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Abstract-A hydrothermally altered rhyolitic hyaloclastite from Ponza island, Italy, has four alteration 
zones with unique clay assemblages: (1) a non-pervasive argillic zone characterized by smectite; (2) a 
propylitic zone with interstratified illite-smectite (I-S) containing 10-85% illite (l); (3) a silicic zone 
composed of I-S with 2:90% I and pure illite; and (4) a sericitic zone with I-S ranging from 66% I to 
pure illite. Atomic force microscopy reveals abrupt changes in particle morphology with illitization, 
including initial changes from anhedral plates to laths and then to euhedral plates and hexagonal plates. 
I-S particles progressively thicken with illitization and mean particle area (basal plane) remains constant 
from pure smectite to I-S with 80% I. However, particle area increases from 90 to 100% illite. Computer 
modeling of I-S structural forms indicates octahedral cation ordering progressively changes from cis
vacant smectite to interstratified cis- and trans-vacant I-S, and then to trans-vacant illite. In addition, 
polytypes progressively change from 1Md to IM, and then to 2MJ illite. Electron-microprobe and X-ray 
fiuoresence analyses show that I-S chemistry progressively changes during illitization, evolving toward a 
phengitic composition with ~0.89 fixed interiayer K+ per OIO(OH),. Octahedral Mg2+ shows little change 
with illitization, varying from 0.3 to 0.5 cations per OIO(OH}z, The layer charge of smectite is ~0.38 
equivalents per 01O(OH)2' 

On the basis of abrupt changes in morphology and progressive changes in polytype and chemistry, 
smectite illitization on Ponza involved a dissolution and recrystallization mechanism with multiple stages 
of nucleation and crystal growth. In this multi-step model, temperature of alteration provided the major 
control for the layer composition, polytype, and morphology of I-S crystallites. Other factors that may 
play a secondary role include: K+ availability, water-rock ratio, and permeability. Alternatively, the mech
anism of I-S and illite formation at Ponza and other hydrothermal environments may occur by direct 
precipitation of I-S crystallites from rhyolite glass and may not involve progressive reactions of smectite 
precursors. 
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INTRODUCTION 

Numerous studies (see review by Altaner and Yla
gan, 1997) of smectite illitization have proposed var
ious reaction mechanisms which can be grouped into 
two general categories: solid-state transformation 
(SST) and dissolution and crystallization (DC). An 
SST mechanism involves the gradual and topotactic 
replacement of smectite by illite. This mechanism fea
tures gradual changes in Reichweite ordering, similar 
polytypes of the smectite and illite crystals, and illite 
crystals with a similar size and shape as the smectite 
precursor (Barronet, 1992). Pollard (1971) proposed a 
mechanism where Al and Si diffuse through the inter
layer, followed by tetrahedral-sheet distortions as Al 
replaces Si. Others studies suggest an SST mechanism 
but do not propose specific models (Hower, 1981 ; 
Hunziker et aI., 1986; Inoue et aI., 1990; Lindgreen et 
al., 1991). 

DC mechanisms involve complete dissolution of 
smectite followed by crystallization of illite as a sep
arate grain. DC mechanisms feature abrupt changes in 

t Present address: ExxonMobil Upstream Research Co., P.O. 
Box 2189, Houston, Texas 77252-2189 USA. 

Reichweite ordering, polytype, and morphology (Bar
ronet, 1992). On the basis of mineralogic and trans
mission electron microscopy (TEM) evidence, several 
DC mechanisms have been proposed for illitization 
(Nadeau et al., 1984, 1985; Yau et aI., 1987; Inoue et 
al., 1987; Eberl and 8rodon, 1988). According to In
oue et al. (1987), anhedral smectite crystals become 
unstable, dissolve, and recrystallize to form thin eu
hedral laths, some of which dissolve and crystallize to 
form larger euhedral illite laths and hexagons. Whit
ney and Velde (1993) proposed a DC model with sev
eral stages including smectite dissolution, nucleation 
of small illite crystals onto smectite templates, and co
alescence and growth of illite crystals. Eberl and 8ro
don (1988) and Inoue et al. (1988) concluded that illite 
recrystallization is controlled by an Ostwald ripening 
mechanism whereby the smallest crystallites dissolve 
and reprecipitate onto larger crystallites to minimize 
the surface free energy. Ahn and Peacor (1986) pre
sented a reaction mechanism intermediate between 
SST and DC where smectite dissolves and illite re
places the parent smectite. 

In summary, some studies favor the DC mechanism 
(Nadeau et aI., 1985), others favor Ostwald ripening 
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(Eberl et al., 1990), and still others favor an SST 
mechanism (Hunziker et al., 1986; Lindgreen et al., 
1991 ; Clauer et al., 1995). Several studies emphasize 
that different mechanisms may apply in different geo
logic environments: an SST or local DC mechanism 
describing illitization in shale and bentonite (Inoue et 
al., 1990; Ahn and Peacor, 1986; Li et al., 1997) and 
a DC or Ostwald ripening mechanism in hydrothermal 
settings (Yau et al., 1987; Inoue et al., 1988; Christi
dis, 1995). Based on crystallite shapes and size distri
butions, Lanson et al. (1998) proposed different path
ways for illitization in different sedimentary basins. In 
addition, other studies suggest the reaction mechanism 
changes from SST where illite-smectite (I-S) exhibits 
Reichweite, R = 0 order to DC where I-S has R 2:: 1 
order (Drits, 1987; Whitney and Northrop, 1988). In
oue et al. (1987) suggested a three-step process of K+ 
fixation, followed by DC, and then followed by Ost
wald ripening. 

Figure I . Geologic map of Ponza and Gavi islands (Modi
fied from Carmassi et al.. 1983). Inset depicts a regional map 
of Italy showing the major volcanic provinces. (Modified 
from Turi et al.. 1991). Tuscan magmatic province (TMP) 
ages are from Ferrara and Tonarini (1985). Fornaseri (1985). 
and Ferrara et al. (1988); Roman comagmatic province 
(RCMP) ages are from Capaldi et al. (1985). 

It is important in geologic studies to understand the 
reaction mechanism of smectite illitization because, if 
illitization occurs by an SST mechanism. then geo
chemical analyses of I-S minerals (e.g., KlAr ages and 
8180 values) represent an average over a broad range 
of environmental conditions. However. if illitization 
occurs by a DC mechanism, then these data represent 
the diagenetic conditions during the final stage of il
litization. The objective of this paper is to characterize 
the reaction mechanism of smectite illitization in a nat
ural setting of hydrothermal alteration. 

Ponza Island 

GEOLOGIC SETTING 

Regional geology 

Ponza island is on the western coast of Italy in the 
Tyrrhenian Sea along with numerous volcanic islands 

D Unane,ed hyaloclastile 
[lIJ Non-pervasive argillic zone 

D Propylitic zone 
D Silicic zone 

e Sericiticzone 
IZ:3 Rhyolite intrusions 
C!J Talus & alluvium 

Corwou- ",,,,,,al. 25m 

North 

~ 
500 meters 

Figure 2. Map of northern Ponza and Gavi indicating sample locations, % Illite in I-S value, and the distribution of the 
alteration zones. Heavy dashed lines with "?" indicate possible faults (Ylagan et al., 1996). 
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Figure 3. XRD patterns of oriented aggregates of ethylene
glycolated I-S from Ponza and Gavi. % I and R values were 

including Palmarola, Ischia, Procida, Stromboli, and 
Vulcano. Dewey (1988) summarized the tectonic 
framework for this complex region. The volcanic cen
ters have been classified into two major volcanic prov
inces on the basis of geochemistry and age (Figure 1, 
inset). In the north, silica-saturated magmas formed 
between 7.0-2.5 Ma and are characterized by rhyolite, 
rhyodacite, and quartz-latite. These magmas comprise 
the Thscan Magmatic Province (TMP) (Ferrara and 
Tonarini, 1985; Fornaseri, 1985; Ferrara et al., 1988; 
Taylor and Thri, 1976; Peccerillo et al., 1987; Becca
luva et al., 1989; Poli, 1992). In the south, potassic, 
silica-undersaturated magmas formed < 1.5 Ma and are 
characterized by phonolite, trachyte, and latite. They 
comprise the Roman-Campanian Magmatic Province 
(RCMP) (Capaldi et al., 1985; Turi and Taylor, 1976; 
Hawkesworth and Vollmer, 1979; Rogers et al., 1985; 
Tay10r et al., 1987; Civetta et al., 1989). Calc-alkaline 
volcanics, located in the Aeolian islands, are derived 
from NW subduction along the Calabrian arc. 

Geologic setting of Ponza 

The geologic history of Ponza island (Figure 1) in
volves two stages of volcanism and alteration of the 
rocks from the first volcanic stage, although the timing 
and Origin of the alteration are not established (Lom
bardi and Mattias, 1981). The first volcanic stage in
volved emplacement of massive dikes and a thick, 
highly brecciated, rhyolitic hyaloclastite which crop 
out over most of Ponza and Gavi (Pichler, 1965; Bar
beri et al., 1967). The hyaloclastite formed at 4.5 Ma 
by submarine eruption of silicic lavas, which brecci
ated due to rapid cooling (Pichler, 1965; Barberi et aI., 
1967; Carmassi et al., 1983). Carmassi et al. (1983) 
proposed that the hyaloclastite and the dikes formed 
contemporaneously at 4.5 Ma. In this model, the feed
er dikes were insulated from contact with seawater, 
allowing the interior to cool more slowly. Later studies 
showed that the hyaloclastite and dikes have similar 
chemical compositions (Savelli, 1987; Marino, 1992) 
and ages (Savelli, 1983, 1987). Yamagishi and Dim
roth (1985) proposed a similar model for the origin of 
silicic dikes associated with rhyolitic hyaloclastites in 
Hokkaido, Japan. The second stage of volcanism (1.1 
Ma), concentrated in southern Ponza, is characterized 
by subaerial trachytic eruptions including surge de
posits, tuff cones, pyroclastic flows, and lava flows. 

Early studies on the Ponza bentonite indicate that 
smectite is commonly the dominant mineral present 

determined from best-fit calculated patterns using NEW
MOD. Dashed lines indicate diagnostic peak migrations ob
served during smectite iIlitization. (A) 93-6-8C, (B) 93-6-
lOC, (C) 94-6-3M, (D) 94-6-11C, (E) 94-6-3T, (F) 93-6-8Q, 
(G) 93-6-9Q, (H) 94-6-16C, (I) 94-6-16Q, (J) 93-6-8N, (K) 
94-6-16R, and (L) 93-6-1OA. 
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Table 1. Junction probabilities and R values that describe interlayer ordering in I-S from Ponza. P, = proportion of illite 
interlayers expressed as a fraction, P,., = probability of an illite interlayer to follow a given sequence of one illite interiayer, 
Pu., = probability of an illite interlayer to follow a given sequence of two illite interlayers, and Pm., = probability of an illite 
interlayer to follow a given sequence of three illite interlayers. 

Size fraction 
Sample Alteration zone (iJ.m) R 

93-6-8C Argillic <0.5 0 
93-6-8F Argillic <0.5 0 
93-6-IOC Argillic <0.1 0 
94-6-11A Propylitic <0.05 0 
94-6-3M Propylitic <0.05 0 
94-6-3J Propylitic <0.1 0 
94-6-4C Propylitic <0.1 0 
93-6-8M Propylitic <0.05 0 
94-6-IIC Propylitic <0.1 0 
94-6-3N Propylitic <0.1 0 
94-6-4G Propylitic <0.1 0 
93-6-16B Propylitic <0.1 0.5 
94-6-3T Propylitic <0.1 0.5 
94-6-16A Propylitic <0.1 0.5 
93-6-90 Propylitic <0.1 0.4 
93-6-8Q Propylitic <0.1 0.5 
94-6-4L Propylitic <0.1 0.8 
93-6-9N Propylitic <0.1 0.8 
93-6-8T Propylitic <0.1 0.35 
93-6-8S Propylitic <0.1 0.78 
94-6-2A Propylitic <0.1 0.8 
94-6-4A Propylitic <0.1 0.5 
93-6-9Q Propylitic <0.1 1 
93-6-IOB Propylitic <0.1 1.15 
93-6-9H Propylitic <0.1 1.15 
94-6-4B Propylitic <0.1 0.8 
93-6-9G Propylitic <0.1 1.15 
94-6-5D Propylitic <0.1 0.8 
93-6-9F Propylitic <0.1 1.35 
93-6-9C Propylitic <0.1 1.36 
93-6-9D Propylitic <0.1 1.54 
94-6-16Q Propylitic <0.1 1.9 
94-6-16J Propylitic <0.1 2 
93-6-9E Propylitic <0.1 2 
93-6-8N Silicic <0.1 2.5 
93-6-8N Silicic <0.5 3 
93-6-10G Silicic <0.1 3 
93-6-80 Silicic <0.1 3 
93-6-IOG Silicic <0.5 3 
93-6-8W Silicic <0.1 3 
93-6-9L I Sericitic <0.1 1 
93-6-9J Sericitic <0.1 I 
94-6-16C Sericitic <0.1 1.13 
93-6-9L 11 Sericitic <0.5 1 
93-6-9L I Sericitic <0.5 1.5 
94-6-16F Sericitic <0.5 3 
93-6-IOA Sericitic <0.1 3 
94-6-16S Sericitic <0.5 3 
94-6-16T Sericitic <0.5 3 
94-6-16R Sericitic <0.5 3 
93-6-9M Sericitic <0.5 3 
93-6-IOA Sericitic <0.5 3 
94-6-16D Sericitic <0.5 3 

(Lupino, 1954; Guven and Grim, 1972; Grim and Gu
ven, 1978; Lombardi and Mattias, 1981; Pozzuoli, 
1988; Passaglia et al., 1995). However, Ylagan et al. 
(1996) indicate that the outcrop mineralogy consists of 
I-S, illite, opal-C, mordenite, kaolinite, and various 

P, PH Pu-( Pm-, 

0 0 0 0 
0 0 0 0 
0.10 0.10 0.10 0.10 
0.15 0.15 0.15 0.15 
0.20 0.20 0.20 0.20 
0.22 0.22 0.22 0.22 
0.27 0.27 0.27 0.27 
0.27 0.27 0.27 0.27 
0.32 0.32 0.32 0.32 
0.32 0.32 0.32 0.32 
0.40 0.40 0.40 0.40 
0.44 0.08 0.08 0.08 
0.45 0.11 0.11 0.11 
0.48 0.20 0.20 0.20 
0.52 0.34 0.34 0.34 
0.52 0.30 0.30 0.30 
0.54 0.23 0.23 0.23 
0.54 0.23 0.23 0.23 
0.57 0.46 0.46 0.46 
0.57 0.41 0.41 0.41 
0.57 0.31 0.31 0.31 
0.58 0.43 0.43 0.43 
0.59 0.31 0.31 0.31 
0.62 0.39 0.24 0.24 
0.62 0.39 0.24 0.24 
0.64 0.48 0.48 0.48 
0.64 0.47 0.33 0.33 
0.66 0.52 0.52 0.52 
0.71 0.59 0.49 0.49 
0.72 0.61 0.52 0.52 
0.73 0.63 0.51 0.51 
0.78 0.72 0.62 0.62 
0.82 0.78 0.72 0.72 
0.82 0.78 0.72 0:72 
0.82 0.78 0.72 0.66 
0.90 0.89 0.88 0.86 
0.91 0.90 0.89 0.88 
0.95 0.95 0.94 0.94 
0.96 0.96 0.96 0.95 
1 1 1 1 
0.63 0.41 0.41 0.41 
0.66 0.48 0.48 0.48 
0.67 0.51 0.45 0.45 
0.75 0.67 0.67 0.67 
0.79 0.73 0.69 0.69 
0.91 0.90 0.89 0.88 
0.92 0.91 0.90 0.89 
0.93 0.92 0.92 0.91 
0.93 0.92 0.92 0.91 
0.96 0.96 0.96 0.95 
0.97 0.97 0.97 0.97 
1 1 1 1 
1 1 1 1 

sulfide (pyrite, cha1copyrite, sphalerite, and galena) 
and sulfate minerals. Ylagan et al. (1996) character
ized four alteration zones based on authigenic miner
alogy and field textures: an argillic, a propylitic, a si
licic, and a sericitic zone (Figure 2). Smectite has a 
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PI 
Figure 4. Junction probability diagram for I-S from Ponza 
and Gavi. Pl = proportion of illite interlayers, Pm'l = proba
bility of an illite interlayer to follow a given sequence of three 
illite interlayers. Labeled lines represent pathways for various 
Reichweite ordering schemes. 

ribbon-like morphology on the basis of transmission 
electron microscopy (Guven and Grim, 1972; Grim 
and Guven, 1978). Illitic clays are found in outcrop 
samples along the extreme northern portion of Ponza 
and on the neighboring islands of Gavi and Zannone 
(Lombardi and Mattias, 1981). Pozzuoli (1992) esti
mated alteration temperatures ranged from 127 to 
368°C. However, Ylagan (1996) used oxygen-isotope 
and fluid-inclusion results to constrain alteration tem
peratures from 50 to 225°C. Although Passaglia et a1. 
(1995) suggested that alteration occurred in an open 
hydrologic system where meteoric waters reacted with 
the hyaloclastite under a high geothermal gradient, 
Ylagan (1996) concluded the bentonite formed from 
hydrothermal processes involving seawater. 

METHODS 

X-ray diffraction 

Fifty-three samples were collected from the four al
teration zones on Ponza. In general, samples from the 
argillic, silicic, and sericitic zones were purified by 
isolating the <0.5-ll-m size fraction, whereas samples 
from the propylitic zone required the <0.1 or <0.05-
Il-m size fraction to remove fine-grained opal-C and 
mordenite. Although different size fractions were ob-

.~ 
Cl) 
C 
Cl -C 

15 20 40 45 

Figure 5. XRD patterns of randomly oriented I-S from Ponza 
and Gavi. (A)-(J) are samples from the argillic, propylitic, and 
silicic zones, and (K)--(R) are samples from the sericitic zone. 
(.) = opal-CT or opal-C. CA) 93-6-8C, (B) 93-6-IOC, (C) 94-
6-4C, CD) 94-6-11C, (E) 93-6-8Q, (F) 93-6-9Q, (G) 93-6-9C, 
(H) 94-6-16Q, (I) 93-6-8N, (J) 93-6-8W, and (K) 93-6-1OA. 

Figure 6. Comparison of XRD patterns calculated using WILDFIRE with experimental patterns of randomly oriented samples 
of I-S. Table 2 lists all parameters used in calculations. Alllabeled reflections denote IM peaks except for those with *, which 
are 2M, peaks. (.) = opal-CT or opal-C, (e) = authigenic K-rich feldspar. (A) 93-6-8C, CB) 94-6-11C, (C) 93-6-8Q, (D) 93-
6-9Q, (E) 93-6-9C, (F) 93-6-9LJ, (G) 93-6-8N, and (H) 93-6-1OA. 
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tained to achieve purity, we believe that size fraction
ation did not significantly bias any results. Size frac
tions were obtained by centrifugation and concentrated 
by vacuum suction onto a MiIlipore filter. Oriented 
clay aggregates were transferred onto glass slides for 
X-ray diffraction (XRD) , using a Siemens D-500 dif
fractometer. XRD patterns were collected from 2-30 
026 (at 2.50 per min) after air-drying and ethylene-gly
col solvation. Ethylene glycol-solvated patterns were 
modeled using NEWMOD (Reynolds, 1985) to deter
mine the Reichweite ordering and illite content in I-So 
Junction probabilities, which are statistical parameters 
that describe layer ordering, were calculated using 
equations in Reynolds (1980). Twenty-five samples 
that ranged from pure smectite to pure illite were se
lected for further geochemical and mineralogic anal
ysis. A minimum of 2.5 g of each sample was purified, 
dialyzed to remove salts, and freeze-dried to create a 
stock powder that was used for all analyses described 
in this study. Thace amounts of opal-Cf or opal-C (::SS 
wt. %) were detected by XRD in some clay mineral 
separates. However, most samples contained only I-S 
minerals, based on random-powder XRD. 

Freeze-drying produces clay separates with a low 
degree of preferred orientation that are ideal for tbree
dimensional structural analysis. For each sample, 
- 300 mg of freeze-dried powder were heated at 250°C 
for 1 h, side-packed into an AI-holder, and diffraction 
patterns collected in a dry atmosphere (flushed with 
N2 gas) from 16 to 44 026. To improve the signal-to
noise ratio, scan speeds were extremely slow with a 
step size of 0.04 026 and count times of 60 s/step. Each 
XRD pattern was modeled using the computer pro
gram WILDFIRE (Reynolds, 1993a, 1993b) to deter
mine abundance of eis-vacant (cv) and trans-vacant 
(tv) sites and rotational disorder (Tsipursky and Drits, 
1984; Drits et al., 1984; Reynolds and Thomson, 
1993). 

Chemical analysis 

To evaluate the reliability, effects of surface rough
ness, and porosity of electron microprobe (EMP) anal
ysis of I-S clay minerals, 12 untreated I-S powders that 
ranged from pure smectite to pure iIlite were analyzed 
by EMP and compared with results from X-ray fluo
rescence (XRF) spectroscopy. In addition, 24 Sr-satu
rated samples were also analyzed by EMP to constrain 
exchangeable-cation and octahedral-sheet chemistry. 
I-S samples were continuously shaken for 24 h in a 
0.1 M SrCl2 solution, and then centrifuged. The solu
tion was decanted and new solution was added. This 
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Figure 7. (A) Pcv vs. % I for I-S from Ponza and Oavi. (B) 
Po vs. % I for I-S from Ponza and Oavi. (0) = argillic-zone 
samples, (e) = propyIitic-zone samples, (.) = silicic-zone 
samples, and (<» = sericitic-zone samples. Error bars rep
resent range of best-fit calculated patterns determined by trial 
and error. 

process was repeated four times, and samples were 
then dialyzed to remove any excess SrCl2 and freeze
dried. All samples were prepared for EMP analysis by 
preSSing 10 mg of dialyzed, freeze-dried powder 
(unexchanged or Sr-saturated) into a 3-mm pellet. Pel
lets were carbon coated, and analyzed with a Cameca 
SX-50 microprobe equipped with four wavelength-dis-

Figure 8. Chemistry of structural formulae for Sr-saturated I-S from Ponza and Oavi vs. % I in I-S. (A) exchangeable Sr, 
(B) fixed interlayer K, (C) tetrahedral Si, (D) total layer charge, (E) tetrahedral charge, (F) octahedral charge, (0) octahedral 
AI, (H) octahedral Fe, and (I) octahedral Mg. See Figure 7 for symbol definitions. 
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persive spectrometers. Elemental standards included: 
olivine for Mg, Fe, and Mn; Amelia albite for Na, Si, 
and AI; microcline for K; anorthite for Ca; rutile for 
Ti; strontium anorthite for Sr; and chlorapatite for Cl. 
At least three analyses were obtained from each pellet 
using a 50-lA-m beam diameter and operating condi
tions of 15 kV and 25 nA. Corrections were made to 
the sro concentration for interferences of the Sr La 
spectral lines by the Si K~ spectral lines (Smith and 
Ribbe, 1966). Approximately 1.0-2.0 g of each of the 
12 unexchanged samples were analyzed using XRF at 
X-ray Assay Laboratories, Don Mills, Ontario. Major
element analyses are based on fused glass disks and 
trace elements were obtained from pressed powders. 
Approximate errors for XRF analyses are believed to 
be :t2% of the measured amount. Chemical analyses 
were cast into structural formulae on the basis of 22 
anion equivalents and four tetrahedral cations (New
mann and Brown, 1987). Corrections were made to 
Si02 concentration because of contaminating silica 
phases observed by XRD. 

Atomic force microscopy 

Eleven I-S samples that ranged from pure smectite 
to pure illite were studied by atomic force rnicroscopy 
(AFM) to determine particle thickness, morphology, 
and basal-plane area. Samples were continuously 
shaken for 24 h in 1 M LiCI and then centrifuged. The 
supernatant was decanted, new solution was added, 
and this process was repeated four times. Samples 
were then dialyzed to remove any excess LiCI and 
stored as suspended solutions in deionized water. I-S 
crystallites were dispersed onto a freshly cleaved mus
covite substrate (Blum, 1994), and analyzed with a 
Topometrix Explorer AFM equipped with a tube scan
ner. Error estimates involving X and Y translations in 
a Cartesian coordinate system are 0.2 nm, and Z 
(height) is estimated at 0.2 nm. Images were "flat
tened" using Topometrix software which normalizes 
the muscovite surface to a uniform height to provide 
accurate height information (Blum, 1994). We mea
sured particle thickness from flat-topped particles us
ing the Topometrix software. In addition, we used NIH 
IMAGE software (version 1.59) to determine basal
plane area of both laths and plates. NIH IMAGE fits 
the largest ellipse into a specified area and records the 
perpendicular major and minor axes of that ellipse. 
Aspect ratio was defined as the major axis divided by 
the minor axis (length/width). Some operator bias may 
exist on the measurements because particles were se
lected based on particles sharpness. Particle morphol
ogies were separated into two classifications: euhedral 
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Figure 10. Mean particle thickness vs. % I in I-S. See Figure 
7 for symbol definitions. 

laths characterized by rod-like shapes with straight 
edges that may terminate in 60° or 120° angles, and 
plates characterized by equidimensional shapes that 
may have irregular edges and terminations (i.e., an
hedral plates) or straight edges terminating in 60° or 
120° angles (i.e., euhedral plates). The mean area and 
mean aspect ratio were calculated from all particles in 
a sample, as well as from only laths or plates. 

RESULTS 

X-ray diffraction 

Oriented clay-aggregate analyses. Clay minerals ob
served on Ponza and Gavi range from pure smectite, 
through a series of interstratified I-S minerals, to pure 
illite (Figures 2 and 3). Reichweite ordering ranges 
from R = O-D.5 for smectitic I-S, through R = 1-2 
for illitic I-S, to R = 3 for highly illitic I-S. Each of 
the alteration zones shows I-S with different layer 
compositions and ordering. Smectite occurs in the ar
gillic zone; (R = 0-2) I-S with 10-82% I occurs in 
the propylitic zone; (R=3) I-S with 90-100% I occurs 
in the silicic zone; and (R = 1-3) I-S with 66-100% 
I occurs in the sericitic zone. We define the term illite 
interlayer to represent an illite layer within a Mac
Ewan crystallite (see Altaner and Ylagan, 1997; Reyn
olds, 1980). Table 1 lists I-S junction probability val
ues where p!.! represents the probability of an illite 
interlayer occurring after a given illite interlayer, and 
Pm.! represents the probability of an illite layer occur
ring after a given sequence of three illite interlayers. 
Reichweite ordering in I-S from Ponza abruptly begins 

Figure 9. AFM images of Li-saturated I-S from Ponza and Gavi. Horizontal field of view in all images is 2500 nm. (A) 93-
6-8C, (B) 94-6-11C, Cc) 93-6-8Q, (D) 93-6-9Q, (E) 93-6-9C, (F) 93-6-8N, (G) 93-6-IOA, and (H) 93-6-1OA. 
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Table 2. WILDFIRE parameters used to model XRD polytype patterns of randomly oriented I-S from Ponza. Errors represent 
the range of best-fit patterns determined by trial and error. Orf = orientation factor where a value of 1 indicates random 
orientation and values < 1 = preferred orientation, N3 = number of unit cells along Z, and Hi N = maximum number of unit 
cells along Z. 

Sample %1 R Po :t Pcv :t P", :t Off :t N, HiN K' Fe' 

93-6-8C 0 0 0.75 0.25 0.85 0.15 0 0.1 0.85 0.03 3 12 0.01 0.16 
93-6-IOC 10 0 0.75 0.25 0.9 0.1 0 0.1 0.92 0.03 3 8 0.08 0.23 
94-6-4C 27 0 0.8 0.2 0.75 0.08 0 0.1 0.92 0.03 3 10 0.15 0.21 
93-6-8M 27 0 0.75 0.25 0.75 0.08 0 0.1 0.85 0.03 3 14 0.15 0.21 
94-6-11C 32 0 0.9 0.1 0.55 0.1 0 0.1 0.85 0.05 4 14 0.16 0.18 
93-6-8Q 52 0.5 0.8 0.2 0.7 0.05 0 0.1 0.8 0.05 4 10 0.3 0.2 
93-6-9Q 59 1 0.9 0.1 0.6 0.05 0 0.1 0.83 0.05 4 11 0.33 0.26 
93-6-9C 72 1.36 0.65 0.05 0.3 0.05 0.5 0.1 0.8 0.05 4 12 0.48 0.25 
94-6-16Q 78 1.9 0.8 0.05 0.45 0.05 0.4 0.1 0.85 0.05 6 18 0.51 0.26 
93-6-8N 90 3 0.95 0.05 0.33 0.05 0 0.1 0.9 0.05 7 21 0.62 0.15 
93-6-IOG 96 3 0.95 0.05 0.3 0.05 0 0.1 0.93 0.05 8 24 0.63 0.09 
93-6-8W 100 3 1 0.05 0 0.05 0 0.1 1 0.05 7 21 0.75 0.2 
93-6-9J 66 1 0.9 0.1 0.4 0.05 0 0.1 0.98 0.05 4 12 0.42 0.03 
94-6-16C 67 1.13 0.88 0.05 0.35 0.05 0 0.1 0.85 0.05 5 15 0.45 0.05 
93-6-9L I 79 1.5 0.85 0.05 0.75 0.05 0 0.1 0.85 0.05 6 16 0.588 0.01 
94-6-16P 91 3 0.85 0.05 0.8 0.05 0 0.1 0.9 0.05 7 21 0.65 0.02 
94-6-16T 93 3 0.95 0.05 0.25 0.05 0 0.1 0.95 0.05 8 24 0.74 0.05 
94-6-l6R 96 3 0.95 0.05 0.3 0.05 0 0.1 0.93 0.05 8 24 0.71 0.06 
93-6-9M3 98 3 1 0.05 0.1 0.05 0 0.1 0.95 0.05 8 40 0.75 0.05 
93-6-1OA' 100 3 1 0.05 0.1 0.05 0 0.1 0.95 0.05 8 40 0.75 0.05 

[ Based on EMP of Sr-saturated samples (see Table 4). 
2 Best-fit included 30% discrete tv-lM illite with parameters of Po = 0.85, Pcv = 0.05, P60 = 0, N3 = 8, K = 0.75, and Fe 

= 0.D3. 
3 Best-fit included 8% discrete 2MJ with parameters of N3 = 9, K = 0.75, Fe = 0.05. 
4 Best-fit included 15% discrete 2M[ with parameters of N3 = 9, K = 0.75, Fe = 0.05. 

to develop at PI ~ 0.45 (Figure 4). Similar variations 
in I-S ordering have been observed for other hydro
thermal samples from Japan and Colorado (Inoue et 
al., 1990; Bethke et al., 1986). Interestingly, partial 
short-range ordering (0 < R < 1) seems to best model 
I-S containing 45-60% I. 

Structural analyses. XRD patterns of randomly ori
ented I-S from alteration zones at Ponza indicate three
dimensional layer stacking and octahedral cation or
dering changes during illitization (Figure 5). Calculat
ed XRD patterns successfully simulate the peak posi
tions, intensities, and breadths using parameters that 
control the proportion of cv sites (Pcv) and rotational 
disorder for a range of I-S minerals (Figure 6). Reyn
olds (1992) characterized rotational disorder by two 
parameters: (1) Po, defined as the fraction of 0° rota
tions between adjacent illite interlayers versus n120° 
rotations, where n == 1 or 2, and (2) P60, defined as the 
fraction of non-zero degree rotations that are of the 
type n60° (where n = 1, 3, or 5). As illitization pro
ceeds, I-S samples from Ponza systematically change 
from cv to tv and n120° rotational disorder decreases, 
i.e., Po increases (Figure 7). These results indicate that 

I-S from Ponza progressively changes from turbos
tratic, cv-smectite to IM, tv-illite. In addition, the two 
most illitic samples from the sericitic zone also contain 
authigenic 2MJ illite (5-15%). Similar changes in the 
octahedral vacancy position have been documented in 
hydrothermal I-S from Slovakia (Drits et al., 1996); 
however, unlike McCarty and Reynolds (1995), no ob
servable trends are found in the amount of 60° rota
tional disorder. Table 2 lists the parameters used to 
model I-S polytypes and cation ordering from Ponza. 
Most samples follow the cv to tv transition as illiti
zation proceeds except for two I-S samples from the 
sericitic zone (93-6-9L and 94-6-16R see Table 2, Fig
ure 6F). Why these two samples do not follow a sim
ilar trend is unclear. 

Errors in Pcv do not change greatly as a function of 
illitization; however, errors in Po and P 60 are large for 
smectitic I-S and decrease with illitization (Table 2; 
Figure 7). In highly smectitic I-S, modeling rotational 
disorder (Po and P60) is very difficult and errors are 
large because 2: I layers are separated mainly by tur
bostratic interfaces and do not exhibit any hkl reflec
tions (Reynolds, 1992). The abundance of cv and tv 

Figure 11. Particle-thickness histograms for I-S from Ponza and Gavi. (A) 93-6-8C, (B) 94-6-11C, (C) 93-6-8Q, (D) 93-6-
9Q, (E) 93-6-9C, (F) 93-6-9L\, (G) 93-6-8N, (H) 93-6-1OA. 
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Table 3, EMP and XRF values for major oxides in I-S from Ponza. Oxides have been cast into structural formulae. 

Sample %1 Si02 AI2O, Ti02 Fe2O., MgO MnO CaO Na20 K,o LOI 

93-6-8F EMP 0 [56.33 17.61 0.25 3.13 4.42 0.11 2.12 0.14 0.23 
93-6-8F XRF 0 [58.05 17.74 0.19 3.31 4.25 0.07 2.14 0.07 0.18 10.11 
94-6-11 C EMP 32 253.95 24.55 0.23 3.81 3.24 0.03 0.38 0.52 2.23 
94-6-11C XRF 32 254.80 25.12 0.23 3.84 3.46 0.04 0.41 0.52 2.34 8.10 
93-6-8Q EMP 52 254.07 22.85 0.18 3.45 3.92 0.06 0.49 0.24 3.67 
93-6-8Q XRF 52 251.35 21.60 0.21 3.28 3.64 0.05 0.45 0.27 3.62 14.30 
93-6-9Q EMP 59 252.05 23.35 0.23 4.97 3.11 0.03 0.43 0.21 4.14 
93-6-9Q XRF 59 250.86 22.30 0.27 4.76 3.01 0.05 0.52 0.22 3.87 13.10 
93-6-9C EMP 73 49.75 26.20 0.38 4.74 1.62 0.04 0.36 0.13 5.17 
93-6-9C XRF 73 48.70 25.00 0.40 4.52 1.61 0.05 0.38 0.17 4.86 12.50 
93-6-9L I EMP 79 50.30 30.02 0.11 0.13 1.55 0.03 0.13 0.24 6.67 
93-6-9L I XRF 79 49.30 30.40 0.16 0.55 1.62 0.04 0.19 0.16 6.53 10.98 
93-6-8N EMP 90 49.40 26.99 0.20 2.91 1.66 0.05 0.05 0.11 7.09 
93-6-8N XRF 90 50.57 27.60 0.24 2.95 1.78 0.05 0.10 0.13 6.43 8.20 
94-6-16F EMP 91 50.47 27.99 0.09 0.54 2.52 0.05 0.06 0.13 7.36 
94-6-16F XRF 91 53.20 28.90 0.14 0.71 2.67 0.04 0.15 0.17 7.32 7.20 
94-6-16T EMP 93 51.29 26.84 0.19 1.04 2.75 0.06 0.06 0.07 8.53 
94-6-16T XRF 93 51.10 27.40 0.23 1.10 2.81 0.05 0.11 0.13 7.97 8.86 
94-6-16R EMP 96 49.91 28.07 0.21 1.07 2.16 0.06 0.01 0.06 8.01 
94-6-16R XRF 96 51.40 29.10 0.26 1.19 2.28 0.05 0.09 0.13 7.56 7.51 
93-6-100 EMP 96 250.52 26.70 0.24 2.08 1.69 0.07 0.05 0.25 6.91 
93-6-100 XRF 96 251.16 27.20 0.27 2.00 1.79 0.06 0.11 0.23 6.78 7.89 
94-6-16D EMP 100 51.62 27.09 0.30 0.76 2.63 0.05 0.05 0.05 8.49 
94-6-16D XRF 100 52.80 28.20 0.33 0.82 2.78 0.05 0.10 0.10 8.07 6.46 

[ Indicates analysis corrected for 5 wt. % silica impurity. 
2 Indicates analysis corrected for 2 wt. % silica impurity. 

Table 4. EMP values for major oxides in Sr-saturated I-S from Ponza. Oxides have been cast into structural formulae. 

Sample %1 Si02 A120~ Ti02 Fe2O, MgO MnO CaD Na,O K,o srO SUM 

93-6-8C 0 [53.36 16.82 0.29 3.11 3.47 0.00 0.27 0.04 0.13 3.44 80.93 
93-6-lOC 10 49.92 21.64 0.15 4.16 1.76 0.00 0.26 0.12 0.87 3.37 82.25 
94-6-11A 15 [51.48 19.80 0.24 2.54 2.20 0.00 0.30 0.08 0.64 3.01 80.28 
94-6-3M 20 250.05 21.32 0.34 3.50 1.92 0.00 0.28 0.35 1.79 3.55 83.11 
93-6-3M 27 249.96 21.74 0.19 3.82 2.00 0.00 0.21 0.06 1.57 3.48 83.05 
94-6-4C 27 248.61 19.98 0.17 3.58 2.06 0.00 0.32 0.07 1.54 2.87 79.18 
94-6-11C 32 250.61 23.35 0.19 3.39 2.05 0.00 0.21 0.10 1.79 3.17 84.85 
94-6-3T 45 248.46 21.79 0.26 3.78 1.65 0.00 0.19 0.06 2.54 2.60 81.33 
93-6-8Q 52 245.24 20.33 0.25 3.31 2.61 0.00 0.19 0.06 2.88 2.45 77.33 
94-6-4L 54 51.58 21.56 0.35 4.07 2.13 0.00 0.26 0.05 3.58 2.56 86.14 
94-6-2A 57 252.10 22.12 0.26 3.62 2.57 0.00 0.22 0.08 3.78 2.10 86.85 
94-6-4A 58 50.21 20.84 0.28 3.78 2.13 0.00 0.18 0.05 3.53 2.19 83.18 
93-6-9Q 59 247.80 21.15 0.31 4.57 2.20 0.00 0.24 0.12 3.46 2.23 82.09 
393-6-9J 66 248.40 25.53 0.10 0.51 0.95 0.00 0.23 0.29 4.47 1.29 81.76 
94-6-5D 66 51.09 21.80 0.45 4.77 1.70 0.00 0.19 0.11 3.83 1.76 85.69 
93-6-9D 73 48.91 24.75 0.38 3.79 1.19 0.00 0.23 0.15 4.52 1.35 85.26 
94-6-16Q 78 49.91 20.76 0.27 4.70 1.70 0.00 0.23 0.28 4.99 1.24 84.07 
393-6-9L 1 79 48.36 29.43 0.11 0.15 1.15 0.00 0.16 0.16 6.17 0.84 86.53 
94-6-16J 82 49.47 23.73 0.37 4.60 1.12 0.00 0.34 0.66 4.81 1.00 86.10 
93-6-8N 90 50.83 26.25 0.20 2.89 1.28 0.00 0.15 0.15 6.56 0.83 89.14 
94-6-16F 91 49.64 26.50 0.13 0.67 1.95 0.00 0.14 0.15 6.36 0.48 86.01 
94-6-16R 96 50.24 27.59 0.26 1.12 1.93 0.00 0.13 0.18 7.40 0.15 89.02 
393-6-9M 98 47.07 31.54 0.15 0.37 0.74 0.00 0.05 0.21 8.00 0.15 88.29 
93-6-lOA 100 52.08 27.72 0.38 0.85 2.25 0.00 0.09 0.11 8.49 0.10 92.06 

[ Indicates analysis adjusted for 5 wt. % silica mineral impurity. 
2 Indicates analysis adjusted for 2 wt. % silica mineral impurity. 
3 Identifies altered rhyolitic intrusion from Punta d'Incenso. 
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SUM 

84.33 
96.11 
88.96 
98.86 
88.92 
98.77 
88.51 
98.96 
88.39 
98.19 
89.18 
99.93 
88.46 
98.04 
89.23 

100.50 
90.82 
99.76 
89.56 
99.57 
88.51 
97.49 
91.05 
99.71 

Table 3. Extended. 

Structural Formula. per OIO(OH)2 

Ko.02Cao.loNao02Si3.9F Alo05 VIAl,.J<eoI7M&J.46 Tio.Ol 
Ko.02Cao.loNao.ooSi398IV Alo02 VIAl'4?eo.l7M&J.43Tiooo 
Ko.l9Cao.03Nao.07Si3.64IV Alo36 VIAlUJ'eo.I.M&J33 Tio.ol 
Ko20CaomNao.mSi3.62IV Alo.38VIAlI.58Feo.l.M&J.34TlcOl 
Ko.32Cao.04Nao.03Si3.68IV Alo.32VIAll.51Feo.18M&J.40Tiooo 
Ko.33Cao.mNao.04Si3.68IV Alo32VIAlIslFeo.l8M&J.39TioOl 
Ko.36Cao.03Nao.03Si359IV Alo.4IVIAl'4J'eou;M&J.32TioOl 
Ko.35Cao04N ao.03Si362 IV Alo.38 VIAl '4J'eo25M&J32 TioOl 
Ko 46Cao.03Nao.02Si3.461V Alo.54 VlAl'61Feo.~&J17TIc.02 
Ko.44CaoO~ao02Si3.491V Alo.5l VIAl,ooFeo.24M&J17 TIc.02 
Ko.58CaoooNao.03Si 3.4F Alo.56 VIAl1.J<eoooM&J.l6 TIc.oo 
Ko.57Cao.OlNao.02Si3391V Alo.6l VI Al'85FeomM&J17 TIc.oo 
Ko.63Cao.ooNaoOISi34SIV AloS5 VIAl'68FeolSM&J.l7 Tio.Ol 
KoS6Cao.ooNao02Si3.46IV Alo54 VIAl,oJ'eo.lsM&J.18Tio.01 
Ko 65Cao.ooNao02Siw IV AloS3 VIAl'74Feo.03M&J26 Tlcoo 
Ko.6ICao.ooNao.02Si3.4r Alo51VIAlmFeo04M&J26Tlcoo 
Ko 74CaoooNao.ooSi3.50IV Alo.50 VIAl,ooPeo05M&J28 Tlcoo 
Ko.69Cao.ooNao02Si3.47 IV Alo.53 VIAl '67FeoooM&J28 Tio.OJ 
Ko.71Cao.ooNao.ooSi344IV Alo56 VIAlJ.73FeoooM&J.22Tio.ol 
Ko.65Cao.ooNao02Si3.44IV Alo.56 VI AlL7J'eoooM&J.23 TioOl 
Ko.61CaoooNao.03Si3S1IV Alo.49VIAll.7oFeo.llM&J.l8TioOl 
KoS9Cao.ooNao.03Si3.51IV Alo.49 VlAl'7IFeo.loM&J.18Tlcol 
Ko.74CaoooNaoooSi3.51IV Alo.49 VlAl'68Feo.04M&J27 TIc.02 
Ko.68Cao.ooNaoOlSi3.49IV Alo.5IVIAlL..Feo.04M&J27TIc.02 

Table 4. Extended. 

Structural Formula, per DIO(OHh 

Ko.Ol SrO.15Cao.02Nao.ooSi3.97IV Alo.03 VI AI1.44Feo.17Mgo.38 Tio.02 
Ko.08SrO.14Cao.02Nao.ooSi3.70IV Ale.30 VIAI1.5.Fe0.23Mgo.19 Tio.oo 
Ko.06SrO.13Cao.02Nao.01Si3.8,LV A10.15 VIAI1.60Feo.7l4Mg024Tio.Ol 
Ko.17SrO.15Cao.02N ao.OSSi3.70IV A10.30 VIAI1.55Feo.19Mgo.21 Tio.02 
Ko.15SrO.15Cao.02N ao.OOSi3.68IV AIo.32 VIAI1.57Feo.21Mgo.22 Tio.01 
Ko.1SSrO.13Cao.03Nao.01 Si3.741V Alo.26 VIAI1.55Feo.21Mgo.24 Tio.oo 
Ko.16SrO.13Cao.02NaoOl Si 3.64IV Alo.36 VIAl 1.62FeO. l8MgO.22 Tio.ol 
Ko.24SrO.ll Cao.02N ao.OOSi3.65IV Alo.35 VIAII.S9Feo.21Mgo 19 Tio.01 
Ko.29SrO.ll Cao.02Nao.ooSh61 IV Alo.39 VI AI '52Fe0.2oMgo.3l Tio.o2 
Ko."SrO.11 Cao.o2Nao.ooSi3.69IV A10.31 vIAI1.51Feo.22Mgo.23 Tio.02 
Ko.34Sr0.Q9Cao.02Nao.Ol Si3.68IV A10.32 vIAI1.53Feo.19Mgo.27 Tio.01 
Ko.33Sr O.09Cao.otNao.OOSi3.71 IV Alo.29 VIAI1.52Feo.21 MgO.23 Tio.02 
Ko.33SrO.lOCao.02Nao.02Si3.61 IV Alo.39 VIAI1.4.Fe0.26Mgo.25 Tio.o2 
Ko,42Sro.06Cao.02N ao.04Si3.59IV AIo.41 VIAI1.83FeomMgo.1O Tio.oo 
Ko.35Sro.07Cao.OI N ao.02Si3.6/V AIo.33 VIAIl.S2Feo.26Mgo.18 Tio.02 
Ko.42SrO.06Cao.02Nao.02Si3.S3IV Alo"7 VIAIl.64Feo.2IMgo.13 Tio.02 
Ko.47SrO.05Cao.02Nao.04Si 3.68IV AI0.32 VIAI1.48FeO.26MgO.19 Tio.o, 
Ko.56Sro.03Cao.Ol Nao.02Si3.42IV Alo.58 VI AII.87Feo.ooMgo 12 Tio.oo 
Ko.44SrO.04Cao.03Nao.09Si3.5iV Alo.44 VI AI 1.57FeO.25MgO. 12 Tio.02 
Ko.s8SromCao.o, Nao.02Si3.53IV AI0.47 VI AI1.67Feo.lsMgo.13 Tio.Ol 
Ko.58Sr O.ozCao.Ol Nao.02Si3.53IV AIo.47 VIAI1.7sFeo.04Mgo.21 Tio.oo 
Ko.65Sr o.ooCao.OONao.02Si3.481V Alo.52 VIAII.73Feo.06Mgo.20 Tio.ol 
Ko.71 Sro.ooCao.OONao.03Si3.30IV Ale.7o VIAI1.90Feo.02Mgo.08 Tio.oo 
Ko.73SrO.OOCao.OONao.Ol Si3.501V AI0.50 VIAI1.69Feo.04Mgo.23 Tio.02 

sites can be determined in highly smectitic samples 
because calculated patterns predict differences in the 
line profiles between 20-25 °26. There is less error in 
illitic I-S because hkl peaks are well defined due to 
greater ordering between 2:1 layers. 

In general, calculated XRD patterns successfully 
modeled experimental patterns; however some minor 
differences exist. For example, the (Ill) reflections in 
the experimental patterns have consistently higher d 
values than those in the calculated patterns. In illitic 
I-S with tv sites, the intensity ratio of the (111):(112) 
in the calculated patterns is always greater than in the 
experimental patterns (e.g., Figure 6G and 6H). In ad
dition, experimental patterns of illitic, highly cv sam
ples have small peaks consistent with (021) and (111) 
reflections, whereas calculated patterns do not contain 
them (Figure 6F). The model of Drits et al. (1984) 
produced (021) and (111) peaks by ordering the va
cancy of a cv structure into a single M2 site, whereas 
WILDFIRE may not produce these reflections because 
there is an equal probability the vacancy resides in 
either of the two M2 sites. Explanations for these mi
nor differences between calculated and experimental 
patterns remain unclear and future refinements in the 
computer modeling of XRD patterns of the cv and tv 
forms may provide greater insight. 

Comparison of XRF and EMP chemical analyses 

Although elemental oxide analyses differ slightly 
between EMP and XRF (Table 3), EMP provides ac
curate chemical analysis of I-S clay minerals because 
structural formulae (Table 4) derived from both tech
niques are consistent. The difference in oxides may 
arise because EMP analyses are obtained from pressed 
pellets with rough surfaces and high porosites. In gen
eral, structural formulae based on EMP differ from 
XRF by at most 8%, and more often by only 2-5%. 
For example, the average difference between EMP and 
XRF structural formulae for interlayer K is 5.4%, oc
tahedral Mg is 2.4%, octahedral Al is 0.5%, and tet
rahedral Si is 0.6%. 

Chemical variations during illitization 

Sr-saturated I-S samples from Ponza show system
atic chemical changes associated with smectite illiti
zation: exchangeable cations decrease, fixed K in
creases, and tetrahedral Al for Si substitution increases 
(Figure 8A-8C). Table 4 lists the EMP oxide values 
and structural formulae for Sr-saturated I-S from Pon
za. The increase in layer charge from -0.36 in smec
tite to -0.76 in the most illitic sample can be attri
buted to increasing tetrahedral charge because octa
hedral charge shows no systematic variation (Figure 
8D-8F). Smectite from the argillic zone can be con
sidered montmorillonite because most of the layer 
charge is developed in the octahedral sheet (e.g., sam
ple 93-6-8C, Table 4). However, smectitic I-S with as 
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Table 5. Abundance of different particle shapes and mean particle measurements based on AFM. (::'::) = 95% confidence 
interval. 

Area Thickness 
Sample %1 N' % Laths % Plates (XIOJ mm2) 

Aspect 
:t ratio :t N' (nm) 

93-6-8C 0 286 8 92 52.69 7.25 1.91 0.09 145 1.15 
93-6-lOC 10 178 16 94 41.86 5.59 2.32 0.21 109 1.26 
94-6-11C 32 286 50 50 42.52 4.06 2.98 0.21 153 1.43 
93-6-8Q 52 193 44 56 59.75 7.52 2.96 0.27 122 1.88 
93-6-9Q 59 268 40 60 47.68 4.04 3.12 0.27 185 2.29 
93-6-9D 72 210 27 73 48.92 5.05 2.37 0.20 146 2.92 
94-6-16Q 78 137 36 64 69.25 7.39 2.35 0.21 93 3.11 
93-6-8N 90 126 35 65 166.32 20.77 2.94 0.29 76 5.13 
93-6-8W 100 140 86 14 67.12 9.86 3.86 0.31 98 8.01 
93-6-9L 79 145 54 46 71.73 5.44 2.59 0.15 102 3.58 
93-6-10A 100 166 46 54 185.50 22.15 2.35 0.19 128 11.8 

I Number of particles measured to determine mean particle area and aspect ratio. 
2 Number of particles measured to determine mean crystallite thickness. 

little as 10% I from the adjacent propylitic zone is 
beidellitic in composition because a large proportion 
of charge is derived from tetrahedral substitutions 
(e.g., sample 93-6-1OC, Table 4). There are few sys
tematic variations in the composition of the octahedral 
sheet during illitization, except that I-S from the seri
citic zone contains significantly more VIAl and less Fe 
compared to I-S from other alteration zones (Figure 
8G-8H). Comparison of untreated I-S and Sr-ex
changed I-S indicates that exchangeable cations in
clude Ca, Na, and Mg (Tables 3 and 4). After Sr-ex
change, the Mg contents of I-S decreased and octa
hedral occupancies decreased from anomalously high 
values ($2.13) to more ideal dioctahedral values (2.00 
:±: 0.04) for cations (e.g., samples 94-6-UC and 93-6-
8Q, Tables 3 and 4). 

Sericitic zone I-S samples with a hyaloclastite pre
cursor (samples 94-6-16F, 94-6-16R, and 93-6-10A) 
differ chemically from sericitic zone I-S samples with 
a silicic intrusion precursor (93-6-9J, 93-6-9Ll, and 
93-6-9M). For example, sericitic zone I-S originating 
from the altered intrusion contains high octahedral Al 
(1.80-1.90 cations per half-formula unit), high tetra
hedral Al (0.41-0.70 cations), and low Mg (0.08-0.12 
cations), whereas sericitic zone clays originating from 
the hyaloclastite contain lower octahedral Al (1.69-
1.75 cations), lower tetrahedral Al (0.47-0.52 cations), 
and higher Mg (0.21-0.23 cations). 

Cis-trans changes (Pcv) are correlated with total lay
er charge, tetrahedral layer charge, and fixed K be
cause these parameters must change systematically 
with illitization (Figure 7 A). Correlations are difficult 
to determine for Po because of greater uncertainties 
(Figure 7B). Octahedral sheet chemistries show no 
systematic changes with illitization and therefore can
not be correlated with Pcv or Po. 

Morphological analysis 

AFM analyses indicate that particle morphologies 
evolve in three different ways during illitization: (1) 

particle shape changes from anhedral plates to laths, 
and then to euhedral plates, (2) particle thickness in
creases, and (3) particle area remains constant until 
particles become highly illitic and area increases. Ta
ble 5 summarizes the particle measurements of I-S 
from Ponza. Smectitic I-S ($10% I) contains predom
inantly anhedral plates with some laths (Figure 9A), I
S with 30-50% I (R = 0) contains laths and anhedral 
plates in equal proportions (Figure 9B and 9C), and 
illitic I-S with 60-100% I (R = 1-3) contains laths 
and euhedral plates in roughly equal proportions (Fig
ure 9D-9G). Hexagons occur in the most illitic sam
ples (Figure 9H). 

The mean particle aspect ratio (length/width) re
flects the morphological progression of anhedral plates 
to laths, and then to euhedral plates during illitization 
(Table 5). For example, the mean particle aspect ratio 
is ~2 for pure smectite, ~3 for I-S with 30-60% I, 
and then decreases to ~2.5 for I-S with >60% I. The 
aspect ratio of laths follows a similar trend, but the 
aspect ratio of plates progressively decreases with il
litization. One illite sample from the silicic zone (93-
6-8W) differs from the trend described above. Unlike 
the other highly illitic samples that contain ~50% 
laths, 93-6-8W is composed of 85-90% laths and 
therefore has a greater aspect ratio of ~4 (Table 5). 

As illitization proceeds, mean particle thickness in
creases, particularly for the most illitic samples (Fig
ure 10). Particle-thickness histograms indicate that 
smectitic I-S is composed primarily of I-nm thick par
ticles (Figure llA and lIB), and I-S with 50-80% I 
contains particles that average 2-4 nm (Figure l1C-
1IF). In highly illitic I-S, mean thickness ranges from 
5 to 12 nm (Figure IIG and 11H). 

Mean particle area does not change from pure smec
tite to I-S with 80% I; however particle area progres
sively increases from 90 to 100% illite (Figure 12A). 
Most of the highly illitic I-S samples (90-100% I) 
have much larger particle areas than less illitic I-So 
Sample 93-6-8W does not follow this trend because it 
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Figure 14. Alteration temperature vs. proportion of eis-va
cant sites in I-S. Alteration temperatures are derived from 
stable-isotopic and fluid-inclusion data from Ylagan (1996). 

DISCUSSION 

Chemical changes during illitization 

The major chemical changes (increasing K and IV AI. 
decreasing Si and exchangeable cations) in I-S min
erals from Ponza island are similar to chemical vari
ations in I-S from other sedimentary (Brusewitz, 1986; 
Srodon et al., 1986; Nadeau and Bain, 1986; Awwiller, 
1993) and hydrothermal environments (Inoue et al., 
1978; Inoue and Utada.. 1983; Sucha et al.. 1992). In 
contrast to other studies of illitization in bentonite 
(Brusewitz, 1986; Srodon et al., 1986), shale (Lynch 
et aI., 1997; Awwiller, 1993), and hydrothermal set
tings (Inoue et aI., 1978; Inoue and Utada, 1983), oc
tahedral Mg in I-S from Ponza is unusually high and 
shows no decrease with illitization. We attribute Mg
rich I-S at Ponza to hydrothermal alteration involving 
seawater, which is rich in Mg. Stable-isotopic and flu
id-inclusion data (Ylagan, 1996) support the hydro
thermal alteration at Ponza involving seawater. Exper
imental and natural-system studies of chemical inter
actions between rhyolite glass and seawater indicate 
that clay minerals extract significant amounts of Mg 
from seawater during glass alteration (Zielinski, 1982; 
Hajish and Chandler, 1981; Shiraki et al., 1987; Chris
tidis and Dunham, 1993). Permeability also seems to 
have affected the amount of Mg enrichment because 
I-S derived from alteration of the brecciated rhyolitic 
hyaloclastite contains more Mg than I-S derived from 
alteration of a massive rhyolitic intrusion. This differ
ence suggests that the Mg-rich hydrothermal fluids in
teracted more extensively with the hyaloclastite than 
with the intrusion. 

I-S from Ponza evolves towards a phengite com
position rather than a muscovite. In the most illitic 
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/..l~fJ€j R=l & R=2 VS 
" (Iv/cv) 

lM 

Small Laths c::2~~ R=O & R=l I/S 
(20A) ~ (f..t) 

___ .. ____ ._ .. ____ . -._t-___ ..... ___ ... __ ..... _____ ._. _____ .. ___ ....... ___ ... _____ . 
CL~DAP 

Anhedr~A' Plates 
(10 ) 

c+ 
AP 

RhYOUJc Glass 

Smectite 
(cv) 

Turbostratlc 

Figure 15. Schematic reaction mechanisms of smectite illi
tization on Ponza in terms of alteration temperature, R or
dering, polytype, and particle shape. CAP = crystallization of 
anhedral plates, DAP = dissolution of anhedral plates, CL = 
crystallization of laths, GL = crystal growth of laths. CEP = 
crystallization of euhedral plates, GEP = growth of euhedral 
plates, CH = crystallization of hexagons, GH = crystal growth 
of hexagons_ 

samples, layer charge is not derived exclusively from 
the tetrahedral sheet as in muscovite, but it is distrib
uted between the octahedral and tetrahedral sheets 
similar to phengite. Numerous studies support this re
sult because octahedral Mg remains relatively high 
(;;::0.10 cations per half unit cell) in highly illitic sam
ples from bentonite and hydrothermal settings (Pearce 
and Clayton, 1995; Inoue et al., 1978; Brusewitz, 
1986; Srodon et al .• 1986, 1992; Sucha et al., 1992; 
Eberl et al., 1987; Nadeau and Bain, 1986). Some ex
ceptions are found in hydrothermal sericites from Col
orado (Eberl et al., 1987) and Japan (Srodon and 
Eberl, 1984). 

For extrapolation to end-member components of il
lite and smectite, XRD underestimates the total pro
portion of smectite sites, particularly for illitic I-S be
cause XRD is unable to characterize smectite sites lo
cated at the tops and bottoms of diffracting domains 
(Altaner et al., 1988). More accurate determinations of 
the total proportion of smectite sites in I-S include 
fixed cation content and particle-thickness data (Sro
don et aI., 1992). The parameter %Smax (the total pro
portion of smectite sites in 1-8) may be calculated from 
Srodon et al. (1992). Extrapolations indicate that end
member illite from Ponza has a composition of 0.89 
fixed interlayer cations and the smectite component 
has a composition of -0.38 exchangeable cations 
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(Figure 13A and 13B). These compositions are similar 
to I-S from many different localities and geologic set
tings (Srodon et al., 1992). 

Structural changes and temperatures of alteration 

We interpret the progressive structural transitions in 
these I-S minerals from Ponza (cv and turbostratic 
smectite, to cv/tv and 1Md I-S, to tv and IM illite, and 
finally to 2Ml iIIite) to be primarily a response to in
creasing temperature. Although other parameters (e.g., 
permeability, K+ availability) may influence the tran
sition, they do not seem to be primary controls. Evi
dence suggesting these parameters do not influence the 
transition include: (1) original hyaloclastite was of un i
form composition, (2) hydrothermal alteration oc
curred in a submarine environment, and (3) the tran
sition appears to be a geologically abrupt event in 
which fluids are derived from seawater (Ylagan, 
1996). For example, estimated alteration temperatures 
from fluid-inclusion and oxygen-isotope analyses 
(Ylagan, 1996) correlate very well with the proportion 
of cv sites and to a lesser extent the degree of rota
tional disorder (Figure 14). A similar evolution ofI-S 
structural forms with temperature has been observed 
in laboratory experiments (Warshaw, 1960; Velde, 
1965; Mukhamet-Galeyev et al., 1985) and hydrother
mally altered vo1caniclastics (Inoue et aI., 1987; Drits 
et al., 1993, 1996). The most illitic samples from Pon
za contain IM and 2Ml iIIite and have estimated al
teration temperatures between 200-225°C which is 
similar to the range in temperatures for the IM to 2Ml 
transition from other studies of natural systems by Vel
de and Hower (1963) and Di Marco et al. (1989). Un
like the conclusions of McCarty and Reynolds (1995), 
cv-tv and rotational transitions at Ponza do not seem 
to correlate with octahedral Mg and Fe contents. 

Mechanism of smectite illitization on Ponza 

I-S from Ponza undergoes significant morphologi
cal, chemical, and structural changes with increased 
alteration temperature that support a DC mechanism 
for smectite iIIitization. Figure 15 illustrates a pro
posed mechanism for smectite illitization on Ponza 
which has been developed primarily from morpholog
ical observations and other mineralogical and geo
chemical data. Alternatively, the mechanism ofI-S and 
illite formation may not involve illitization of smectite 
precursors but rather direct crystallization of I-S and 
illite crystalIites from rhyolite glass. Laboratory ex
periments (Small et al. 1992a, 1992b) support the di
rect precipitation model, but because of its greater 
complexity, we will further describe the multi-step 
model. Temperatures for each alteration zone are from 
Ylagan (1996). In the argillic zone (T = 50-65°C), 
temperatures were insufficient to cause complete al
teration of the hyaloclastite. Thin (1 urn thick) anhed
ral plates of turbostratic, cv-smectite crystallized. 

In the propylitic zone (T = 85-125°C), the anhedral 
plates dissolved and small, thin (1-2 nm) laths crys
tallized. This step corresponds to the transition from 
smectite to (R = 0) I-S. Although other studies of 
hydrothermal I-S have proposed that iIIitization in this 
interval occurs by K+ fixation (Inoue et al., 1987), 
illitization to (R = 0) I-S on Ponza must involve a DC 
mechanism on the basis of abrupt changes in mor
phology, isotopic composition, and layer charge. For 
example, anhedral plates dominate in the pure smectite 
samples (Figure 9A), whereas laths are found in (R = 
0) I-S (Figure 9B). The measured &180smectite is -22.0%0 
and &180(R~O)I.S is -15.5%0 (Ylagan, 1996) and indicate 
significant isotopic exchange occurred. Pure smectite 
from Ponza is montmorillonite in composition, having 
a low layer charge of -0.35 derived from octahedral 
site substitutions (Table 4). In contrast, (R = 0) I-S 
has a higher layer charge of -0.43 to -0.57 that is 
largely derived from tetrahedral substitutions (Table 
4). 

At higher grades of alteration within the propylitic 
zone, I-S continues to undergo dissolution and crys
tallization reactions associated with the R = 0 to R = 
1 transition. Anhedral plates diminish in abundance, 
whereas thicker (2-3 nm) laths and euhedral plates 
become more evident (Figure 9B and 9D). Lath areas 
increase slightly and euhedral plates with 60° and 120° 
terminations crystallize. The R = 0 to R = 1 transition 
in Ponza I-S occurs relatively abruptly at -45% I (Fig
ure 4), which is consistent with a DC mechanism. The 
R = 0 to R = 1 transition at Ponza contrasts with a 
more gradual R = 0 to R = 1 transition at 65% I as 
observed in shale (Bethke et al., 1986) and bentonite 
(Inoue et aI., 1990), where an SST mechanism was 
proposed (Inoue et al., 1990; Lindgreen et al., 1991). 
The progressive changes in cation ordering (Figure 
7 A), layer charge (Figure 8D), and isotopic composi
tion (Ylagan, 1996) which also occur.over this interval 
are explained by the transformation of turbostratic, cv, 
anhedral plates to tv(?), 1Md and IM laths and plates. 

In the silicic and sericitic zones (140-225°C), laths 
and euhedral plates undergo significant crystal growth 
(Figures 9E, 9F, 12A, and 12C) resulting in highly il
litic I-S crystallites (2:90% I with R = 3 order). Pro
gressive changes in layer charge, isotopic composition, 
and polytype also support the crystal-growth model. 
Although significant crystal growth occurs in this 
stage, it is not appropriate to classify this process as 
Ostwald ripening as others have proposed (Inoue et 
al., 1988; Eberl et aI., 1990; Christidis et al., 1995). 
Ostwald ripening refers to crystal growth of chemi
cally similar particles induced by a drive to minimize 
surface area in a chemically closed system (Baronnet, 
1982). In contrast to Ostwald ripening, I-S from Ponza 
undergoes significant chemical changes and alteration 
occured in an open chemical system. 
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The most illitic samples from the sericitic zone con
tain thick (~4 nm) hexagon-shaped particles with 
small basal-plane areas. The occurrence of these plates 
coincides with the appearance of the 2MJ polytype, 
These results suggest that the IM to 2MJ transition 
occurs by a DC mechanism (Lonker and Fitz Gerald, 
1990; Lee et aI., 1985; Mukhamet-Galeyev et al., 
1985; Baxter Grubb et al., 1991), although Hunziker 
et al. (1986) have proposed an SST mechanism for 
similar evidence. Because chemical variations of I-S 
are relatively small in this interval, Ostwald ripening 
may apply (e.g., Inoue and Kitagawa, 1994). 

The multi-step DC model presented here is very 
similar to the model of Inoue et al. (1987) in which 
they proposed a three step process of K fixation, fol
lowed by DC, and then followed by Ostwald ripening. 
Two differences are noted: (1) the R = 0 to R = 1 
transition occurs by a DC mechanism and not by a K
fixation process based on significant morphological, 
chemical, isotopic, and structural transitions, and (2) 
based on particle area measurements, crystal growth 
of I-S from Ponza was less significant than that ob
served in I-S from Japan. 

CONCLUSIONS 

Chemical, morphological, and structural changes of 
I -S from Ponza island, Italy have been characterized 
to describe the reaction mechanism of smectite illiti
zation. We conclude the following: (1) Systematic 
chemical changes in I-S occur during illitization and 
include increasing K and AI, and decreasing Si, Fe, 
and exchangeable cations. However, octahedral Mg is 
unusually high and shows no decrease with illitization 
in contrast to other studies of smectite illitization. (2) 
As smectite illitization proceeds, particle shapes un
dergo abrupt changes from anhedral plates to laths and 
then to euhedral plates and hexagons. (3) I-S three
dimensionsal structure changes from turbostratic, cv
smectite to IMd, interstratified cv/tv I-S to IM, tv-illite 
to 2MJ illite. (4) The proposed mechanism of smectite 
illitization on Ponza is a multi-step model, in which I
S undergoes various dissolution and crystallization re
actions. The alteration temperature provides the major 
control for the layer composition, polytype, cation or
dering, and morphology of I-S crystallites. 
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