
Abstract Episodic and localized illite mineralization

is documented in the hydrothermally altered Soultz-

sous-Forêts granite (Upper Rhine Graben, France).

Separated grain-size fractions of altered granite and

argillite vein samples contain mixtures of 2M1 and 1M

trans-vacant illite varieties. The platy pseudohexagonal

2M1 illite phases dominate the vein fillings, whereas the

1M illite occurs largely as a fibrous pore-filling variety,

which is particularly abundant in the granite matrix.

Multiple phases of fluid injections into the granite body

have resulted in different illite assemblages, each

sample containing a mixture of polytype generations

formed during different crystal growth events. On the

basis of mineralogical and K–Ar isotopic constraints,

the ages of these vein-mineralizing events are deter-

mined by plotting the K–Ar values of the various grain-

size fractions against polytype abundance and the fitted

volume-weighted crystallite thickness distributions.

The results suggest a Permian age for the formation of

the studied argillite veins, characterized by successive

injections of hydrothermal fluids. Secondary episodes

of illite crystallization occurred during Jurassic and

Cretaceous (or even younger times) in both the veins

and the granite matrix. There are indications that the

polytype structure and composition of illite were

strongly influenced by variations in fluid chemistry and

the degree of fluid–rock interaction as the granite was

progressively sealed during post-Variscan, episodic

hydrothermal activity.
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Rhine Graben Æ Soultz-sous-Forêts Æ K–Ar age values Æ
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Introduction

Illite is recognized as an important mineral phase for

reconstructing the geological history of fluid–rock

interactions in most diagenetic, hydrothermal, and

very-low-grade metamorphic settings (e.g. Clauer and

Chaudhuri 1995; Inoue et al. 2004; Merriman and Frey

1999). The usefulness of this mineral relates to its

widespread occurrence in the broad range of subsur-

face low-temperature geological environments

( < 300�C), its diverse crystal–chemical structure, and

its relatively high K-content that allows it to be dated

using well-established K–Ar or 40Ar/39Ar isotopic

techniques (Bailey et al. 1962; Hunziker et al. 1986;

Clauer et al. 1995a, b, 2003; Imaoka et al. 2001; Altaner

et al. 2003). Although there are known analytical

complications associated with the reliable study of illite

due to its small particle size and common mixed-lay-

ered structure, this mineral phase continues to provide

a powerful tool for elucidating the timing and mecha-

nisms of low-temperature crystallizations in rocks
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(Bailey et al. 1962; Clauer and Kröner 1979; Clauer

et al. 1995a, b).

In addition to direct observations of intact samples

by electron microscopy, a main technique applied in

studying complex illite mixtures is to separate and

analyze the range of grain sizes present within rocks.

This approach is common when investigating clastic

sedimentary successions (Hower et al. 1963; Clauer

et al. 1995a, b; Rousset and Clauer 2003; Liewig and

Clauer 2000; Reuter 1985), fault gouges (van der

Pluijm 1999; van der Pluijm et al. 2001), and altered

volcanic and igneous rocks (Glasmacher et al. 2001;

Honty et al. 2004). In such studies, the material is

separated into several grain sizes, and the mineralogical

and isotopic signatures interpreted from the way the

crystal–chemical characteristics vary in the different

fractions. In most natural illite assemblages, the finest

size fraction (e.g. < 0.2 lm) is typically dominated by

younger illite and the coarse fraction by older K-mica

(or K-feldspar) phases. In the case of isotopic dating,

when a mixture of two such components are present

in all grain-size fractions, the youngest and oldest

end-member values are generally considered to approach

the true ages of the illite components present (Hunziker

et al. 1986).

The key features in resolving the history of illite

crystallization from complex argillite assemblages are

the direct observations of crystal shape and size (Sro-

don et al. 2002), the analysis of illite compositions

(Yates and Rosenberg 1998; Srodon 1984), the identi-

fication of polytype structures (Hunziker et al. 1986;

Grathoff et al. 2001; Grathoff and Moore 2002), and

more recently, the measurement of crystallite thickness

distributions (CTDs; Eberl et al. 1987; Kim and Peacor

2002). Until now, the most widely adopted method to

identify and separate different generations of illite is to

determine and quantify illite polytypes (1M and 2M

varieties) in separated grain-size fractions by powder

X-ray diffraction methods (Drits et al. 1997; Grathoff

and Moore 2002). Such constraints are plotted against

the K–Ar values to extrapolate modeled illite ages

from the graphical intercepts that represent pure end-

member phases (Hunziker et al. 1986; Clauer and

Chaudhuri 1995; Ylagan et al. 2002; Laverret 2002).

In this study, we investigate the nature of illite in the

hydrothermally altered granite from the Soultz-sous-

Forêts borehole, located in the Upper Rhine rift valley,

France. The mineral assemblages of this granite body

are particularly suitable for unraveling the crystalliza-

tion history because: (1) the alteration products of the

granite result from direct precipitation during hydro-

thermal fluid migration, with no magmatic micas

present in the fine-grain sizes, (2) the samples are

generally K-rich (3–11 wt%) enabling accurate deter-

mination of the K–Ar systematics, (3) the separated

fractions consist mostly of discrete illite with many of

the finer fractions approaching monomineralic com-

position, and (4) a variety of characteristic crystal

shapes and polytypes occur in varying concentrations

within each sample studied. On the basis of X-ray

diffraction (XRD), scanning electron microscopy

(SEM), transmission electron microscopy (TEM), and

K–Ar study of this relatively pure material, it is shown

that how combining these methods allows us to

establish the complex timing and mechanisms of epi-

sodic illite crystallization in this well-documented

granite intrusion.

Although a significant number of studies have

characterized the nature of hydrothermal alteration in

the Soultz-sous-Forêts granite, little attention has been

given to the characterization and isotopic dating of the

illite formed during this alteration. Despite the general

lack of age constraints, many of the fractures and

associated argillitic mineralization are often assumed

to be relatively young and are attributed to Oligocene

(or younger) rifting episodes in the Rhine Graben

(Dubois et al. 1996; Genter and Traineau 1996; Elsass

et al. 1995).

The geological setting

The Soultz-sous-Forêts granite is located in the

northwestern region of Alsace (France) and forms part

of the crystalline basement buried within the western

part of the Tertiary Upper Rhine rift system (Fig. 1).

Owing to the high geothermal gradient (up to 100�C/

km), it has been selected as a test site for the recovery

of thermal energy, and is currently being investigated

within the framework of the European Hot Dry Rock

Project (Genter et al. 2000). In the 2,230-m deep EPS-1

borehole located in an N–S striking horst structure, the

contact between sedimentary cover rocks and the

granite was encountered at a depth of 1,420 m.

The investigated granite belongs to a series of late to

post-tectonic Variscan granitoids that occur in the

Vosges mountains, and have been dated by various

isotopic methods (Bonhomme et al. 1975; Montigny

and Faure 1969). The Soultz granite is a porphyritic

variety with K-feldspar megacrysts, quartz, plagioclase,

biotite, hornblende and accessory apatite, titanite, and

magnetite (Genter and Traineau 1991). Its age of

crystallization has been dated by Alexandrov et al.

(2001) to be 331 ± 9 Ma based on the U–Pb study of

zircons. It is well established that the entire pluton was

affected by an early hydrothermal pervasive (propy-

litic) alteration, followed by more localized fluid
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percolations leading to the mineralization of siliceous

and argillitic vein assemblages, as well as younger,

fracture-related precipitations (Sausse et al. 1998).

Secondary vein minerals are heterogeneous and con-

tain predominantly quartz, barite, pure white mica

(illite), carbonates, and iron oxides, with some local-

ized mixed-layered illite–smectite and chlorite–smec-

tite (tosudite) minerals (Genter and Traineau 1991;

Ledesert et al. 1999). On the basis of fluid inclusion

studies (Dubois et al. 1996), the earliest stage of per-

vasive alteration is characterized by fluids of moderate

salinity (2–7 wt% eq. NaCl) trapped under tempera-

tures of 180–340�C. These fluids were suggested to be

of late Variscan age. A subsequent generation of lower

temperature brines (ca. 130–160�C) with a large salin-

ity range were also recognized in quartz-barite veins,

and attributed to younger, post-Oligocene fluid-flow

events (Dubois et al. 1996).

Sampling and analytical procedure

The studied material comes from the EPS-1 borehole,

which has been continuously cored to a depth of

2,230 m. Two representative samples of whole-rock

granite and three argillite veins were selected from

different sections of the borehole profile (Fig. 2). The

shallowest sample studied (vein-1) is located just be-

neath the unconformity at a depth of 1,431 m and

consists of a cataclased porphyric granite containing an

argillite (illite-rich) vein. About 140 m deeper into the

core section (1,570 m), pervasively altered granite that

lacks visible fracturing (granite-1) was taken. The

remaining three samples were all selected from the

lower section of the core between 2,160 and 2,176 m,

and lie within a fracture zone characterized by active

fluid flow (Genter and Traineau 1996). These samples

comprise one hydrothermally altered host-rock granite

(granite-2) and two argillite veins (2 and 3) of precip-

itated illite and quartz.

For XRD and K–Ar analyses, parts of these rock

samples were initially hand-crushed into small milli-

meter-sized fragments and white-to-pale-green argil-

laceous-rich rock portions selected by hand. A total of

eight grain-size fractions (>63, 10–63, 4–10, 2–4, 1–2,

0.4–1, 0.2–0.4, and < 0.2 lm) were separated using a

combination of wet-disaggregation, sedimentation, and

a b

Fig. 1 a Location map showing the Upper Rhine Graben rift
and the position of the Soultz-sous-Forêts hydrothermal bore-
hole (EPS-1). b The geological cross-section (modified after

Pribnow and Clauser 2000) presents an E–W profile across the
southern part of the rift. Subvertical structures are fault zones,
the arrows indicate the direction of fluid flow
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centrifugation techniques described in detail by

Schleicher (2005). The wt% of each grain-size range

was also determined as a proportion of the whole-rock

fraction (Table 1).

XRD analyses of random powder and texture

preparations followed the analytical methods described

by Moore and Reynolds (1997). For calculation of the

CTD, thin films were prepared following the method of

Eberl et al. (1998a, b). Mixtures of 2.5 mg of Na-sat-

urated clay and 2.5 ml of distilled water were dispersed

ultrasonically and pipetted onto a silicon wafer to re-

duce background effects. Initial measurements of rep-

resentative fine fractions (including the finest grain

sizes) were made following air-dried, ethylene glycol,

or polyvinylpyrrolidone (PVP) treatments. The CTDs

show no significant differences in the best mean

thickness (T) or shape parameters (a and b2) measured

(Fig. 3). This indicates that any variation in XRD peak

shape reflects crystallite thickness and not the presence

of mixed-layered smectite in these samples. To mini-

mize sample treatment and potential preparation

damage (Warr and Peacor 2002), air-dried and non-

PVP-treated samples were used for the routine deter-

mination of CTD. Repeat measurements of size frac-

tions showed good reproducibility of the results, even

for the coarser samples ( < 10 lm) where the calculated

CTDs are expected to be most sensitive to textural

variations. Polytype identification was based on the

diffraction criteria of Drits et al. (1993) and a quanti-

fication of polytype abundance was made using the

relative intensities at 3.07 and 3.66 Å for 1Mtv and 3.88,

3.72, 3.49, 3.2, 2.98, and 2.86 Å for 2M1 polytypes,

respectively (Moore and Reynolds 1997; Laverret

2002). Owing to the problem of overlapping feldspar

reflections in granite samples, quantification was only

applied to the illite XRD patterns of the vein samples.

For SEM investigation, small rock fragments were

used for secondary electron imaging, and polished thin

sections for backscattered electron study. Qualitative

analyses of mineral composition were obtained by en-

ergy-dispersive spectroscopy (EDS). Key samples were

then selected and investigated using high-resolution

TEM and analytical electron microscopy (AEM)

techniques following the analytical procedures outlined

Fig. 2 Lithologic section of the EPS-1 drill core at the 1,414–
2,230-m depth interval (modified after Genter and Traineau
1996). The investigated five samples were selected from different
depths, consisting of two whole rock granites and three
argillaceous veins. The sample numbers are according to the
nomenclature of the core index

b
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by Peacor (1992) and Warr and Nieto (1998). Thin

sections of ca. 100 lm thickness were prepared and

small Cu-washers (1-mm diameter) adhered to the

illite-rich portions of the sections. The samples were

then ion-milled to the appropriate thickness and

investigated using a Philips CM12 scanning-transmis-

sion electron microscope (housed at EMAL, Univer-

sity of Michigan), equipped with a Kevex Quantum

solid-state detector. All high-resolution lattice-fringe

images were resolved at a 60,000–100,000· magnifica-

tion. Quantitative EDS chemical analyses were ob-

tained in scanning TEM mode using a beam diameter

of 5 nm and a scanning area of 30 · 30 nm2. The TEM

study combines lattice-fringe imaging and selected area

electron diffraction (SAED) of illite polytypes,

whereby compositional data were calibrated using the

k-values of available laboratory standards (Peacor

1992). As electron diffraction analyses were not rou-

tinely undertaken during the attainment of chemical

data due to analytical difficulties, variations in polytype

composition could not be directly determined. An

additional complication in obtaining accurate results is

the partial migration and loss of mobile cations, such as

K and Na, during measurements caused by beam

damage (van der Pluijm et al. 1988; Peacor 1992).

However, in this study this effect was not observed to

be a serve problem, but may contribute to slight

depletion in the interlayer cation content measured for

the studied illite.

The grain-size fractions of the selected samples

were analyzed by the conventional K–Ar technique

(Bonhomme et al. 1975). However, the >63 lm fraction

was not included to avoid contamination of biotite and

K-feldspar present in some of the samples. Potassium

was measured by atomic absorption with an accuracy

of ±1.5%. For Ar analysis, the samples were pre-

heated under high vacuum at 100 �C for at least 12 h to

reduce the amount of atmospheric Ar36 adsorbed on

the mineral surfaces during sample preparation and

handling. The Ar isotopic compositions were com-

pared against repeated analyses of the international

GL-O standard, which averaged 24.38 ± 0.12 · 10–6

cm3/g STP (2r) of radiogenic 40Ar (40Ar rad) for three

determinations (Table 2). The isotopic 40Ar/36Ar ratio

of the atmospheric Ar was also controlled during the

course of the study. As these values are close to the

theoretical levels, no corrections were applied to the

measured contents. As the presence of exchangeable K

was considered to be minimal in this sample material,

no Na exchange was undertaken.

Results

X-ray diffraction characteristics of grain-size

separates

The eight separated grain-size fractions of the granite

and vein samples (Table 1) are all enriched in illite

with only minor amounts of other minerals. Quartz,

biotite, and feldspar occur in the coarser fractions of

the granite (>10 lm), whereas the finer fractions typi-

cally contain minor amounts of quartz and plagioclase.

The vein assemblages contain significantly higher pro-

portions of illite and only some traces of quartz,

dolomite, or gypsum in the fine factions. Feldspars

were only detected in the coarser fractions >10 lm in

size (Fig. 4). The wt% of the separates reveals 5–35%

of these samples to be made up of particles < 10 lm in

size (Table 1). In addition, based on the relative dif-

ferences in peak intensity, peak area, and the XRD

mineralogy, the highest abundance of illite is seen to

occur in the 0.4–1 lm fractions. This trend is not so

obvious in the host granite (1,570 m), due to the pres-

ence of biotite in the coarser fractions. The (001) basal

a)

b)

c)

Fig. 3 CTDs calculated for different sample treatments of the
vein at 2,176 m (0.4–1 lm). a, b2= shape parameters defined by
Eberl et al. (1986). a Non-treated, airdried, a=2.92, b2=0.24.
b ethylene glycol treated, a=2.90, b2=0.25. c PVP treated, a=2.90,
b2=0.25. The various components are fitted using the Mudmaster
program
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reflections show large variations between the different

size fractions, but they are generally broaden towards

the smaller sized separates (FWHM: ~0.17–0.84�2h).

The area-weighted CTDs calculated using the

MudMaster program (Eberl et al. 1996) reveal varying

best mean thickness (T) and shape (a, b2) parameters

(Table 1). Only the host granite (1,570 m) shows the

typical behavior of decreasing mean thicknesses corre-

sponding to decreasing grain size, as described in other

illitic rocks (Bove et al. 2002; Dudek et al. 2002). The

three other samples (one granite and two veins) show

more complex trends, reflecting variable illite mixtures

with the largest mean thickness occurring in the

enriched 0.4–1 lm fractions. The CTDs of the grain-size

fractions show two common shapes (Fig. 3): near log-

normal and asymmetrical non-lognormal distributions.

The complex asymmetrical distributions characterize

the coarse fractions of the veins (e.g. the 4–10 lm

fraction of vein-2 at 2,160 m in Fig. 5) and the altered

host granite, with a notable concentration of crystallites

toward smaller thicknesses. These fractions are considered

to reflect prominent mixtures of different types of illite,

as observed by electron microscopy, and they show the

highest degree of thickness variance (b2 values in

Table 1). Volume-corrected CTDs were fitted using

the program UNMIXER (provided by D. Eberl) in an

attempt to group them into two populations of CTDs (a

poorly crystalline distribution, pC, and a well-crystalline

distribution, wC), assuming each population is charac-

terized by a lognormal shape. The mean thicknesses

were then used to calculate the % abundance of illite

phases present (Table 1).

Random powder preparations confirm the physical

mixture of at least two different types of illite in all

samples. The occurrence of distinct reflections at 3.07

and 3.66 Å indicate the presence of a 1M polytype of

the trans-vacant variety (Drits et al. 1993). The broad

nature of these reflections and raised background

levels observed between 20 and 35� 2h also suggest some

degree of disordering (1Md polytype). The other

Table 2 Analytical details of the K–Ar data used

Sample (depth/m) Grain size (lm) K2O (%) 40Ar rad
(10–6 cm3/g STP)

40Ar rad (%) K–Ar age
(Ma) ± 2r

Vein-1 (1,431 m) < 2 9.46 75.5 88.0 232.4 (2.8)
< 0.2 7.44 45.9 83.6 182.0 (3.2)

Granite-1 (1,570 m) < 63 – – – –
10–63 – – – –

4–10 4.39 38.8 91.5 255.5 (6.5)
2–4 4.34 35.3 81.6 236.4 (6.0)
1–2 4.62 33.7 84.2 213.4 (5.2)

0.4–1 4.77 32.8 87.2 201.4 (4.9)
0.2–0.4 4.86 31.6 89.3 190.9 (4.6)

< 0.2 4.32 28.47 32.7 193.6 (5.7)
Granite-2 (2,167 m) < 63 – – – –

10–63 – – – –
4–10 6.74 35.4 94.0 156.1 (2.8)

2–4 7.27 37.6 94.4 153.8 (2.5)
1–2 8.48 38.5 94.7 135.6 (1.8)

0.4–1 9.10 40.6 95.5 133.3 (1.7)
0.2–0.4 8.96 32.9 91.4 110.4 (1.6)

< 0.2 8.22 25.6 85.6 93.9 (1.4)
Vein-2 (2,160 m) < 63 – – – –

10–63 – – – –
4–10 6.64 59.0 89.6 256.4 (4.6)

2–4 7.98 65.7 94.4 238.7 (3.5)
1–2 8.51 73.0 95.4 248.0 (3.3)

0.4–1 9.58 78.7 99.1 238.3 (2.9)
0.2–0.4 9.86 78.2 99.3 230.5 (2.6)

< 0.2 9.10 65.7 88.1 211.0 (2.7)
Vein-3 (2,176 m) < 63 – – – –

10–63 – – – –
4–10 9.09 88.7 97.6 279.8 (3.4)

2–4 9.59 91.5 97.4 274.0 (3.1)
1–2 9.81 93.7 97.4 274.3 (3.0)

0.4–1 9.83 95.7 98.6 279.3 (3.2)
0.2–0.4 9.73 85.0 93.2 252.3 (3.0)

< 0.2 8.54 73.2 78.0 247.9 (3.4)
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prominent reflections observed at 3.88, 3.49, 3.2, 2.98,

and 2.86 Å characterize a 2M1 illite (Moore and Reynolds

1997). The intensity of these diagnostic reflections shows

consistent variations with grain size (Fig. 6). The 1M

polytype peaks slightly increase toward finer grain sizes,

whereas the 2M1 reflections progressively decrease

toward the finer fractions. These trends are apparent in

the illite-rich vein samples, but are difficult to resolve in

the polymineralic granite samples due to the overlap of

feldspar reflections.

Illite microscopic characteristics

SEM images reveal a variety of illite crystal sizes and

shapes in the hydrothermally altered granite and vein

samples studied. Relatively large illite of a platy shape,

commonly around 5–10 lm in basal length, is most

abundant in the argillite veins (Fig. 7a, b). The crystals

are generally pseudo-hexagonal in shape, commonly

arranged in stacks, and display some sutured crystal

edges suggestive of particle dissolution. A number of

microstructures can be observed in the vein samples

with local and poorly developed microfolds and asso-

ciated hinge porosity (Fig. 7a), as well as anastomosing

fabrics (Fig. 7b). TEM lattice-fringe images of the

platy vein illite reveal the internal structure of the

stacks. Thick packets of the 2M1 illite polytype can be

recognized showing similar contrast and hence orien-

tation (Fig. 7c). Their thickness ranges up to 80 nm,

with high-angle grain boundaries developed between

adjacent stacks. Closer examination of the packets re-

veals the presence of numerous high-contrast fringes

and low-angle domain boundaries, producing crystal-

lite thicknesses commonly around 10 nm. The crystal-

lites show notable lateral variations in thickness

(Fig. 7d), and are associated with zones of lattice dis-

tortion. These features imply that at least some of

these crystallites represent low-angle subgrain bound-

aries formed by the migration of crystal defects during

intracrystalline deformation (Warr and Peacor 2002).

An additional type of illite is recognized in the vein

samples and adjacent granite based on crystal size and

shape. Here, a network of thin and fibrous illite occurs

in pore spaces (Fig. 8a). The crystals may reach over

10 lm in length, but are notably thin and commonly

< 1 lm broad. Crystal shapes range from fibrous nee-

dles to flat blades (Fig. 8b) and form a network of illite

crystals without any observable preferred orientation,

but sometimes they do occur as grain coatings. TEM

lattice-fringe images and electron diffraction study

of this illite reveal an array of thin 1M crystallites

with notable contrast differences between individual

Fig. 4 Typical orientated X-
ray diffraction patterns of the
eight different grain sizes in
the vein at 2,176-m depth.
The separates of both the
granite (not shown here) and
the vein samples are enriched
in illite with a minor amount
of accessory minerals,
particularly quartz in the
coarse (>1 lm) fractions and
dolomite in the finest
(< 0.4 lm) grain sizes

Fig. 5 Area-weighted CTDs of two grain-size fractions from the
vein at 2,160 m, calculated using the MUDMASTER program.
More complex asymmetrical distributions characterize the coarse
fraction of the vein (4–10 lm), reflecting a physical mixture of
two different types of illite. The smallest grain sizes (< 0.2 lm)
show more lognormal shapes and are considered to present the
dominance of a single illite phase. pC poorly crystalline phase;
wC well-crystalline phase
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packets. Both discrete spots and some streaking of

non-basal reflections can be observed, indicating vari-

ous degrees of disorder of the 1M polytype (Fig. 8c).

The crystallites are laterally continuous, contain

numerous layer terminations, and are separated by

distinct low-angle crystallite boundaries. In contrast to

the platy vein illite, many of these crystallite bound-

aries probably represent crystal growth surfaces rather

than sub-grain boundaries.

Illite compositions

The structural formulae of illite (normalized to

O10(OH)2) based on AEM analyses show a broad

range of compositions, but no recognizable core depth

variations. The K content ranges from muscovite

compositions (~1.0 per unit) to depleted interlayer

values of 0.4 per O10(OH)2, which are usually more

typical for illite–smectite minerals. As no mixed-lay-

ering was detected in these samples (Fig. 3), there are

two factors capable of explaining the low K in pure

illite: (1) substitution of K by Na or NH4 or (2) very

thin illite crystals with a fixed K deficiency. The latter

mechanism of K-deficiency is favored here because the

samples containing the smallest crystallites are gener-

ally those that are most depleted in K, and there are no

analytical indications of substitution reactions occur-

ring. The most K-enriched illite, with an average

composition of K0.92(Al1.5Fe0.17Mg0.08)[Si3.34Al0.66]

O10(OH)2, was recorded from the altered host-rock

granite-2 in the lower section of the borehole (2,167-m

depth; Figs. 2, 7a). However, the most K-enriched vein

illite was measured in the uppermost argillite vein-1

(1,431-m depth), with a typical composition of around

K0.8(Al1.65Fe0.21Mg0.13)[Si3.27Al0.73]O10(OH)2. The most

K-depleted illite was recorded in vein-2 at 2,160 m, just

7 m above the sample containing the most K-rich illite

within the granite.

Significant variation in composition is observed

when plotting interlayer K against octahedral Fe for

the vein illite, with a general trend ranging from low K

and Fe to high K and Fe varieties (Fig. 9a). This trend

indicates that Fe substitution in octahedral sites is re-

lated to variation in interlayer charge and thus K

content. In these AEM analyses, we do not consider

much Fe contamination has occurred from finely dis-

persed iron oxides, as such mineral phases were not

observable in the areas selected for measurement.

The octahedral cation content (Al–Mg–Fe; elements

listed in order of abundance) of illite also shows

notable differences between host-rock granite and

veins at similar depths in the borehole (Fig. 9b), but

there is no consistent pattern of Fe–Al–Mg exchange.

The most variable compositions are observed in the

host-rock illite, with Al–Mg–Fe varieties (Fig. 9b)

characterizing the pervasively altered host rock

(1,570 m) and Al–Fe–Mg varieties (Fig. 9c) within

fractured granite (2,167 m). In contrast, the composi-

tion of the vein illite shows less variation, with two

main types of composition distinguishable. In the up-

per section, the vein illite has an Al–Fe–Mg octahedral

content (Fig. 9b) and in the lower, brecciated vein a

Mg–Fe–Al content (Fig. 9c).

K–Ar values of the different grain-size fractions

A systematic decrease in K–Ar values with decreasing

grain size can be recognized for most of the granite and

vein samples (Table 1). This indicates that the mixtures

contain illite of different ages, with the younger phases

concentrated in the finer-grain-sized fractions and

the older phase dominating the coarser separates. The

Fig. 6 Random powder
preparations of the eight
grain-size fractions of the
vein-2 sample (2,160 m)
indicate the presence of a 1M
polytype of trans-vacant
variety, as well as 2M1 illite
polytype. The broad nature of
the 1M reflections and raised
background between 20 and
35 �2h suggest some
disordering (1Md variety).
The intensity of these
diagnostic reflections shows
consistent variations with
grain size
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K–Ar values of the separated grain sizes of the five

samples studied (two granites and three veins) are

plotted together in Fig. 10. The oldest K–Ar values are

recorded in the vein-3 sample from the deeper section

of the borehole (2,176 m). Here, two groups of age

values can be recognized, the oldest around 274–280 Ma

in the >1 lm fractions, and the youngest around

247–252 Ma in the < 1 lm sizes. In contrast, the other

samples show a more continuous and progressive

decrease in age values with decreasing grain size. The

a

b d

c

Fig. 7 Electron microscopy
images of typical vein illite.
a SEM image of relatively
large platy illite showing
pseudo-hexagonal crystal
shapes and some irregular,
sutured crystal edges (2,176 m).
Note the occurrence of the
local and poorly developed
microfolds and associated
hinge porosity. b SEM image
of vein illite showing the local
development of an
anastomosing fabric with
pseudohexagonal crystal
stacks (1,431 m). c, d TEM
lattice-fringe images of illite
stacks showing subparallel
thick packets containing
numerous thinner crystallites
(ca. 10–15-nm thickness)
attributed to intracrystalline
deformation. The SAED
images (top left) show the 2M1

nature of the illite polytype
(2,176 m)

a

b d

c

Fig. 8 Electron microscopy
images of typical granite-host
rock illite (2,167 and
1,431 m). a Network of thin,
flaky, or fibrous illite have
grown in the pore spaces,
where the crystals are notably
thin. b Crystal shapes range
from fibrous needles to flat
blades with no visual
preferred orientation, but
sometimes they do occur as
grain coatings. c TEM lattice-
fringe images show high-
contrast and tapering
crystallite boundaries. The
crystallites are more laterally
continuous, contain numerous
layer terminations, and are
separated by distinct low-
angle crystallite boundaries.
SAED patterns (top left in c)
show typical 1M polytypes
(2,167 m)

358 Contrib Mineral Petrol (2006) 152:349–364

123



a

b c

Fig. 9 Composition of illite in
the altered host granite
samples and the argillaceous
mineral veins. a Plot of
interlayer K versus total Fe
showing the wide range of K
and Fe contents. b Triangular
Al–Mg–Fe plots showing
compositional variations
related to octahedral
occupancy

Fig. 10 K–Ar values of the separated grain-size fractions of two
granite samples and three vein samples showing the principal
stages of illite crystallization. Based on the distributions of these
K–Ar values with varying grain size, three age groups can be
recognized. The oldest group (ca. 247–280 Ma) corresponds to a

Permian age and are dominant in the veins. A second group
corresponds to Jurassic ages (ca. 153–194 Ma) and is present in
both veins and granite. The youngest age group is present in the
finest fraction of the granite-2 sample, and is Cretaceous (< ca.
94 Ma) or younger in range
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oldest value of vein-2 at 2,160 m in the coarsest frac-

tion (4–10 lm) is ca. 256 Ma, which corresponds well

with the youngest group of values outlined for vein-3.

The lowest value of this vein-2 is ca. 211 Ma, which is

recorded from the < 0.2 lm fraction. Only two grain

sizes ( < 0.2 and < 2 lm) were determined in the vein-1

sample from the upper part of the borehole (1,431-m

depth). They provide a value at ca. 182 Ma for the fine

fraction and ca. 232 Ma for the coarse fraction.

The ca. 256 Ma end-member value of veins 2 and 3

is also present in the coarse 4–10 lm fraction of the

pervasively altered granite-1 sample at 1,570 m. The

lowest values of this sample are younger than the

sequence of vein-2, forming a plateau at about

190–194 Ma in the fractions < 0.4 lm. A significantly

younger range of K–Ar values characterizes the frac-

tured host-rock granite at 2,167 m. The oldest values of

the coarser fraction (4–10 lm) again show a narrow

plateau at ca. 153–156 Ma, whereas the youngest end-

member occurs in the finest ( < 0.2 lm) fraction at

ca. 94 Ma.

On the basis of the described distribution of K–Ar

values with varying grain sizes, three main age groups

can be recognized from the sample suite (gray bands in

Fig. 10). The oldest K–Ar age group (ca. 247–280 Ma)

corresponds to Permian ages, which are preserved in

vein-3 and in the coarsest fraction of vein-2 and gran-

ite-1. A second K–Ar age group of Jurassic age (ca.

153–194 Ma) is best defined in the finest fraction of

granite-1 and the coarsest fraction of granite-2. The

youngest age group recognized in this study is of

Cretaceous age or younger ( < 94 Ma), here recorded

only in the < 0.2 lm fraction of granite-2.

Analysis of illite mixtures based on K–Ar values,

polytypes, and CTDs

To decipher the contributions of the individual illite

populations from the described mixtures and to eval-

uate the end-member age values of the involved com-

ponents, the K–Ar results are plotted against both the

abundance of the 2M1 polytype and the % mean

crystallite thicknesses (volume-weighted) of the fitted

well-crystalline CTDs (Fig. 11). Plotting the % 2M1

polytype content against K–Ar values of vein-3

(Fig. 11a) confirms well the values previously esti-

mated on the basis of the variations of K–Ar results

relative to the different grain sizes (Fig. 10). Two

equivalent apparent plateaus can be recognized in

vein-3, suggesting that two separate phases of Permian

a b

dc

Fig. 11 K–Ar values plotted against the abundance of the 2M1

polytype (a, b) and volume-weighted % mean crystallite
thickness of the well-crystalline (wC) size distribution (c, d) for
vein-3 and vein-2. The intercepts on the y-axis at 0% 2M1 and

0% wC represent the age of the 1M illite polytypes, and the y-
axis intercept at 100% 2M1 and 100% wC are the ages of the 2M1

crystals
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crystallization occurred. However, each plateau con-

sists of a mixture of both types of polytype crystals,

indicating that structural transformations may have

formed during single crystallization events. Two

equivalent plateaus of Permian age are also observed

when plotting the K–Ar age values against the %

thicknesses of wC distribution (Fig. 11c), but the esti-

mated mixtures are not equal to those determined by

polytype content. According to the UNMIXER pro-

gram, all coarse fractions >1 lm in size contain just one

population of illite crystallites, despite containing dif-

ferent polytypes.

The vein-2 sample shows a mixture of polytypes and

CTDs for the different measured grain sizes (Fig. 11a,

c). Fitting a linear regression to the polytype mixtures

give a reasonable correlation coefficient (R2=0.73),

with intercepts of axes representing either the 1M or

the 2M1 end-member. They indicate ages in accor-

dance to those estimated from the K–Ar grain-size

data of the sample suite, with a pure 1Mtv end-member

age value of ca. 215 Ma and a pure 2M1 age value of

ca. 260 Ma. The vein-2 sample also yields intercepts at

ca. 210 and 270 Ma for the pC and wC end-members,

respectively (Fig. 11d).

Discussion

The timing and mechanism of episodic illite

crystallization

The main argillaceous product of the hydrothermally

altered Soultz-sous-Forêts granite studied here is

illite, which is generally < 10 lm in size and comprises

ca. 3–11% of the total rock weight (Table 1). On the

basis of our combined XRD, SEM, TEM, and isotopic

results, a number of episodic illite crystallization events

can be recognized in each of the granite and vein

samples. In general, they are characterized by differences

in crystal size, shape, microstructure, polytype, com-

position, and K–Ar age values. Useful information

concerning the timing and mechanism of these episodic

events can be deduced from the eight grain-size

separates prepared for each sample, with mixtures of

two main types of illite crystals: well-crystalline platy

2M1 and poorly crystalline fibrous 1M trans-vacant

varieties showing various degrees of disorder (Figs. 5,

6). The pattern of K–Ar values for the two granites and

the three veins reveals different mixtures of Permian,

Jurassic, and Cretaceous (or younger) age groups

(Fig. 10).

Permian illite is largely of the 2M1 polytype and

occurs in the coarse fractions of all samples, except

granite-2. This polytype is known to form in epithermal

conditions at temperatures ranging between 125–

350 �C (Velde 1965). Despite similar appearance, a

range of illite compositions occurs in samples domi-

nated by the 2M1 polytype, with significant variations

in both the K and octahedral cation contents (Fig. 9),

indicating a link between them. However, there is no

clear indication that these variations relate to the

temperature of illite formation. For example, K-de-

pleted platy illite occurs in one of the deeper vein

samples at 2,160 m. The observed compositional vari-

ations are thus considered more likely to reflect vari-

ations in fluid compositions and in the fluid–rock ratio

experienced by the various parts of the granite body

(Durst and Vuataz 2000; Pauwels et al. 1993). The

characteristic Mg–Al-rich and Fe-poor octahedral

contents, with low-to-moderate amounts of interlayer

K (0.4–0.75 per unit formula) of the vein and the

granite samples, are dominated by finer illite and

probably reflect the composition of post-Variscan

Permian fluids.

The deepest vein sample (2,176 m) of similar com-

position contains thick, platy 2M1 illite crystals of

Permian age that are split up into numerous sub-grains,

forming 10-nm thick domains (Fig. 7c). The high-con-

trast fringes mark the sites of planar defects and do not

represent low-charged smectitic layers. The formation

of subgrains during intracrystalline deformation re-

duces the mean crystallite thickness, and splits the 2M1

crystals into a number of smaller X-ray scattering do-

mains. Sub-grain formation implies relatively enhanced

temperature conditions accompanied by intracrystal-

line strain, presumably associated with the formation

of the vein rock fabric (Warr and Peacor 2002). The

mineralization of Permian illite marks the formation

and thus the age of vein opening related to the circu-

lation of late-Variscan to post-Variscan, hydrothermal

CO2-rich fluids of higher temperatures (180–340 �C)

and moderate salinity (2–7 wt% eq. NaCl), which are

preserved as inclusions in quartz veins at similar depths

within the borehole (Dubois et al. 1996).

This lower vein sample (2,176 m) actually shows two

plateaus or age populations of apparent Early and Late

Permian ages (Fig. 10). Each population contains a

mixture of 2M1 and 1M polytypes of the same isotopic

age, which may represent evolving stages of crystalli-

zation occurring in response to the inflow of episodic

Permian hydrothermal fluids. In such a scenario, the

progressive cooling history of each fluid pulse, or

changes in the saturation state of the fluid, could ex-

plain the transition from 2M to 1M polytypes observed

in each population. Another possible explanation for

the Late Permian cluster in this sample is the presence
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of younger, post-Permian illite occurring only in the

< 0.4 lm fraction. However, extrapolation of the end-

member ages from the pure 1M phases based on the

K–Ar versus polytype plot gives an intercept modeled

age of ca. 245 Ma, implying no younger illite in this

sample (Fig. 10).

Jurassic or Cretaceous (or younger) aged illite is

present in most samples as either 2M1 or 1M polytypes.

The latter polytype occurs as fine-grained, elongated

fibrous to lath-shaped crystals (< 1 lm broad) of the

trans-vacant variety (Figs. 6, 8). Such trans-vacant 1M

polytypes are typical for pure hydrothermal illite and

have been described in a number of case studies

(Grathoff and Moore 2002; Rosenberg 2002). This

polytype is generally considered to form under lower

temperature conditions than 2M1 varieties, and prob-

ably formed during migration of younger brines of

around 130–170 �C, associated with the main alteration

of biotite and plagioclase in the granite (Aquilina et al.

1997; Dubois et al. 1996). The younger 1M fibrous illite

varieties also grew partly at the expense of older, platy

illite. It is therefore possible that some inherited argon

may have been incorporated into newly crystallized

phases. Younger illite of Cenozoic Tertiary age (N.

Liewig, pers. comm.) has been reported in the finest

grain-sized fractions extracted from fracture coatings

of the Soultz-sous-Forêts granite.

The composition of the 1M illite can only be esti-

mated from granite samples abundant in these phases.

Here, fine-grained fractions yield a similarly broad

range of K and Fe/Mg variations, as described for the

platy 2M1 crystals, but the K-content of the fibrous

varieties in the fractured granite host rock is notably

high (Fig. 9). Similar types of diagenetic fibrous illite

are well documented in the Permian Mesozoic sedi-

ments of North Sea basins and northern Germany

(Zwingmann et al. 1998; Wilkinson and Haszeldine

2002), and are considered to form under low-temper-

ature diagenetic conditions. The pore-filling fibrous

varieties of illite are clearly younger and are probably

related to partial dissolution of the older 2M1 platy

phases, as well as plagioclase crystals.

Although the Permian age of illite appears to be

relatively well established, the true age of the Mesozoic

(or younger) illite is more difficult to define accurately

on the basis of K–Ar ages alone. In considering both

the polytype and CTD results, and the timing of illite

crystallization, it becomes apparent that the transition

from 2M to 1M polytypes has occurred at least three or

four times over a period of ca. 200 Ma. Each transition

may be viewed as a hydrothermal event representing

the progressive cooling of fluids. This can also be

applicable to the Permian events, where the different

polytypes have similar K–Ar age values. However, this

mechanism of formation alone is unlikely to apply to

the polytype transitions that show large age differences

between end-member K–Ar values. It is considered

more probable that the rock permeability was a key

factor controlling the polytype transition, which in turn

influenced the saturation state of the pore fluids. It is

evident that the 1M trans-vacant variety characterized

by lognormal CTDs grew largely as fibrous illite in the

restricted pore space of both the granite matrix and the

veins. These features are compatible with crystal

growth within a closed or restricted system (Eberl et al.

1998a, b). Reduced rock-permeability conditions

(Surma and Geraud 2003) were favorable for concen-

trating supersaturated pore fluids and the rapid growth

of lath or fibrous crystals (Mullin 1961), similar to

those documented in sandstones of the North Sea

(Wilkinson and Haszeldine 2002). A strong perme-

ability and fluid saturation control on the illite crys-

tallization would also explain the large range of illite

compositions recorded in the alterations of the Soultz-

sous-Forêts granite.

Conclusions

1. At least three episodes of hydrothermal illite

crystallization occurred in the fractured granite

and veins of the Soultz-sous-Forêts granite. Based

on assessment of grain-size-dependent K–Ar val-

ues, and the modeled end-member ages deter-

mined from K–Ar versus polytype plots, illitization

events are suggested to have occurred during

Permian, Jurassic, and Cretaceous (or younger)

times. K–Ar age determinations based on crystal

thickness distributions confirmed these results.

2. Each granite and vein sample studied contains two

main types of illite: a higher temperature pseudo-

hexagonal 2M1 polytype and a lower temperature

1M trans-vacant variety. The latter polytype occurs

largely as lath and fibrous-shaped crystals.

3. The K–Ar analyses indicate that all samples con-

tain different mixtures of illite ages. The differ-

ences observed in the distribution of illite ages,

polytypes, crystallite thicknesses, and compositions

suggest that the timing and mechanism of argillite

crystallization varied in different parts of the

granite. The primary influence on the nature of

illite crystallization appears to have been the

temperature and composition of percolating

hydrothermal fluids. However, here the rock per-

meability was also a key determining factor, with

the transition from platy 2M to more fibrous 1M
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polytype structures corresponding to the progres-

sive sealing of both fractured granite matrix and

mineralized veins.

4. The argillite veins are suggested to have formed

during a Permian hydrothermal event related to

CO2-rich fluids. Additional sealing events also

occurred during Mesozoic and younger times,

which correspond to the percolation of lower-

temperature saline brines.
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