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ABSTRAcT

The Pliocene Krop succession, deposited in a swamp
environment, comprises limestone, porcellanite, and chert
along with scant coal seams. It is sandwiched between
tuffaceous rocks and lavas of the same age. Mineralogical
analyses of these sediments show that carbonates,
authigenic opal-C and chalcedony are the major con-
stituents, accompanied by minor amounts of authigenic
opal-CT and detrital quartz. Chemical analysis indicates
that the silicic glass of associated volcanic rocks did not
make any major contribution to the formation of
authigenic silica minerals. We suggest that the silica
polymorphs were formed from a biogenic silica (opal-A)
precursor that was originally present in the form of
diatom frustules. The diagenetic transforrnation of the
original diatomaceous sediment is thought to result from
elevated temperatures associated with the high heat-flow
that existed in the Aridea volcanic terrane during the Early
Pliocene.

Keywords:, porcellanite, chert, diagenesis, heat flow,
opal-C, opal-CT, chalcedony, Aridea, Greece.

Sorr,trraxne

La s6quence Krop, d'ige pliocbne, d6pos6e dans un
milieu mar€cageux dans la province volcanique de Aridea,
en Grbce, contient du calcaire, de la porcellanite et du
chert, ainsi que de rares niveaux houillers. EIIe est
intercal6e parmi des tufs et des coul6es du mOme dge. Une
analyse min6ralogique de ces sddiments r6v&le que
carbonates, opale-C authigbne et calc6doine predominent;
ceux-ci sont accompagnds d'opale-CT authigbne et de
quartz d6tritique. Une analyse chimique montre que le
verre des roches volcaniques associ6es n'a pas vraiment
contribu6 i la formation des mindraux de silice authi-
gEnes. Nous croyons que les polymorphes de silice se sont
form6s i partir de la silice biog6nique (opale-A),
pr6curseur d I'origine sous forme de frustules de
diatom6es. La transformation diag6n6tique de ce s6diment
riche en diatom6es r6sulterait des temp€ratures 6lev6es
associ6es au flux de chaleur qui existait dans le champ
volcanique de Aridea dans le Pliocbne or6coce.

(Traduit par la Rddaction)

AUTHIGENIC SILICA POLYMORPHS AND
THE GEOCHEMISTRY OF PLIOCENE SILICEOUS SWAMP SEDIMENTS

OF THE ARIDEA VOLCANIC PROVINCE, GREECE

MICHAEL G. STAMATAKIS
Department of Geologlt, University oJAthens, Panepistimiopolis, Ano llissia, 157 84, Athens, Greece

RAYMOND KANARIS-SOTIRIOU AND D. ALAN SPEARS
Earth Sciences, University of ShefJield, Beaumont Building, Brookhill, Sheffield 53 7HF, U.K.

Mots-clds: porcellanite, chert, diagenbse, flux de chaleur,
opale-C, opale-CT, calc6doine, Aridea, Grtce.

INtRoouctIoN

Authigenic silica occurs in siliceous limestone,
cheft, and tuffaceous rocks as a) disordered
tridymite-cristobalite (opal-CT), b) low cristobalite
(opal-C), c) chalcedony or microcrystalline quartz
(or both), and d) tridymite (Hein et al. 1978,
Kastner 1979, Siever 1983, Stamatakis 1989). These
minerals have been variously interpreted as i)
precipitates derived from silica-rich solutions
formed by the dissolution of biogenic amorphous
silica (opal-A), ii) products of the solid-solid
inversion of an opal-A precursor, and iii) products
of alteration of volcanic rocks, especially felsic
volcanic glass (Henderson et ol. 1971, Heath 1973,
lijima et al. 1980, Hein el al. 1978, 1983, Pevear
et al. 1980, Hein & Yeh 1983, Stamatakis el a/.
1988). Although the origins of authigenic silica
minerals in diatomaceous rocks and volcanic tuffs
have been documented, it is difficult to identify the
precursor material of these minerals where biogenic
silica and volcanic glass are intermixed (cl,
Henderson et al. 1971, Mitsui & Taguchi 1977,
Carver 1979, Pevear et al. 1980).

In this article, we describe the diagenetic
transformation of interbedded porcellanite, Iime-
stone and chert in Pliocene swamp deposits, found
in tuffaceous rocks of the same age in the Aridea
volcanic province in northern Greece (Figs. l, 2).
We then infer which factors may have influenced
the development of opal-C, chalcedony, and
opal-CT.

GEoLocICAL SBruNc

The sedimentary rocks studied (referred to here
as the Krop succession) occur in the volcanic
sequence of Aridea (Almopia), about 20 km north
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Frc. 1. Simplified geological map of the Aridea volcanic terrane after Ko\os et al.
(1980) and Chorianopoulo! et al, (1984), showing rhe location of the Krop
succession.

Ftc. 2. Geological map showing the distribution and
setting of the Krop succession (after Chorianopoulou
et al. 1984).

of the village of Promachoi in northern Greece
(Fig.l). They have a maximum thickness of 50 m
and are sandwiched between tuffaceous rocks of

Pliocene age. The maximum thickness of the
overlying tufflaceous rocks does not exceed 30 m.
The sediments locally lie on pre-Neogene metamor-
phic basement, this discordance resulting from
Neogene tectonism, which also created a shallow
swamp at an altitude of 1000 m surrounded by high

! mouniains. The volcanic rocks of the area haue a
S trachyandesitic composition (Marakis & Sideris
h 1973, Eleftheriadis 1977, Kolios et al.1980).- 

Th" silica-carbonate rocks comprise a range of
Iithologies between pure limestone and pure chert
(with abundant chalcedony) or porcellanite (with
abundant opal-C), and also include a few thin
lignitic horizons. The limestone tends to be more
thickly bedded (up to 0.5 m thick), whereas most
of the porcellanites are thinly laminated (up to 0.5
cm thick). The chert occurs as ellipsoidal to nearly
spherical nodules, lenses and boudinaged layers at
the base of the siliceous sediments. An Early
Pliocene age for this sequence, and a swnrnp
envLonment of deposition, were determined by
pollen analysis (Chorianopoulou e/ al. 1984). The
samples studied were taken from a representative
section of the Krop succession (Figs. 2, 3).

ANnlvucnl TncnNreups

Mineralogical and textural analyses were carried
out using X-ray diffraction (XRD), transmitted
light microscopy, and scanning electron microscopy
(SEM). In some samples, mineralogical analyses
were performed after treatment with lN HCI to
remove the carbonates. XRD determinations of the
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Ftc. 3. Schematic section through the Krop succession along the sampling transect
A-B (Fig. 2). The numbers indicate individual sampling sites. Samples l0 and
lOa are located within the lignite horizon located between the samples 9 and20.
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nature of the silica phase and of the d(lOl) value
were determined using the methods of Murata &
Larson (1975) and Hein et a/. (1978), which
involved the use of quartz as an internal standard.
Major- and trace-element analyses were carried out
by X-ray-fluorescence spectrometry. Lithium
tetraborate fusions with theoretical "alpha" matrix
corrections were used for the major elements;
pressed powder pellets prepared with a 'SX' binder
(Yan Zyl 1982), and Rh Compton scatter matrix
corrections were used for trace elements. A
rhodium anode tube was used for both techniques.
Boron was determined using the colorimetric
method of Stanton & McDonald (1966), slightly
modified according to Stamatakis et al. (1989),

Mnrrnelocy AND PETRoLocy
OF T}IE SIT-ICN-CNNSONATE ROCKS

The most common minerals in the Krop
succession are calcite, opal-C, and quartz (Table
l). Subsidiary amounts of kaolinite, sulfates,
sulfides, opal-CT, limonite, and elemental sulfur
also occur. Trace amounts of dolomite, K-feldspar,
plagioclase, and biotite were detected only by
optical examination.

Carbonates

Calcite occurs as micritic to sparitic grains and
also forms the shells of fossils such as gastropods.
In places, rhombohedra of dolomite and calcite are
dispersed in an opal-C groundmass. This relation-

ship commonly occurs where authigenic silica is
formed from a biogenic silica precursor in alkaline
diagenetic environments (Dapples 1979, Stamatakis
1986, Stamatakis & Magganas 1988, Stamatakis et
al. 1989).

Silica polymorphs

Opal-C is abundant in the thinly laminated
(<0.5 cm) siliceous layers, which are intercalated
with abundant thin, discontinuous laminae of

TABLE 1. MINEMLOGY OF THE KROP SECTION, BASED ON
X-MY_DIFFMCTION AMLYSES

Smple Ll thology Mlneralogy

TuffKRI

m2 Td?

m5 Porcel lanous Llrestono

me Llrestone

(Rl7 Cdlcareous PorcoLlanlte

KRlTa calcar@us Porcel lanl te

KR22d Polcel lanous Llnestone

KR2l Llmestone

KR9 Fe-r lch Llrestono

mlo Sulphldes

KRIoa Sulphates

KR20 Calcareous Porcej. Ianl te

KR30 Porcol lanl te

KRI9Tf Chert

mlSb Tuff l te

KRIEa Tuff

Qtz, Kln, HSd, Sm

Qtz, t ( ia,  Sn, KIm, Ab

C a ] ,  Q t z ,  C r s

cdl '  Qtz

Q t z '  c r s '  o C T ,  C a l '  K l n

c r s ,  Q t z ,  c a l

C a I ,  Q t z ,  C r s

c a I ,  Q t z

Cal,  Li ,  Qtz

Py, Mar

R o z ,  M e ,  S f

C r s ,  Q t z ,  c a l ,  K I n

C r s ,  Q t z ,  k l n ,  c a l

o t z ,  C r s ,  C a I ,  K l n

HSa, Crs, Bt,  S0'  DoL

HSa' Qtzr 8t,  SE' K).n'  Ab

Ths 8€qum qt mpl@ b ln 8@raphlc ords, yourE6l d the top. Synbols: Ot
qut, Cts lq qbiobafte, oCT opaLCT, Ab alblts, HSs hlgh sldlne, Kln kaollnne.
Sm mdb, Bl bbtlb, Csl eldb, tbl dolomlb, F! ryrtb, tiltr m@lto, Floz
ro4tts, M€ mslmt€rlts, St eflw, Ln lmnlte.
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Ftc. 4. Scanning electron micrographs of a finely laminated siliceous member (KR30) of the Krop succession. l. Low
cristobalite exhibiting a typical spongy texture. 2, Highly dissolved remains of a disc-shaped diatom frustule. 3
and 4, Low cristobalite forms resembling diatom morphologies.

carbonized plant remains. Opal-C also occurs as
groundmass material containing carbonate rhom-
bohedra, as pore-filling cement, as small concre-
tions in a carbonate groundmass, and locally
replacing micritic calcite or the shells of gastropods.
SEM analyses of the thinly laminated horizons after
treatment with lN HCI show that the opal-C has
a spongy texture and contains strongly etched relics
of large frustules of diatoms (Fig. 4). This spongy
texture is commonly observed in opal-CT and low
cristobalite derived from a biogenic silica precursor

(Henderson et al. 1971,, Stamatakis & Magganas
1988). In the upper part of the succession, small
amounts of opal-CT were detected along with
abundant opal-C. Chalcedony occurs both as
pore-fillings and as asymmetrical concretions in a
calcareous matrix, that are especially abundant at
the base of the Iftop succession. Chalcedony also
occurs in fissures and coating detrital quartz grains.
Both chalcedony and opal-CT are associated with
a fine-grained opal-C groundmass.
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Ftc, 5. Schematic representation of chemical processes involved in the formation
of biogenic opal-A.

Other authigenic minerols 
'

Fe-rich oxides-hydroxides accompanied by sul-
fide and sulfate minerals occur near the contact
between silica-rich and organic-matter-rich layers
(KR9; Fig. 3). In the black lignitic horizons (KR10,

KRl0a; Table 1), pyrite, marcasite, sulfur, rozenite,
and melanterite have been found. A genetic
association between these minerals and organic
material has been suggested (Baltazis et al. 1986).
Kaolinite is the only clay mineral identified in the
sedimentary rocks (Table 1), and we speculate that

TABLE 2. CHEMICAL COMPOS]TIONS OF SAMPLES FROM THE KROP SUCCESSION
AND UNDERLVNG TUFFS AND TUFFITES

Kn?0
KS8

sanpre [! i
KR8
KCZ

KRz I
KC6

Kn9
KC7

KnlT KnlTA KnZ2A
KSI K54 KC5

KR]O KNIgTF KRI88 KRISA
KS9  KS IO  KT I I  KT I2

s 1 0 2  ? 7 . 6 0

T l02  0 .00

A l20 l  0 .20

Feror l  0.  l8

MnO 0 .  I I

HgO O , )9

CaO )8 ,96

Nar0 0.00

K20  0 ' 01

Pz0s  0 .0 I

so l  0 , 05

LOI  12 .80

0 . q 5  , 9 . 2 8

0 . 0 0  0 .  1 2

0 . 1 5  ) . ) 4

0 . 4 6  0 . q 5

0 . 2 t  0 . 0 t

0 . 2 4  0 . 2 4

5 4 . 4 8  1 8 . t 0

0 . 0 0  0 . 2 2

0 . 0 0  0 . q 8

0 .04  0 .05

0 .04  0 .08

4 1 . 8 0  I 8 .  l 0

60 .86  t 2 .75  7  . 96

0 . 0 0  0 . 0 0  0 . 0 0

0 . 2 0  0 . 2 4  0 .  I  l

0 . 2 6  0 . 8 7  0 . 8 9

0 . 0 6  0 . 2 1  0 . 2 t

0 . 1 4  0 . 5 5  0 . 5 0

2 I .  I  I  4 7  . t )  4 9 , 9 4

0 .00  0 .00  0 .00

0 . 0 2  0 . 0 4  0 . 0 1

0 . 0 0  0 . 0 7  0 .  I  I

0 . 0 7  0 . 1 4  l . 0 t l

1 7 , 7 0  1 8 , 1 0  1 9 . 5 0

5 . 7 ?  5 7 . r 8

0 . 0 1  0 . 0 5

0 . 6 9  1 . 3 4

1 2 . 6 6  0 . 4 1
( 1 . 6 q  o . 0 2

0 . 2 0  0 .  1 6

r r0 .40  21  . 05

0 .00  0 .00

0 . 0 6  0 . 2 )

0 . ? 8  0 . 0 5

0 . 3 7  0 . 0 9

1 8 . 1 0  1 8 . 6 0

7 l  , 77  74 ,99

0 .0q  0 .07

1 . 0 7  t . 9 2

o . 2 6  0 . 3 8

0 .00  0 .00

0 .08  0 .07

I 1 . 0 0  t 0 . 6 4

0 .00  0 .00

0 .  l 8  0 .  l 5

0 .02  0 .04

0 .  I 2  0 . l l

1 2 . 7 0  1 0 . 9 0

60 .21  6 r . 7A

0 . 4 8  0 . 4 9

t5 ,79  16 .81

4 . ? 6  t . 6 7

0 .  I  I  0 . 0 1

I . 4 8  0 . 7 9

4 . 4 I  3 . 4 0

2 . 8 2  3 . 5 4

t . 9 8  q .  l 4

o . 2 5  0 . 2 5

0 .00 .  0 .  t 6

5 . 8 0  I . 9 0

To la l  I 00 .  5 l 99 .87  100 .67  t 00 .q2  100 .  l 2  100 .29 99  . 42  99 .58 99.24 99.49 99 ,6 t  99 . t 6

Cr
Hn
NI
L U

Zn
Rb
S r

Z t
Nb
Ba
Pb
Th
U
I

BDL
6

976
9

8DL
ODL
BDL
187

I

l 7
z

6 l

?.
BDL

8

I}DL
6

l86tl
l 2

BDL
BDL

2
20 t
8DL

l 5
I

65
,
I

ll

68 IIDL 27 tq BDt. \7 26
z 2 B D L 9 7 I 0 L 9 1 5

l . r8 619 20l l  l87l  4817 2)6 82
1 6  9  l l  2 0  5 l  t 2  l o
I O B D L B D L 6 7 6 7
l l B D L 6 o D L t 0 9 6
22 BDL 5 BDL 7 17 I ]

162 97 L7z l t+1 12) l7 l  r l l
5 B D L 5 7 ? 8 )

44 t6 29 2t  24 t6 26
t + ? R D L 2 Z ) z

I 16 89 ,J tt6 7?. 82 84
I ] B D L 5 8 N D L 7 7
6 l l l 2 3 )
4 B D L 5 t 7 l 5 3

1 7 1 9 6 r l 4 t 5 2 0

47 88 77
l8  t 7  16
, ,  887 16l
l q 7 t 2
9 I I 1 4

14  6 )  23
24 t46 165

116  l 02 l  r ' 15
7 20 l.r

t7 164 145
l 8 1 2

82 lq6l 1977
l0 82 74
4 r l J ,
) 6 6

t l  4?  46

Symbols: KC calcareous sample, KS slllceous sampls, KT tuffaceous sample. BDL: below delecfion llmlt
(for V, Cr, Cu, Zn and Pb, 5 ppm; tor Rb, Y, Nb and U, I ppm). Oxides and LOI ar€ quol€d In weight %, and
trace elsments, ln ppm.
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it may be an authigenic phase because the acid
environment proposed in the marsh would have
been appropriate for its neoformation (Fig. 5).

Detrital minerals

Common clastic grains of quartz, and rare clastic
grains of high sanidine and biotite are present.

MINERALocy oF THE TuFFAcEous Rocxs

In the tuff layers above and below the Krop
succession, both smectite and kaolinite have been
found in addition to qtrurtz, high sanidine, albite,
and biotite. Dolomite and opal-C are confined to
some tuffaceous hcrizons just below the Krop
succession (Table 1).

GsocHevrstny

Major elements

The major element concentrations in the Krop
sedimentary rocks reflect the concentrations of
calcite and silica polymorphs (Table 2, 3, Fig. 6).
Al2O3, K2O, and TiO2 are all strongly positively
correlated (Table 3, Fig. 7) and reflect the presence
of minor amounts of kaolinite, feldspar, and
biotite. These minerals all occur in much greater
amounts in the tuffaceous material. Generally, the
aluminum contents are higher in the silica-rich than
carbonate-rich Iayers (Tables 1,2), and particularly
so in the highly siliceous samples KRIT and
KRI9TF, in which the high aluminum values are
related to the presence of kaolinite (Table l).
Sample KR9, which is rich in organic matter, has
high Fe2O3, MnO, P2Or, and SO3 concentrations.
The enrichment in both phosphorus and sulfur is
to be expected in such organic-matter-rich material,
and the high Fe and Mg contents are due to the
presence of limonite. The calcareous sample KR2l,
which also contains organic matter, contains the
highest SO3 and uranium values in the succession,
which suggests that the uranium may be organically
bound. P2O, is also higher than in other samples,
with the exception of KR9. The two stratigraphi-
cally lowest samples of the Krop succession,
KRI9TF and KR30, are rich in chalcedony and
opal-C, respectively. These samples have the
highest SiO2 contents and the lowest contents of
calcium, magnesium, iron, manganese, and loss on
ignition (LOI), but do not show any significant
enrichment or depletion in the other major and
trace elements, relative to volcanogenic materials.
The small amounts of Mg in the siliceous
sedimentary rocks could be due to the presence of
authigenic dolomite in silica concretions, and some

TABLE 3. CORREI-ATION COEFFICIENTS FOR SAMPLES FROM
THE KROP SUCCESA|oN'

Correldt lon Ceff lc lent Palrs of oxldes and El@onts

1 . 0 0

0 . 9 8
-0 .98

0 , 9 7

At203-T102

f to2-K20' 41203-K20' Ni-P205

St02-Ca0

Fe203-N1,  Zr -V

K20-Rb

' qcepl t ffa@E malorlal.

Sio2 "/"
Frc. 6. Plot of SiOz versus CaO. Symbols: + siliceous

samples, x caliareous samples, A tuffaceous rocks.

FIG. 7. Plot of AlzOt versusTiOz. Symbols as in Fig.6.

of the magnesium in tuffaceous samples is due to
the presence of dispersed dolomite (Table l).

Troce elements

There are no significant differences in the
concentration of Cr, Cu, Ni, Pb, Y, Th and Nb
between the silica- and carbonate-rich samoles



(Table 2). Slightly higher concentrations of Y, Zn,
Pb, Zr, B and Ba are found in the silica-rich layers,
although the levels of these elements are still
considerably lower than those in the volcanic rocks
at the base of the succession. The higher Sr
concentrations in the carbonate layers are to be
expected, owing to the substitution of Sr for Ca in
calcite. There are no systematic changes in major-
and trace-element concentrations in either the
carbonate- or silica-rich members, and changes
related to the position of the samples within the
stratigraphic sequence, as have been reported in
other sequences showing silica transformations, are
not seen (Mitsui & Taguchi 1977, Hein et al. l98l).
Boron increases in concentration from the lime-
stones through the cherts to the porcellanites
(Tables l, 2), the siliceous rocks having boron
contents (14-20 ppm) similar to those reported in
authigenic silica polymorphs derived from a
biogenic silica precursor (Hein et al. 1981, 1983,
Stamatakis 1986). Trace-element concentrations
(Table 2) in the tuffaceous rocks are quite different
from those in siliceous and calcareous sediments,
with V, Rb, Sr, Zr,Ba, Pb, Nb, Y, Th, B and Cu
all being much higher in the tuffaceous rocks.

DISCUSSIoN

Source of silico

The presence of opal-CT in saline-alkaline lake
sediments, and of opal-CT - chalcedony as distinct
horizons in stratigraphically thick marine succes-
sions, has been attributed to the conversion of
biogenic silica, via an opal-CT intermediate, to
stable microcrystalline quartz (chalcedony) (Murata
& Larson 1975, Hein et ol. 1981, Pisciotto 1981,
Tada & Iijima 1983, Stamatakis et al. 1988).
However, identification of the parentage and
diagenetic reactions that produced low cristobalite
(opal-C) in rock types involving mixed biogenic
silica - volcanogenic precursors is still problemati
cal. Using oxygen isotope data, Henderson et ol.
(1971) established that low cristobalite associated
with smectite in a volcanic bentonite had a biogenic
precursor. In this instance, opal-C was derived
from the dissolution of diatom frustules, although
no easily recognizable diatom relics were present.

In this study, opal-C occurs both in the siliceous
and calcareous sedimentary rocks and in some of
the tuffaceous rocks (Table l). Low cristobalite is
known not to occur as a primary constituent of
volcanic glass (Henderson et al. l97l), and, a
primary volcanic origin for low cristobalite (opal-
C) present in the Krop succession and adjacent
tuffite is thus eliminated.

Several other possibilities exist, however, for the
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origin of the neoformed opal-C, chalcedony and
opal-CT of the Krop area: (a) direct chemical
precipitation, (b) alteration of volcanic material,
and (c) transformation of biogenic silica. These
possibilities are now evaluated in turn.

Direct precipitation of opal-C and chalcedony
from hydrothermal fluids is unlikely to be the
predominant mechanism of the silica authigenesis,
since it is opal-CT which is synthesized hydrother-
mally in the laboratory from amorphous silica at
low temperatures (150-200oC), rather than low
cristobalite, which is formed at much higher
temperatures (900- I 100'C) (Fl6rke 1955, Mizutani
1966, 1977, Greenwood 1973). Precipitation of
silica polymorphs rarely occurs in continental
basins, but may take place in ephemeral or
evaporitic continental basins, via a sodium silicate
precursor (Hay 1968, Dapples 1979, Bjorlykke
1989). In this unusual case, biogenic silica (diatom
frustules) supplied the soluble silica for the direct
formation of o-cristobalite, and the sodium silicate
precursor for the formation of quartz (Hay 1970).

The second possibility, that opal-C has been
derived, along with the other silica phases, by the
alteration of volcanic ash or volcanic glass, is
supported by the abundance of Iow cristobalite in
certain volcaniclastic sediments, tuffs, and lavas
(Murara & Whitley 1973, Iijima et al. 1978,liiima
& Tada l98l). However, although volcanic glass
was identified in both the underlying and overlying
tuffs and tuffites, there is no evidence for the
presence of either unaltered or altered volcanic
glass in the siliceous sediments. Conversely, opal-C
and chalcedony, which occur in abundance in the
sedimentary rocks, have not been identified in the
groundmass of the tuffs, although opal-C has been
found in the tuffites (e.g., KRl8b), which are
composed of both volcanic and biogenic or
chemically precipitated material. It is, therefore,
unlikely that volcanic glass is a precursor of the
neoformed silica minerals in the Krop sedimentary
rocks.

As shown in Table 2, the chemical compositions
of the tuffs-tuffites do not resemble those of the
siliceous rocks. Certain trace elements such as Zn,
Cu, V, Rb, Sr, Y, Zr, Nb, Ba, Pb, Th, and Ti
occur at much lower levels in the siliceous and
calcareous rocks than in the tuffaceous ones. This
weighs against the siliceous rocks having a large
volcanogenic component, because even though
leaching of the volcanic components into the
swzunp environment would occur, the immobile
elements, including Zr,Ti, Y and Th, and possibly
Ba, Pb, Cr, and V, are expected to be largely
retained in the volcaniclastic rocks (Spears & Rice
1973, Spears & Kanaris-Sotiriou 1979). Further-

SILICEOUS SWAMP SEDIMENTS OF THE ARIDEA PROVINCE
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more, the trace-element concentrations in both the
carbonate- and silica-rich members of the Krop
succession are similar. This fact also suggests that
the formation of the siliceous layers from ash-fall
tephra introduced into the swamp basin is unlikely.
The minor variations in the trace-element con-
centrations of the sedimentary rocks can be
attributed to the presence of small amounts of
kaolinite and clastic minerals in these rocks.

The third possibility is that silica neoformation
occurred at the expense of biogenic silica (c/.
Henderson et ol. 1971, Hein e/ al. 1983, Kastner &
Siever 1983). This mechanism for the formation of
authigenic silica minerals seems to be the most
plausible in view of the presence of diatom relics
in the siliceous layers. Rare, highly corroded
diatom frustules do occur in the Krop siliceous
rocks, but clearly defined diatom morphology is
Iacking (Fig. 4). Similar intense dissolution of
diatom frustules has been reported in association
with the development of quartz in diagenetic zones
from opal-A through opal-CT and low cristobalite
to quartz (Tada & Iijima 1983, Stamatakis et a/.
1988).

It is possible that the extensive development of
biogenic silica in the Krop succession is due to the
existence of ideal conditions for diatom growth,
which may be related to high concentrations of
silica resulting from the leaching of adjacent
volcanic material in a humid and warm environ-
ment. This process is indicated schematically in
Figure 5.

GENesrs oF THE Slllce PolyNaonpHs

Controls on phase transformations

The factors that may affect the diagenetic
transformation of biogenic silica to opal-CT, and
then through opal-C to chalcedony or microcrys-
talline quartz are: burial depth, time, heat flow,
host-rock lithology, pore-solution chemistry, mor-
phology and size of particles of biogenic silica
(Murata & Larson 1975, Keene l975,Kastner et al.
1977, Carver 1979, Kastner 1979, lijima & Tada
1981, Hein et ol. 1981, Williams et al. 1985,
Stamatakis & Magganas 1988, Stamatakis et al.
1989). The transformation of biogenic silica to both
opal-C and chalcedony, with subsidiary amounts
ofopal-CT, in the Krop succession appears to have
occurred under unusual diagenetic conditions, this
conclusion being based on the following factors.

Time

The silica transformation has affected silica-car-
bonate deposits that are relatively young (5.3 Ma,

i.e.,Early Pliocene: Chorianopoulou et al. 1984),
when more than l0 Ma are required in the normal
geothermal gradient of continental margins to
produce chalcedony (Keene 1975, Hein et al. 1983).

Burial depth

The Krop deposits are stratigraphically thin
(maximum 50 m) and are overlain by Pliocene tuffs
of a comparable thickness. The burial depth in a
normal geothermal gradient along which the
conversion of opal-A to opal-C takes place is
between 1000 and 1500 m (Mitsui &Taguchi 1977),
and the formation of chalcedony requires even
deeper burial. It is impossible for the Krop
succession to have been buried to such a depth.
This lack of burial depth control on the Krop
sequence is also indicated by the intermixing of
opal-C and chalcedony phases, i.e., the lack of any
distinct zonation of neoformed silica minerals with
stratigraphic level. The exception to this occurs just
above the contact between the volcanic and the
sedimentary rocks, where chalcedony is the
predominant authigenic silica polymorph. Inter-
mixed silica polymorphs (opal-A-opal-CT) also
have been reported in a shallow marine siliceous
succession in the vicinity of volcanic rocks
(Stamatakis & Magganas 1988). Burial depth,
therefore, does not appear to have had an
important influence on the formation of the
authigenic silica minerals in this sequence.

Host-rock lithology

The neoformed silica minerals occur in highly
siliceous layers, in layers containing clay (kaolinite),
and also in carbonate-rich layers. Therefore,
host-rock lithology does not seem to control the
diagenetic transformations.

Effect of solution chemistry

The presence of kaolinite and the specific type
o1 ls5silized vegetation preserved in the succession
(Chorianopoulou et ql. 1984) suggest that the
sediments were deposited in an acidic, humid
swamp environment. The swamp became more
alkaline and drier with time, as indicated both by
the presence of authigenic dolomite rhombohedra
in the diagenetic opal-C and chalcedony, and also
by pollen analysis. Alkaline pore solutions are
known to promote the transformation of biogenic
silica to authigenic silica (Kastner et al. 1977).
However, the presence of kaolinite and absence of
evaporite minerals, zeolites, and authigenic K-
feldspar in the Krop sequence suggest that



alkalinity may not have been sufficiently high to
be a critical factor.

Temperature

The only remaining factor that could have played
a dominant role in controlling the formation of
authigenic silica minerals is the high heat-flow in
the volcanic terrane of the Aridea area. Diagenetic
transformations related to time and burial depth
affecting biogenic silica sediments have been
reported from pre-Cenozoic to Late Miocene
sediments (Lancelot 1973, Carver 1979, lijima et
al. 1978, 1980, Pisciotto 1981, Hein et al. 1983,
Williams et al. 1985, Stamatakis et ql. 1988).
However, high heat-flow is the most important
factor in creating such transformations in sedi-
ments younger than l0 Ma (Late Miocene) (Keene
1975, Hein et al. 1983, Kastner & Siever 1983,
Stamatakis & Magganas 1988).

In the northern Aegean region, active volcanism
and high heat-flow associated with extensional
tectonism have existed since Pliocene times (Mercier
1976, Erickson et al. 1977, Angelier 1979, Kolios
et al. 1980, Papadopoulos 1982). The estimated
current heat-flow in the Aridea volcanic terrane is
80 to 100 mWm-2 (Fytikas & Kolios 1979), and is
manifested today by the hot springs of Aridea
(stamatakis 1986).

Formation of opal-C or opal-CT (or both) in
siliceous sediments older than Late Miocene may
take place at temperatures lower than 50oC (Mitsui
& Taguchi 1977, Hein et al. 1978). By contrast,
temperatures of formation of silica polymorphs in
young siliceous sediments sandwiched between
igneous intrusions (sills) may have been as high as
300oC according to Kastner & Siever (1983). They
also observed that at or near the contacts between
the siliceous sediments and the intrusions, biogenic
opal-A had been transformed directly to quartz,
whereas metastable phases were formed in the
sediments away from the contacts.

The Krop succession represents sediments
sandwiched between two tuffaceous bodies as-
sociated with contemporaneous lavas found in the
vicinity of the sedimentary rocks to the southwest
(Figs. 2, 3). The Krop succession may therefore be
regarded as a closed system bounded by tgffs and
lavas, analogous to the example described by
Kastner & Siever (1983). The absence of notable
opal-A in the Krop succession, the scarcity of
opal-CT, and the abundance of chalcedony and
opal-C all lead us to assume that elevated
temperatures existed during the diagenetic transfor-
mations. Also, using Kastner's (1979) equations for
opal-CT formation in these Early Pliocene rocks,
a temperature of 50'C is expected. We can assume,
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Frc. 8, Plot of stabilities of silica phases after Kastner &
Siever (1983). In addition to their assumption that
p-cristobalite has the same solubi.lity as a "disordered"
opal-CT, we also assume that B-cristobalite has a
similar solubility to that of low cristobalite. The
boxed-in area indicates the probable conditions of
formation of the Krop silica pollrmorphs. The limits
of this area are defined by the type and amount of
each silica polymorph present in the study area.

from the scarcity of this mineral and the abundance
ofopal-C and chalcedony, that higher temperatures
existed during the diagenesis of the Krop succes-
sion. The diagram of Kastner & Siever (1983)
showing stability fields of silica polymorphs (Fie.
8) suggests that the temperature may have reached
200"c.

In the south Aegean area, the Aegina Island
diatomites and porcellanites represent an example
of partial transformation of opal-A to opal-CT
(Stamatakis & Magganas 1988), produced in
response to the high heat-flow of the south Aegean
volcanic arc (estimated temperatures around 50"C).
This contrasts with the diagenesis of opal-A to
opal-C and chalcedony in Aridea volcanic terrane

SILICEOUS SWAMP SEDIMENTS OF THE ARIDEA PROVINCE
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of northern Greece, which was controlled by the
much higher temperatures developed in this area.
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