU TDC Eav,oPLvDC, ALyaLov nEAayOC, EAAac, EX~L y~vLxa ~V'Lxa,ao,aa~L an6 
tv~ ~ n~PLoo6'Epa an6 ,a aK6AOUa~ aUaLY~V~ opUK,a: nAOUOLO OE K- xaL (K, Ca)-XALvon,L
A6ALaO, UOPvTevCTD, onaALo-CT, KaL apYLALKa opux,a. AAC'DC ~U~V(~E,aL ~nLoD~ ot U~PL
xa oELyu~,a. 0 Tunoc ,ou XALvon,LA6ALaOU nou oXDua'L~e,aL eAEYXE,aL ~n6 'L~ OLa~opEC 
,wv xnULKWV ouo,ao~wv UE,aEu ,wv oaXL,LKWV apauauQ,wv ,wv TO~~LXWv Aa,unonaywv KaL TWV 
c6~wv. 0 uopv,evC'DC oXDuac(~E,aL ue,a ,0 oXDua,Lou6 ,wv ~EOALeWV cDC ouaoa~ ,ou XEOU
AavOL,n KaL COU onaALou-CT' uepLXOL Kpuo,aAAOL uopvcevL,D ~LvE,aL V~ aVcLX~eLOcOUV ca 
aKpa ,WV epauouaTWv UEAOU. H Ka,avOun ,WV OPUKcWV TnC eEoAAoLwonc oev napouoLaCeL xaTa
K6pu~D n oPL~6vcLa ~WVWOD KaL D ,uxa(a eu~vLoD CWV OL~6pwv OPUKcOAOYLKWV napayevEoeWv 
anoo(oe,aL OE ue,aeOAEC cDC aepULxnc ponc, ,DC evepy6Tn,ac cwv L6v,wv 0,0 vep6 TWV n6-
pwv KOC TnC oLanepa,6'DTOC. Ta nupOXAaOTLxa ne,pwua,a eptaDKav oe ULa nEPLoxn EVEPynC 
eEPuLxn~ po~C xa,a ,n oLaPKEL~ xaL UE,a TnV an6eeon couC. 0 oxnuaTLou6c cWV auaLyevwv 
nUPLcLKWV 0PUXTWV eLvaL ouvaT6v va npoxaAeoe ,0 xAeLOLUO 5LaKEvwv xaL PWYuWv o,n ua~a 

,wv nupoxAao,LKwv, ,nv eAa,Twon Tnc 5LanepaT6TnTac KaL TD 5La(peOn TOU apXLKOu avOLK
TOU OUOcnuaTOc OE ULxp6Tepa KAELOTQ ouoTnuaTa. H OUVEXLOD TnC eEaAAOLwanc eLxe oav ano
TEAeoua UEPOC ,OU eYKAweLOUEVOU O'L~ ULKPonepLoxEC vepou va KaTavaAwvecaL OE evu5aTwTL
KEC aVTL5paoeLC. Me Tn 5LepyaoLa aUTn eLvaL ouvaTn D OUYXEv,PWOD aAQcWV oe xanOLa an6 Ta 
xAELOca ouocnuaTa KaL 0 aALTDC eLvaL nLaav6v va 5nULoupynanxe o'auTa an6 5LaAuuaTa Ka
TaAADADC oUOTaonc. 

INTRODUCTION 
mordenite and analcime (?) formed in these pyroclastic 
rocks from constituents dissolved from volcanic glass. 

Clinoptilolite and mordenite are common authigenic Apart from a Kanaris' (1981) report on the occur-
minerals in sedimentary rocks of volcanic origin. De- rence of this deposit and a brief description of its min
posits of these zeolites have been reported throughout eralogical and geochemical characteristics based on five 
the world (Hay, 1966; Sheppard, 1971; Iijima and Uta- samples, no further data are available. The numerous 
da, 1971; Gottardi and Obradovic, 1978), but it was eruptive events ofthe Santorini volcano from the Pleis
not until 1981 that the first zeolite deposit was dis- tocene to present (Nicholls, 1971; Ferrara et aI., 1980) 
covered in Greece (Kanaris, 1981). The deposit occurs suggest that the Lumaravi-Archangelos pyroclastic 
in the pre-caldera acid pyroclastic rocks (Lumaravi- rocks were in a region of active heat production during 
Archangelos volcanics) of the Santorini Volcano, ex- and after their emplacement. Zeolites in geothermal 
posed along the southwestern edge of the Thera Island areas commonly show a vertical zonation in mineral 
(Figure 1). According to Kanaris (1981), c1inoptilolite, assemblages; but such a zonation has not been ob-
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served in the Lumaravi-Archangelos zeolite deposit. 
Recent work on the chemistry of the geothermal fluids 
in the area (Kavourides et al. , 1982) could provide a 
better understanding of the role of the interstitial, low
temperature saline solutions in the formation of the 
various zeolite-bearing assemblages. We here docu
ment new representative chemical and mineralogical 
data based on the study of about 60 samples collected 
from the Lumaravi-Archangelos zeolitic pyroclastic 
rocks. The investigation of these samples was made 
primarily to study the composition of the zeolites and 
the factors controlling the formation and the irregular 
distribution of the authigenic mineral assemblages. 

GEOLOGIC SETTING 

The volcanic formation of the Santorini group of islands 
are part of the Aegean volcanic arc, which became active 
during the Pliocene and reached its maximum activity during 
the Quaternary (Fytikas et al., 1976; Barberi et al., 1977; 
Innocenti et al., 1979; Ferrara et al., 1980). Santorini itself is 
an active volcano and has erupted numerous times prior to 
1950. Prior to late Minoan time, the island was called Stron
gyle. About 1500 B.c., violent eruptions led to the collapse 
of the former circular island and to the formation of a large 
submarine caldera (II x 7 km) enclosed by three remnants 
of the former stratocone, the islands Thera, Therasia, and 
Aspronisi. Two smaller islands then formed within the San
torini caldera by submarine and subaerial activity from about 
197 B.C. to the present (Figure IB). The calk-alkaline, high
alumina, basalt-andesite-dacite type of volcanism was mainly 
concentrated around eight centers (Reck, 1936; Pichler and 
Kussmaul, 1972), but was first restricted to the Akrotiri pen
insula on the southwestern part of Thera (Figure I C). The 
eruptive rocks of this peninsula consist of the silicic Luma
ravi-Archangelos volcanics and the mafic Akrotiri volcanics. 
The former consists of minor flows of hornblende dacite and 
chiefly silicic pyroclastic rocks, which are zeolitic. The Ak
rotiri volcanics consist mainly of small domes and flows of 
basalts and andesites (Nicholls, 1971 ; Pichler and Kussmaul, 
1972). Radiometric dating obtained on a dacitic lava flow 
from the oldest pre-caldera volcanic sequence is consistent 
with Pleistocene ages of 1.59 to 0.6 Ma. The volcanic products 
overlie a basement of Upper Triassic marble (Papastamatiou, 
1958), which is overthrust on metapelites and metapsammites 
of Eocene age (Tataris, 1964) that are metamorphosed to 
greenschist-blueschist facies (Davis and Bastas, 1980; C. Ka
tagas, Department of Geology, University of Patras, Patras, 
Greece, unpublished data, 1986). Recent work reveals that 
the island is geothermally active, with a geothennal gradient 
in its southern part of 1.6"C/ 1O m (Kavourides et al., 1982). 

The pyroclastic rocks cover an area of about I km2 west of 
Akrotiri village (Figure I q. The exposed thickness of the 
formation is about 160 m, but borehole data suggest a thick
ness of at least 220 m. The pyroclastic rocks do not seem to 
have originally accumulated in a marine or lake environment 
because the deposits are not sorted. The presence of marine 
fossiliferous lensoid beds, however, near the present summit 
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Figure 2. A. Generalized stratigraphic column of the Ak
rotiri area, after Pichler et al. (1980). (Symbols same as in 
Figure I C). B. Columnar section of the Lumaravi-Archan
gelos pyroclastic rocks showing sampling locations and au
thigenic mineralogical compositions of the samples investi
gated at each location. Open triangle = (K,Ca)-rich c1inoptilolite 
+ mordenite + smectite + halite ± silica phase; solid triangle 
= (K,Ca)-rich c1inoptilolite + mordenite + smectite ± silica 
phase; open square = K-rich c1inoptilolite + smectite + silica 
phase ± mordenite ± halite; solid square = K-rich clinop
tilolite + mordenite ± (silica phase or smectite); open circle 
= (K,Ca)-rich c1inoptilolite + smectite + silica phase + ka
olinite; solid circle = smectite; open diamond = halite ± 
kaolinite; X = (K,Ca)-rich clinoptilolite + mordenite + halite. 

of Lumaravi (Fouque, 1879) indicates that sometime during 
its history the formation must have been covered by the sea. 

The original clasts were mainly ash and lapilli ofvitric and 
crystal composition and of variable percentage of accidental 
angular blocks, as large as 15 cm in diameter, derived from 
the fragmentation of the pre-existing hornblende dacite. These 
unsorted volcaniclastic deposits were later consolidated to 
tuffs and lapilli tuffs or tuff breccia. The tuffs are white or 
shades of yellow, pink, and green and consist mainly ofheu
landite-group zeolites, mordenite, opal-CT, and smectite, along 
with rare pyrogenic quartz, plagioclase, and green-brown 
hornblende. The tuff breccia is composed mainly of gray to 
green dacitic lava blocks containing similar alteration prod
ucts. Locally, however, they are only partly altered. The de
vitrification is less intense towards the core of the blocks, 
however, none of the samples analyzed contains fresh glassy 
groundmass. Unaltered plagioclase phenocrysts having oscil
latory zoning (An40-,,) and microlitic plagioclase of similar 
composition are abundant; green-brown hornblende, clino
pyroxene, and opaque minerals are more common in the 
dacitic blocks than in the tuffs. 

Figure I. A. Location of the Santorini group of islands, Aegean Sea, Greece. B. Caldera ofSantorini group of islands. Framed 
area is depicted in C. C. Geological map of the Akrotiri area (after Pichler et al., 1980). Numbered sample locations correspond 
to the following samples I, S I-55; 2, S 13; 3, 5 16-S 19; 4, S22; 5, S24; 6, S27; 7, 530-S34; 8, S35; 9, S36; 10, S40; 11, S43; 
12, 545-S50; 13, S52, 553; 14, S62; 15, S66. 
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Table I. Mineralogy of altered pyroclastic rocks from the Santorino volcano, Greece, determined by X-ray powder diffraction. 

Sample Elevation (m) Mo K·Cp K-Ca-Cp Smec Crist O-CT Kaol Hal Qtz Feld 

S36 180 A A P P P P 
S34 170 P A T T P P 
S32 160 P A T P P P 
S40 160 A p 
S30 155 P A P 
S30A 155 P P A 
SI 150 A P 
S3 150 A T P P P 
S4 150 P A P T P 
S5 150 P A P T P 
S6 150 T P A P 
S27 150 P A P 
S35 140 P A P T 
S43 130 p T A P 
S46 130 P A P P P 
S50 130 P A P P P T 
S45W 130 P A P A T P 
S45R 130 P A P A T P 
S48 130 P A P P P P 
S52 120 P P P P 
S53 120 P A P P P 
S62 110 A P P A 
S24 100 P A T P 
S66 90 P A P P P P 
S22 50 P A P 
SI6 20 P A P 
Sl7 20 P A T P T P 
SI9 20 P A P P 
S13 10 P A P 

Symbols: A = abundant; P = present; T = trace; - = not detected; Mo = mordenite; K-Cp = K-rich c1inoptilolite; K-Ca-
Cp = (K,Ca)-rich c1inoptilolite; Smec = smectite; Crist = cristoba1ite; O-CT = opal-CT; Qtz = quartz; Feld = feldspar; Hal 
= halite; Kaol = kaolinite. 

Table 2. Representative electron microprobe analyses of c1inoptilolite and mordenite from altered pyroclastic rocks of the 
Lumaravi-Archangelos volcanics. 

K-rich clinoptilolite (K.Ca)-rich clinoptilolite Mordenite 

532·2 532-4 532·6 532·7 543-2 546-1 546·3 546-A 

Si02 65.83 65.56 65.85 66.89 67.44 66.18 66.13 68.41 
Al2O, 11.17 11.67 11.16 11.50 11.83 12.31 11.83 10.63 
Fe20, 0.04 0.00 0.01 0.00 0.00 0.00 0.01 0.35 
MnO 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 
MgO 0.32 0.52 0.20 0.30 0.33 0.37 0.15 0.00 
CaO 1.44 1.49 1.42 1.34 1.60 2.29 2.08 1.61 
Na20 0.41 0.62 0.69 0.33 1.02 0.74 0.79 3.52 
K20 6.44 5.67 7.15 6.79 5.04 5.47 5.60 1.66 
Total 85.65 85.55 86.48 87.15 87.27 87.36 86.59 86.18 

Unit-cell content based on 72 oxygen atoms 960xygens 

Si 30.01 29.78 29.91 29.98 29.94 29.53 29.69 40.42 
Al 6_00 6.25 5.98 6.07 6.19 6.47 6.28 7.40 
Fe3 + 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.16 
Mg 0.22 0.35 0.14 0.20 0.22 0.25 0.10 0.00 
Ca 0.70 0.73 0.69 0.64 0.76 1.09 1.00 1.01 
Na 0.36 0.54 0.61 0.28 0.88 0.64 0.68 4.02 
K 3.74 3.29 4.15 3.88 2.85 3.11 3.22 1.24 
Si:A1 5.00 4.76 5.00 4.94 4.84 4.56 4.72 5.46 
(Ca + Mg):(Na + K) 0.22 0.28 0.17 0.20 0.26 0.36 0.28 0.19 
E (%) +1.2 +0.6 -6.7 +3.8 +8.9 +0.6 +2.8 +3.8 
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The entire pyroclastic sequence is cut by an irregular, dense 
network of opal-CT-rich veins, which represent former flow 
paths of circulating fluids. It is important to note that some 
dacite and rhyodacite ofthe younger northern series has also 
been altered. Nicholls (1971) and Mann (1983) reported re
placement of interstitial glass by fibrous aggregates of sec
ondary minerals and zeolites as vesicle fillings. Hoefs (1980) 
also noted that the 8180 values of some lavas from Santorini 
exceed + 100/00 (vs. SMOW) and attributed this enrichment to 
secondary low-temperature alteration processes. 

METHODS OF STUDY 

About 60 samples of pyroclastic rocks were studied. 
Representative sampling locations are shown in Figure 
IC, and a generalized stratigraphic column of the Ak
rotiri area is given in Figure 2A. At selected localities, 
short stratigraphic sections and more systematic sam-

0 

'" M 

"0 
~2 55 

0 
q 

'" 0« 
untreated 0: 

U 
'" 0 
.,; 

pling were made. Powder-pack mounts were used to (a ) 
produce random orientation for bulk X-ray diffraction 
(XRD) mineral analyses. For each sample, three mounts 
were prepared and investigated after heating at 260°, 
400°, and 550°C to determine whether intensity re
duction of the 020 and other XRD reflections of the 
heulandite-group zeolites occurred. The mounts were 
run at 1028/min from 3° to 50°28 using a Philips dif
fractometer and Ni-filtered CuKa radiation. For clay 
mineral identification, oriented mounts were prepared 
by sedimentation on a glass slide. Glycolation and 
heating at 490°C for 2 hr aided their identification. 
Relative abundances of authigenic minerals were es
timated from the XRD patterns by using peak inten-
sities. For samples of known chemical composition, 
the abundances were also calculated from the chemical 
analyses in terms of the chemistry of the minerals known 
to be present. Cristobalite was differentiated from opal-
CT on the basis of their XRD patterns; opal-CT and 
cristobalite show characteristic peaks at 4.3 and 2.85 
A, respectively, along with their common peaks near 
4.05-4.11 and 2.5 A. Selected samples were examined 
in thin section and by scanning electron microscopy 
(SEM), using a JEOL JSM 820 instrument. Chemical 
analyses of the bulk samples were made using the Li 
tetraborate fusion method for Si and Ti and ICP on 
HF/HCI04 solutions for the other elements. Elemental 
compositions were determined with a Link system en
ergy-dispersive X-ray analyzer attached to a Cam
bridge Geoscan microprobe. Live time counts of 100 
s and an acceleration voltage of 20 kV were the general 
analytical conditions. The quality of the zeolite anal
yses was calculated by spot checking the charge balance 
error 

(AI + Fe) - (Na + K) - 2(Mg + Ca) 
E = (Na + K) + 2(Mg + Ca) x 100. 

RESULTS 

Authigenic mineralogy 

Microscopic observations show that mainly the vol
canic glass has undergone extensive alteration. The vit-

20 16 12 8 4 
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~o M_ 
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:2 

0 
2 
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(b) 

20 16 12 8 4 
Degrees 29 (CuKa radiation) 

Figure 3. X-ray powder diffractograms of untreated and 
heated samples. (a) (K,Ca)-rich clinoptilolite-bearing sample 
S5; (b) K-rich clinoptilolite-bearing sample S32. All unlabeled 
peaks belong to heulandite-group minerals. Mo = mordenite; 
Cr = cristobalite; 0 = opal-CT. (d-values are in Angstroms). 

ric matrix of the pyroclastic rocks has been generally 
replaced by one or more of the authigenic minerals, 
such as heulandite-group zeolites, mordenite, opal-CT, 
cristobalite, and clay minerals. Halite is also present 
in about half of the samples. No analcime was recog
nized, although Kanaris (1981) reported traces of this 
mineral in the Lumaravi-Archangelos volcanics. 

The mineralogical composition of the altered pyro
clastic rocks, as determined by XRD analysis, is given 
in Table I. It is evident from this table and Figures 1 C 
and 2B that the outcrop distribution of authigenic sil-
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Figure 4. Scanning electron micrograph of sample S48, 
showing c1inoptilolite. Note ragged morphology of some c1i
noptilolite crystals (Cp) and the presence of mordenite fibers 
over c1inoptilolite crystals. 

icate minerals is random, inasmuch as no systematic 
vertical or lateral zonation was detected. The apparent 
decrease in silica minerals (opal-CT, cristobalite) to
wards the lower stratigraphic horizons probably is due 
to the selective collection of zeolite-rich samples. 

Heulandite-group zeolites. Heulandite-group zeolites 
are the predominant zeolites in the Lumaravi-Archan
gelos pyroclastic rocks and are present from trace 
amounts to 60%. They commonly occur as micro
crystalline aggregates making up most of the matrix in 
the altered tuffs and lapilli tuffs and as precipitates in 
cavities and veinlets. Glass shard pseudomorphs, part
ly or entirely filled by heulandite-group zeolites and 
other authigenic minerals, are more common in the 
altered dacitic blocks than in the tuffs and lapilli tuffs. 
The arrangement of the minerals in most of the glass 
shard pseudomorphs has the following form: a thin 
film of crystalline clay lines the outer walls, a layer of 
finely crystalline zeolites surrounds one or more layers 
of coarser tabular grains, which locally merge to close 
the cavities completely. Coprecipitated opal may be 
present in all zeoli tic layers, however, globular opal is 
more common in the innermost parts of partly filled 
pseudomorphs. Heulandite-group zeolite crystals fill
ing cavities of dissolved glass shards are commonly 
coarser (- 30 .urn) than those in the matrix and grow 
with their long axis perpendicular to the shard margin. 
SEM reveals that individual crystals have the char
acteristic tabular or platy monoclinic morphology and 
that some coexist with crystals showing ragged mor
phology (Figures 4,5, and 11). Representative electron 
microprobe analyses of single crystals of heulandite
group zeolites, recalculated on the basis of 72 oxygen 
atoms, are given in Table 2. The sum of the exchange
able cationic charges in the unit cell of the analyses is 
only slightly less (generally by less than 0.5 units) than 
the number ofR3 cations in the tetrahedral sites, prob-

Figure 5. Scanning electron micrograph of sample S32, 
showing clusters of cross-radiating bladed opal-CT (0) de
veloped over clinoptilolite crystals (Cp) showing ragged mor
phology. 

ably the result of volatization of light elements under 
the electron beam. In addition, the error (E) for the 
analyses is less than the commonly acceptable 10%; 
therefore, the analyses may be considered satisfactory. 

The Sil Al ratios are 4.56-5.00, and using the clas
sification scheme of Boles (1972), all the samples can 
be classified as clinoptilolite. The analyses reveal small 
but noticeable differences not only between clinoptil
olite crystals encountered in different samples but be
tween clinoptilolite crystals in the same sample (e.g., 
sample S32). The relative compositions of the ex
changeable cations are shown in Figure 6. Note that 
the alkalis exceed Ca and that 60-80% of the ex
changeable cations are potassium. The clinoptilolite in 
sample S46 is richer in Ca and poorer in alkalis than 
the clinoptilolite in samples S32 and S43 (Figure 6). 
Clinoptilolite from the latter sample plots in a marginal 
point between the field of clinoptilolite from sample 
S32 and that of the more (K,Ca)-rich clinoptilolite 
(sample S46). The SiiAI ratios are 4.56-4.72 for the 
(K,Ca)-rich clinoptilolite and 4.76-5.0 for the clinop
tilolite in the other samples. These differences in their 
chemistry are consistent with their thermal behavior. 

Heat treatments proposed by Mumpton (1960), Al
ietti (1972), and Boles (1972) were used to study their 
thermal properties. In most of the altered dacitic blocks 
(e.g. , sample S32), the heulandite-group phase after 
overnight heating at 550°C retained 70-90% of its 020 
peak intensity and is therefore clinoptilolite (heuland
ite of group 3) (Figure 3b). In most of the zeolitic tuffs 
and lapilli tuffs, however, after overnight heating at 
550°C, the heulandite-group phase retained only 20-
50% of its 020 intensity, even though according to its 
Si/ Al ratio and low (0.26-0.36) divalent/monovalent 
cation ratio the zeolite can be classified as heulandite 
of group 3 (cf. Alietti et aI., 1977). The persistence of 
a portion of the 020 reflection at such temperatures 
characterizes heulandites of group 2 (Boles, 1972). 
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Figure 6. (a) (Na + K): Ca: Mg plot and (b) (Ca + Mg): Na: 
K plot for heulandite-group zeolites from pyroclastic rocks of 
Lumaravi-Archangelos volcanics. Samples S32 and S43 = 
K-rich c1inoptilolite; sample S46 = (K,Ca)-rich clinoptilolite. 
Plots include analyses in addition to those given in Table 2. 
(Open symbols). Open diamonds in (b) represent composi
tions of K-rich c1inoptilolite from deep-sea sediments given 
by Boles (l977a). 

Nevertheless, the heat treatment ofthe present samples 
at 260°C for 2 hr and at 400°C overnight did not result 
in the appearance of a polymorphic phase (Figure 3a) 
(cf. Alietti, 1972; Boles, 1972). The behavior of these 
zeolites is similar to that ofa Si-poor Na-clinoptilolite 
and of the intermediate heulandite-clinoptilolite de
scribed by Boles (1972, sample 9, Table 4) and Rat
terman and Surdam (1981), respectively. Such inter
mediate thermal properties have been attributed by 
various workers (e.g., Shepard, 1961; Boles, 1972; Rat
terman and Surdam, 1981) to the presence ofclinop
tilolite-heulandite mixtures, zoned crystals, or a chem
ically homogeneous alkali-rich heulandite. Where grain 
size permitted, many single crystals or crystal aggre
gates were analyzed in the (K,Ca)-rich clinoptilolite
bearing samples (S43 and S46), but no significant com-
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Figure 7. Si/ Al vs. (Ca + Mg)/(Na + K) ratios of the heu
landite-group zeolites from the pyroclastic rocks of the Lu
maravi-Archangelos volcanics (symbols same as in Figure 6). 

positional variation or discernible zoning was found. 
The partial breakdown of the present (K,Ca)-rich cli
noptilolite at 550°C and the absence of contracted phases 
at lower temperatures support the conclusion reached 
by several workers that slight differences in the type of 
cation play an important role in the thermal behavior 
of the heulandite-group zeolites. 

Although the clinoptilolites examined here appear 
to have rather distinct Si/ Al ratios and Ca and K con
tents, several analyses suggest a continuous variation 
in their composition and the (Ca + Mg)/(Na + K) ratio 
decreases with increasing Sil Al (Figure 7) (cf. Boles and 
Coombs, 1975). Ratterman and Surdam (1981) found 
no significant differences in the Si/(Al + FeH ) of the 
different heu1andite-group zeolites, and from their data, 
this group of minerals appears to be best distinguished 
on the basis of their cation contents. 

Figure 8. Scanning electron micrograph of sample S32 show
ing intertwined mordenite fibers and euhedral c1inoptilolite 
crystals. 
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Figure 9. Scanning electron micrograph of sample S32, 
showing radiating mordenite fibers forming a 'whisk broom' 
texture. The mordenite fibers overlay a glass shard (G) (mid
dle-left margin). Cp = clinoptilolite; 0 = opal-CT. 

Compared with alkali-rich, heulandite-group zeolite 
compositions reported in the literature, the zeolites of 
the present study are similar only to some K-rich cli
noptilolites from pelagic sediments, such as those de
scribed by Stonecipher (1978) and Boles (1977a) (Fig
ure 6b). 

Mordenite. Mordenite occurs in variable amounts in 
most of the samples examined and most commonly 
coexists with clinoptilolite, cristobalite, and smectite. 
Mordenite, due to its fine-grained nature, was identi
fied by XRD and by crystal morphology using SEM. 
SEM shows that mordenite occurs as fibrous masses 
or as thin, scattered fibers. Individual fibers are less 
than 0.5 ~m in diameter and about 20-80 ~m long, 
curved, and commonly intertwine into mesh structures 
or "rats' nests" of the type described by Mumpton and 
Ormsby (1976) or occur in spider-web fashion coating 
or bridging the gaps between clinoptilolite crystals (Fig
ure 8). Locally, coarser fibers radiate from a point form-

Figure 10. Scanning electron micrograph of sample S32, 
showing radiating mordenite fibers that apparently replaced 
the rim of a glass shard (G). 

Figure II. Scanning electron micrograph of sample S48, 
showing well-formed tabular clinoptilolite crystals and inter
stitial elongated blocks and clusters of cross-radiating opal
CT and thin fibers ofmordenite draped over the clinoptilolite 
and opal-CT. 

ing a 'whisk broom' texture (Figure 9). Although mor
denite was not generally observed as a direct alteration 
product of glass, SEM examination of sample S32 sug
gests that mordenite crystals formed from and around 
the relict glass (Figures 9 and 10). The mordenite crys
tals were too fine to be analyzed by the electron mi
croprobe; however, analyses of a radial mineral aggre
gate in sample S46 yielded nearly identical results, close 
to mordenite. Optical observation was not conclusive 
in establishing the identity of this phase. The average 
composition of these spots is given in Table 2. The 
stoichiometric formula (on the basis of 96 oxygen at
oms) is exceptional in that its 1.2 K- and 1 Ca-atoms 
per unit cell are outside the range (0.1-0.8 and 1.6-
2.5, respectively) given by Gottardi and Galli (1985). 
The variation of the exchangeable cations in morden
ite, however, must be larger as is evident from a tri
angular diagram given by Passaglia (1975, Figure 1) 
drawn from literature data. 

Figure 12. Scanning electron micrograph of sample S32. 
Smectite, showing characteristic flame-like structure, coexists 
with star-shaped clusters of opal-CT. 
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Table 3. Representative bulk rock composition of altered dacitic blocks from the Lumaravi-Archangelos pyroclastic rocks. 

Unaltered dacite 
LA46' 543 

SiO, 69.50 73.40 
TiO, 0.45 0.22 
AI2O, 15.70 8.20 
Fe2O, 1.30 1.80' 
FeO 1.56 
MnO 0.08 0.17 
MgO 1.20 0.90 
CaO 2.90 1.30 
Na,O 4.59 2.20 
K,O 2.32 1.50 
LOl 1.00 10.40 
Total 100.57 100.09 
Si/ AI 3.91 7.90 
Ca/(K + Na) 0.39 0.32 
Zeolite' K-Cp 

I Total iron as Fe20,. 
2 Nicholls (1971, Table I). 
, K-Cp = K-rich clinoptilolite; Mo = mordenite. 

Silica minerals. Authigenic silica minerals range from 
trace amounts to about 75% of the sample and occur 
as secondary filling of fractures or voids or form crusts 
lining cavities and cementing the clasts of the pyro
clastic rocks. SEM reveals that opal-CT commonly 
forms star-shaped clusters of cross-radiating bladed 
crystals (Figure 5), which locally form lepispheres or 
elongated blocks (Figure 11). On the basis of XRD data 
presented in Table I, opal-CT more commonly co
exists with smectite and K-rich clinoptilolite, especially 
in the opal-rich cross-cutting veins, whereas cristobal
ite more commonly coexists with (K,Ca)-rich clinop
tilolite and mordenite in the tuffs. Quartz detected by 
XRD in three samples is considered to be pyrogenic. 

Clay minerals. Smectite is present in most of the ex
amined samples; it was identified from its 001 XRD 
reflection close to 14 A which shifted to 17 A on gly
colation and collapsed on heating at 490°C for 2 hr. In 
a few samples, smectite is the main constituent; how
ever, most tuffs contain no more than 15% smectite. 
SEM shows that smectite has typical flame-like struc
tures with irregular outlines and commonly coexists 
with star-shaped clusters of opal-CT (Figure 12). 

Kaolinite was identified as an accessory phase in one 
sample and as the main constituent in another. In both 
samples, the kaolinite is not very well crystallized. Not 
enough optical data were obtainable to give its para
genetic relationships with the authigenic minerals. 

Halite. Halite is present in about half of the samples, 
and its abundance varies widely. It was identified from 
its XRD peaks at 2.82, 1.99, and 3.258 A. 

Host rock composition 

Table 3 lists the chemical composition of unaltered 
and altered dacite samples along with the type ofzeolite 

Altered daei lie blocks 

530A 550 S53 

75.70 63.30 59.40 
0.15 0.25 0.26 
8.10 11.25 13.50 
1.00' 1.86' 2.20' 

0.01 0.04 0.05 
0.60 1.20 1.60 
1.90 2.30 2.30 
2.40 4.16 3.40 
1.00 1.60 1.50 
9.40 15.70 15.80 

100.26 101.66 100.01 
8.26 4.97 3.89 
0.51 0.37 0.43 

K-Cp,Mo K-Cp,Mo K-Cp,Mo 

present in the latter. Table 4 lists the chemical com
position of altered, opal-CT -rich samples and zeolitic 
tuffs along with the type of zeolite present in the latter 
materials. The most salient features of these tables are 
the extreme range of Sil Al ratios and the restriction of 
K-rich clinoptilolite to altered dacite samples and of 
(K,Ca)-rich clinoptilolite to altered tuffs and lapilli tuffs. 
The Sil Al ratios for the K-rich clinoptilolite-bearing 
rocks (Table 3) range from 3.89 to 8.26 (mean = 6.25) 
and for the (K,Ca)-rich clinoptilolite-bearing rocks 
(Table 4) from 3.63 to 4.78 (mean = 4.06). 

The compositions of the altered dacitic blocks of the 
Lumaravi-Archangelos pyroclastic rocks and the un
altered dacitic flow (reported by Nicholls, 1971) (Table 
3) are significantly different. 

DISCUSSION 

The alteration of the original dacite to the zeolite
rich (clinoptilolite, mordenite) rock (e.g. , sample S53, 
Table 3) resulted in an increase in H 20 and MgO and 
a decrease in Si02, Na20, K20, A120 3, and CaO. No 
data are available on the original bulk composition of 
the tuffs, the alteration of which led to the (K,Ca)-rich 
clinoptilolite-bearing rocks. A correlation of their pres
ent bulk composition with the textural relations of their 
authigenic minerals, however, suggests that zeolitiza
tion was accompanied by the same type of chemical 
modifications, with the exception of CaO, which in
creased with zeolitization. If the glass of the tuffs was 
initially similar in composition to the comparatively 
unaltered glass analyzed in the (K,Ca)-rich clinoptil
olite-bearing sample S46 (Table 4), zeolitization ap
parently did not result in a significant change of the 
Sil Al ratio, inasmuch as this ratio is 4.29 and 4.06 in 
the glass and zeoli tic tuff, respectively. The mean Cal 
(K + Na) ratios of the halite-free, K-rich clinoptilolite-
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Table 4. Representative bulk rock compositions of altered opal-rich samples and zeolite-rich tuffs from the Lumaravi
Archangeios pyroclastic rocks. 

Altered, opal-rich samples 

Glass (S46) 56 516 SI3 

SiO, 72.28 85 .30 61.40 70.10 
TiO, 0.09 0.25 0.15 0.13 
AI,0 3 14.99 4.00 11.00 11.60 
Fe,03' 0.23 0.30 1.20 1.10 
MnO 0.01 0.01 0.13 0.14 
MgO 0.00 0.30 1.55 1.30 
CaO 0.56 0.70 2.40 2.30 
Na20 4.26 3.00 5.20 2.90 
K20 6.27 1.80 5.60 2.80 
LOI 5.10 10.20 6.50 
Total 98.69 100.76 98.83 98.87 
Si/AI 4.29 18.82 4.92 5.33 
Ca/(K + Na) 0.04 0.13 0.20 0.36 
Zeolite' 

, Total iron as Fe20 3. 
2 K-Ca-Cp = (K,Ca)-rich c1inoptilolite; Mo = mordenite. 

and (K,Ca)-rich clinoptilolite-bearing samples are 0.42 
and 0.60, respectively. Thus, the initial compositional 
inhomogeneites apparently controlled the type of the 
heulandite-group zeolite that formed (cf. Boles and 
Coombs, 1975; Stonecipher, 1978). 

The stages of alteration leading to the formation of 
zeolite-rich rocks are shown by comparing samples al
tered to different degrees. Samples S6, S16, S13, and 
S 1 cannot be easily attributed to one of the original 
lithologies; however, the lack of zeolites and the pres
ence of smectite and opal-CT in some of these samples 
suggest that they may represent initial alteration stages 
(Hay, 1963; Reynolds and Anderson, 1967; Henderson 
et aI. , 1971; Reynolds, 1970). Inasmuch as no diag
nostic XRD peaks for an authigenic phase were rec
ognized in sample S16, its bulk chemistry probably 
reflects the composition of the dominant altered glass 
or noncrystalline silica deposited from the circulating 
fluids and pyrogenic feldspar and quartz. Textural evi
dence suggests that in a later stage, glass dissolved, and 
smectite and opal-CT formed to fill much of the pore 
space. Smectite was apparently the first mineral to crys
tallize, because the outer walls of most of the glass
shard pseudomorphs are lined with a thin layer of clay. 
The early formation of smectite was probably favored 
by a relatively low (Na+ + K+)/ H+ activity ratio in the 
pore fluid (Hemley, 1962). Subsequent alteration of 
glass to smectite would have raised the pH, aSi02, and 
(Na+ + K+)/H+ activity ratio, providing a chemical 
environment favorable for the formation of clinoptil
olite (Hay, 1966; Hay and Sheppard, 1977; Hay and 
Guldman, 1987), depending on the initial composition. 
Inasmuch as SEM examination of some clinoptilolite
bearing samples shows that opal-CT coexists with ear
ly-formed smectite (Figure 12) and as spherules on top 

Zeolite-rich tufTs 

SI S4 S5 S34 

62.20 60.90 59.60 58.50 
0.27 0.30 0.35 0.29 

13.80 12.40 12.70 13.00 
1.70 2.50 2.90 2.90 
0.04 0.03 0.10 0.03 
1.80 1.40 1.60 2.10 
1.90 2.90 2.90 3.50 
2.60 2.70 2.90 2.70 
1.70 1.80 1.90 2.00 

13.00 13.90 13.60 15.50 
99.01 98.83 98.55 100.52 

3.98 4.33 4.14 3.97 
0.40 0.59 0.55 0.68 

K-Ca-Cp K-Ca-Cp K-Ca-Cp 
Mo Mo Mo 

of clinoptilolite crystals (Figure 5), opal-CT probably 
continued to form at this stage and excess silica was 
probably present in the solution (Walton, 1975). The 
formation of K- and (K,Ca)-rich c1inoptilolites may 
have caused an increase in the Na/K ratio in the re
maining liquids. Solutions greatly enriched in Na rel
ative to K apparently were unfavorable for c1inoptilo
lite formation, and these zeolites were unstable with 
respect to the more Na-rich mordenite (see Hay, 1966; 
Hawkins et al., 1978). At this stage, K-rich and (K,Ca)
rich c1inoptilolites and opal-CT ceased to form, as indi
cated by the ragged morphology of some ciinoptilolite 
crystals (Figures 4 and 5) and by the late precipitation 
of mordenite fibers over c1inoptilolite crystals or glob
ular bodies of opal-CT (Figures 4, 8, and 11). SEMs of 
sample S32 show that some of the mordenite fibers 
apparently grew by replacing the rims of glass shards 
(Figures 9 and lO), which could have been hydrated 
and leached of AI, as suggested by Gogishvili et al. 
(1973) and Hawkins et al. (1978). 

The present study did not confirm the occurrence of 
analcime, traces of which in the Lumaravi-Archangelos 
pyroclastic rocks were reported by Kanaris (1981). Ac
cording to Hay (1966) and the experimental work of 
Barrer and White (1952) and Coombs et al. (1959), 
mordenite and analcime may crystallize at the same 
temperature from solutions of similar composition, but 
at lower and higher pH, respectively. The formation 
of analcime from pre-existing alkalic, silicic zeolites 
has been correlated with a saline and alkaline envi
ronment (e.g., Sheppard and Gude, 1973) and also with 
a burial diagenetic setting (cf. Iijima and Utada, 1971). 
Inasmuch as hydration reactions led to the formation 
of the clay minerals and the zeolites must have con
sumed large quantities of water trapped in the Lu-
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Table 4. Extended. 

Zeolite·rich tuffs 

S46 S36 81 7 835 

62.20 62.30 59.70 59.30 
0.30 0.29 0.43 0.29 

13.80 12.10 14.40 13.80 
2.60 3.00 3.30 2.90 
0.06 0.06 0.07 0.03 
1.30 1.44 1.50 1.70 
2.90 3.34 3.30 3.30 
2.80 3.24 3.70 2.60 
2.10 1.93 1.60 1.80 

12.70 12.00 11.30 14.40 
100.76 99.70 99.30 100.12 

3.98 4.54 3.66 3.79 
0.54 0.59 0.57 0.68 

K-Ca-Cp Mo, K-Ca-Cp K-Ca-Cp 
Mo K-Ca-Cp Mo Mo 

maravi-Archangelos pyroclastic rocks, the remaining 
solutions probably became increasingly saline. The oc
currence of halite in some of the examined samples 
indicates that salts might have been highly concen
trated in such domains. The scarcity of analcime in the 
Lumaravi-Archangelos pyroclastic rocks suggests that 
the increased salinity of the fluids was rarely coupled 
with an increase in pH oftbe pore water, which would 
increase the Na+/H + ratio and the solubility of Si02 , 

favoring the crystallization of this zeolite. 
The original pyroclastic material was possibly air 

laid onto the land surface, perhaps fairly close to the 
sea which subsequently covered the deposit. The au
thigenic silicate mineral assemblages probably resulted 
from a diagenetic alteration in a marine environment 
or in an open hydrologic system. Zeolites, however, 
such as clinoptilolite and mordenite, occur in both fresh 
and saline water environments. Their coexistence, cou
pled with the absence of phillipsite, also characterizes 
low-temperature hydrothermal alterations (Honda and 
Muffler, 1970; Iijima, 1974). The obvious evidence for 
a saline, alkaline environment, i.e., bedded saline min
erals, has not been found in the Lumaravi-Archangelos 
pyroclastic rocks. Erionite, chabazite, and phillipsite 
which seem to be important indicators of depositional 
environments and which are common in saline, al
kaline-lake deposits (Mumpton, 1978) were not found 
in the pyroclastic rocks studied. On the other hand, the 
presence of halite in the Lumaravi-Archangelos py
roclastic rocks imposes some problems, because to our 
knowledge, its occurrence is especially common in sa
line lakes (closed environments). Zeolite alteration 
zones in open-system deposits show more or less ver
tical sequences of authigenic silicate minerals, and zeo
lites produced in saline, alkaline lakes have relatively 

S19 S22 524 S27 

58.80 58.50 57.40 58.50 
0.37 0.37 0.34 0.31 

13.40 14.20 12.60 10.80 
2.70 2.90 2.50 2.53 
0.09 0.02 0.11 0.08 
1.30 1.30 1.60 1.14 
3.00 3.50 3.10 2.63 
5.20 2.70 3.30 5.10 
0.70 1.70 2.60 3.18 

14.70 15.30 16.40 15.80 
100.26 100.49 99.95 100.07 

3.87 3.63 4.02 4.78 
0.48 0.73 0.48 0.29 

K-Ca-Cp K-Ca-Cp K-Ca-Cp K-Ca-Cp 
Mo Mo Mo Mo 

sharp or gradational lateral zones with rocks containing 
fresh glass, depending on the pH (Hay and Sheppard, 
1977). As stated above, the alteration minerals in the 
Lumaravi-Archangelos deposit do not seem to be ver
tically zoned, the outcrop distribution of secondary 
mineral assemblages seems to be random, because ad
jacent samples at essentially the same stratigraphic ho
rizon and derived from the same original lithology 
commonly contain contrasting mineral assemblages. 
This irregular distribution of zeolites and related min
erals may be attributed to differences in factors con
trolling the alteration, such as localized heat flow, ionic 
activities in the stratal waters, and permeability of the 
pyroclastics in the circulation of fluids. 

Inasmuch as the Lumaravi-Archangelos pyroclastic 
rocks were in a region of active heat production during 
and after their emplacement (cf. Nicholls, 1971; Fer
rara et al., 1980), their alteration features were prob
ably not produced by cold water. Recent studies have 
shown that the geothermal gradient in the Akrotiri area 
(borehole 11 , Figure I q is 4. 7°C/l 00 m, but an even 
higher geothermal gradient (15 . 7°C/l 00 m) exists in 
the Thermia area between the surface and about 180 
m (Kavourides et al., 1982). Thermal springs of the 
sodium chloride type are known in the Thermia and 
Vlychadha areas, 3.5 km NE and SE of the Akrotiri 
village, respectively (Figure I B). Kavourides et al. 
(1982), based on the chemistry at the thermal spring, 
drill hole, and well waters (Table 5) and the Si02 con
centration and Na-K and Na-K-Ca geothermometers, 
suggested that the source aquifers may have had a tem
perature of 130o-140OC, but even higher temperatures 
(I 80°C) cannot be precluded. The hottest of the springs 
(Thermia) yields water at 52°C and contains 5.42% 
dissolved solids, an amount considerably higher than 
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Table 5. Chemical composition of selected hot spring, well, 
and borehole waters (ppm) from the Southern Santorini Island 
(Kavourides et a/., 1982). 

Thermia ' Vlychadha' Akrotiri2 Akrotiri 1 

TeC) 52 31.5 21 25 
pH 6.65 7.70 7.50 6.10 
Ca2+ 1,198.39 115.43 232.46 97.79 
Mg2+ 1,685.38 92.42 158.08 30.64 
Na+ 16,376.00 864.80 1,437.50 211.60 
K+ 719.44 46.92 58.65 11.34 
HC03- 326.96 136.64 74.42 76.86 
CI- 30,211.92 1,546.06 2,801.34 485.80 
SO/- 3,616.18 292.02 368.64 97.54 
SiO, 80.00 40.00 78.00 2.50 
NH4+ 0.20 0.30 1.54 0.75 
B'+ 6.95 0.30 0.10 0.10 
Fe2+ n.d. n.d. 0.20 0.08 
Total salts 54,224.00 3,120.00 5,161.78 1,015.53 

I Hot spring. 
'Well. 
3 Borehole II. 

that of sea water. It also shows considerable differences 
in temperature and composition compared with the 
Vlychadha thermal spring, the borehole II water, and 
well waters of the Akrotiri area, which are of low salt 
content. Note that the geothermal fluid in Iceland is 
generally water of meteoric origin, and only in the ex
treme case of the Reykjanes high-temperature geo
thermal area, has the fluid the salinity of sea water 
(Kristmannsd6ttir and T6masson, 1978). Some oil field 
brines or thermal spring waters described by White 
(1957) have compositions similar in part to the San
torini thermal areas. 

The differences in composition and temperature of 
the waters in the Akrotiri area suggest that the original 
hot, deep water was probably mixed with marine or 
ground water during its ascent through the various 
channels. Water that moved through short channels 
probably reached the surface at high temperature 
strongly enriched in salts, whereas water that followed 
longer paths reached the surface cooler and depleted 
in saIts. This movement of hydrothermal waters of 
varying composition and temperature through the py
roclastic pile probably induced alteration in the min
eral assemblages, the variation of which being gov
erned by the relative distance of the sample to the 
circulation of the geothermal water. 

Evidence for rapid flow, which created a uniform 
chemical environment, can be found in the widespread 
occurrence of cross-cutting opal-CT-rich veins and 
joints. Judging from the common occurrence of zeolites 
as a cement or cavity filling, however, and the variable 
degree of alteration over small areas in pyroclastic lay
ers, the permeability did not favor rapid fluid move
ment throughout the formation. The importance of 
permeability in the alteration and the deposition of the 
different zeolite assemblages has been stressed by sev-

era! authors (e.g., Boles, 1977b). The concept of high 
initial permeability, its subsequent decrease due to de
position of secondary minerals, and the formation of 
individual closed systems proposed by Keith and Sta
ples (1985) seems to be compatible with the irregular 
distribution of zeolites and related minerals in the Lu
maravi-Archangelos pyroclastic rocks. The alteration 
of the glassy tuffs to authigenic silicates by the geo
thermal water may have led gradually to the sealing of 
joints, fractures, and open spaces. 

The permeability barriers imposed on the fluid flow 
may have subdivided the originally postulated open 
system into smaller closed systems. Then, as alteration 
progressed, some of the trapped water in each individ
ual domain was consumed in hydration reactions, the 
water/rock ratio decreased, and the remaining fluid 
equilibrated at the new conditions (Michard, 1987). 
Each system further evolved by mainly solution-con
trolled reactions, and eventually adjacent samples de
veloped different mineral assemblages. The irregular 
distribution of halite in the studied deposit indicates 
that the salinity of the fluids was different in the various 
sealed domains. Saturation in NaCI has been shown 
to be possible for systems undergoing hydration re
actions (Trommsdorff and Skippen, 1987). Salts may 
have concentrated by such a process, and halite prob
ably precipitated directly from solutions of appropriate 
composition in individual closed systems. The lack of 
zeolite species or other mineral species considered to 
be characteristic of a closed-system environment in the 
Lumaravi-Archangelos pyroclastic rocks may be ex
plained by the low alkalinity of the trapped fluid. This 
suggestion is supported by the low pHs of the drill hole 
and well waters of the Akrotiri area, as well as by the 
pH of the hot spring waters of the Thermia and Vly
chadha areas. 
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