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Abstract
Hydrothermally altered rhyolite rocks in the Permian Donnersberg Formation of a geothermal borehole in the Northern 
Upper Rhine Graben (Germany) were investigated to find out answers for the low hydraulic conductivity of the rocks. The 
composition of clay minerals and the temperature of smectite–illite transformation were carried out using X-ray diffrac-
tion, X-ray fluorescence, transmission electron microscopy, Fourier transform infrared spectroscopy, and polarized-light 
microscopy analyses. Clay mineral (CM) composition includes illite/muscovite (1M and 2M1 polytypes), illite–smectite 
interstratifications (IS-ml), smectite, and chlorite; and non-clay minerals such as quartz, feldspars, epidote, calcite, dolo-
mite, and hematite were detected. The 2M1-polytype mica might be the only primary sheet silicates from the parent rocks, 
while the others occur as authigenic neo-formed CMs under heat flow and geothermal gradient. The development of CMs 
indicates different mechanisms of illitization and smectitization. Based on the texture, morphology, structure/polytype, and 
chemistry of rocks and minerals, in particular CMs, the study grouped the CM formation into three transformation processes: 
smectitization during magma cooling and possible contact metamorphisms with decreasing and low temperature, smectite 
illitization controlled by burial diagenesis and hydrothermal alteration, and illite smectitization followed exhumation and 
Cenozoic subsidence with decreasing temperature. The rhyolites were altered to all of the orders IS-R0, IS-R1, and IS-R3 
by the dissolution-precipitation and layer-to-layer mechanisms. The first one supported small xenomorphic plates and flakes 
of 1Md, elongated particles of 1M, and pseudo-hexagonal forms of 2M1. The second one could lead to the platy particles of 
1Md and 2M1 polytypes. The dominant temperature range for the transformation in the area has been 140–170 °C– ~ 230 °C.

Keywords Geothermal borehole · Clay mineral · Smectite illitization · Thermal gradient · Upper Rhine Graben · 
Donnersberg Formation

Introduction

Structure of IS‑ml and transformation 
between smectite and illite

The orders of IS-ml particles were determined by the Reich-
weite parameter (Jagodzinski 1949) with the increasing of 
the illitic layer from randomly ordered (IS-R0), to short-
range ordered (IS-R1), and to long-range ordered (IS-R3) 
(Reynolds and Hower 1970; Pytte and Reynolds 1989). Cor-
respondingly, the polytypes are 1Md (turbostratic orienta-
tion), 1M (block-wise orientation), and 2M1 (unique orienta-
tion). Besides, illite aggradation zones (low-grade diagenetic 
zone, high-grade diagenetic zone, anchizone, and epizone) 
were determined using the Kübler Index (KI) (Kübler 1967; 
reviewed by Ferreiro Mählmann et al. 2012).
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“Smectite illitization”, or smectite-to-illite transforma-
tion, is termed for the conversion of smectite into illite via 
a series of interstratifications. This process normally was 
accompanied with burial diagenesis of argillaceous sedi-
ment, very low-grade metamorphism, or contact metamor-
phism (Hower et al. 1976; Hoffmann and Hower 1979; 
Hower 1981; Inoue et al. 2004). Starting from the solid-state 
transformation concept of Reynolds and Hower (1970) (veri-
fied later by Elliot and Matisoff 1996), several authors used 
this transformation process to reconstruct the thermal and 
tectonic history of sedimentary basins (Weaver 1960; Hoff-
mann and Hower 1979; Schoonmaker et al. 1986), to under-
stand active hydrothermal systems (Jennings and Thompson 
1986), or to estimate thermal maturity in petroleum geology 
(Weaver 1960; Teichmüller et al. 1983). Besides, the smec-
tite illitization was also significant to explain the hydrother-
mal alteration or geothermal history (Horton 1985; Jennings 
and Thompson 1986; Bauluz et al. 2002).

The prograde smectite-to-illite and retrograde illite-to-
smectite transformations with the related data (e.g., illite 
polytype, mineral index, facies, organic matter index, and 
fluid chemistry) were used as indicators for diagenetic grade, 
temperature, and mechanism (Ferreiro Mählmann 2001; 
Środoń et al. 2002; Clauer 2006; Árkai et al. 2012; Bozkaya 
et al. 2016). Whitney (1990) stated that the smectite illitiza-
tion rate decreases with increasing of the water activity, but 
Mullis et al. (2002) also mentioned that the smectite stability 
limit depends strongly on the fluid chemistry, which inludes 
 K+ content. The dissolution of K-feldspars also releases  K+ 
and  Al3+, which are needed for illitization. The greater the 
availalbility of  K+ and  Al3+, the higher the rate of smec-
tite illitization. However, several factors, such as geologic 
time, water/rock ratio, permeability, grain size, pressure, and 
chemistry of rock, will contribute and engage in the smectite 
illitization (Pytte and Reynolds 1989; Huang et al. 1993; 
Merriman and Peacor 1999).

Factors affecting IS‑ml struture

The structural orders and polytypes of IS-ml depended 
strongly on temperature and depth (Hower et  al. 1976; 
Velde 1985; Pollastro 1993). The temperature determina-
tion through the transformation between smectite and illite 
was questioned (Jiang et al. 1990), but this process could 
provide the approximate maximum temperature reached the 
equilibrated condition (Pollastro 1993; Essene and Peacor 
1995; Merriman and Peacor 1999).

Heat flow is another temperature factor affecting meta-
stable the formation of IS-ml. Discrete smectite could be 
changed to IS-ml at a minimum temperature of 80 °C as 
shown by Huang et al. (1993) or Hillier (1995). The early 
numerical models even pointed out that the same step of the 
illitization could happen at lower temperatures (Hoffmann 

and Hower 1979; Jennings and Thompson 1986), but dif-
ferent higher temperatures were frequently found (Steiner 
1968; Weaver and Beck 1971; McDowell and Elders 1980).

The relationship between the IS-ml structure and bur-
ial temperatures has been attracted attention from many 
researchers. Velde (1965) and Frey (1987) suggested that 
CM and their structural changes provide useful information 
about the geodynamic setting in the very-low-temperature 
range (< 300 °C) of crustal rocks. Weaver (1953) also con-
cluded that during the burial diagenesis and epithermal 
process, discrete smectite transformed to IS-ml, and then 
to illite. Hower et al. (1976) and Velde and Nicot (1986) 
reported increasing trends of depth and illitic layer in IS-ml 
toward IS-R3 in quaternary and tertiary sediments. In the 
young sedimentary basins, IS-R0 was transformed to IS-R1 
at about 80 °C, which helped to find out the hydrothermal 
gradient of 35 °C/km (Hower et al. 1976).

Diagenetic zone as the combination of temperature and 
depth leaves a mark on the IS-ml structure. The transforma-
tion from mudstones to shale, and from the boundary of the 
low-grade zone to the high-grade diagenetic zone and anchi-
zone leads the evolution from IS-R0 to IS-R1 and IS-R3 
paralleling the polytype change from illite 1Md to 1M and 
2M1 (Merriman and Peacor 1999; Ferreiro Mählmann 2001; 
Bailey 1988; Dalla Torre and Frey 1997). At the diagenetic 
zone, the 17 Å discrete smectite disappeared and a mean 
temperature around 100 °C was postulated by Merriman 
and Peacor (1999). According to Eslinger and Savin (1973), 
smectite and IS-ml will be replaced completely by illite at 
the temperature between 200 and 230 °C. Based on KI inves-
tigation, discrete smectite also disappeared in all other sedi-
mentary rocks of the diagenetic zone with the upper limit of 
230 °C (Ferreiro Mählmann et al. 2012) or showed its stabil-
ity limit at 200 °C (Velde 1977; Brauckmann 1983; Kisch 
1987), but still occurred in carbonate rocks of the anchizone 
grade (Frey 1970; Ferreiro Mählmann 1994).

When moving from low-grade diagenetic zone to high-
grade diagenetic zone, smectitic layers can be reduced very 
fast from 100 to 50% (Środoń and Eberl 1984); otherwise, 
IS-ml with the smectitic/illic layer ratio of 1:1 are stable in a 
wide temperature range (Frey 1987; Horsfield and Rullkötter 
1994; Merriman and Kemp 1996; Merriman and Frey 1999). 
Moreover, the ordered IS-ml particles were found in < 15% 
smectite-bearing clay fraction taken from the diagenesis/
anchizone boundary at 230 °C (Ferreiro Mählmann 2001), 
but contrary to at temperatures of 100–120 °C (Dunoyer de 
Segonzac 1970; Velde 1977), and one reason is the geologic 
time.

Hillier et al. (1995) used smectite kinetic models with the 
diagenetic evolution between 5 and 300 Ma and concluded 
that IS-R1 appeared at 100–110 °C, but with a shorter bur-
ial time, the corresponding temperature was 120–140 °C. 
The illitization to IS-R3 could be happened at about 180 °C 
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(Steiner 1968; Weaver and Beck 1971; McDowell and Elders 
1980). Otherwise, transformation from IS-R1 to IS-R3 was 
also time-dependent at about 170–180 °C (Hoffmann and 
Hower 1979; Jennings and Thompson 1986).

Illite was dominant in the anchizone, but, in the same 
zone, the total smectitic layer in IS-ml could cover the full 
range of 0–100% (Ferreiro Mählmann 1994, 2001). The 1M 
polytype might be formed hydrothermally earlier than burial 
anchizonal conditions and disordered structures are absent 
from anchizone, but during transformation, a mixture of 1M 
and 2M1 polytypes could occur (Dalla Torre and Frey 1997). 
Fully unexpandable illite could achieve at > 200 °C (Huang 
et al. 1993; Hillier et al. 1995). However, by recalibration 
the limit of the KI of diagenetic zone, Ferreiro Mählmann 
(1994, 2001) and Mullis et al. (2002, 2017) found smectite 
at > 230 °C of slight hyperthermal conditions, and conse-
quently, the upper most temperature limit for stability of 
IS-ml lies at 300 °C. The long-range ordered illite 2M1 
polytype appeared in epithermal conditions at 125–350 °C 
(Velde 1965); and made up 90% of IS-ml in the anchizone 
samples with the smectitic layer range of 70–90% (Dalla 
Torre and Frey 1997), as well as evolved to 100% in the 
lower boundary of epizone (Ferreiro Mählmann 2001). It 
is evident that at hydrothermal conditions, an earlier long-
range ordered structure could be crystallized. Therefore, the 
successful models could not be universally applied in differ-
ent basins with different thermal subsidence histories (Elliot 
and Matisoff 1996).

In conclusion, the transformation from IS-R0 into IS-R1 
in the hydrothermal system happed at temperatures, mini-
mum at 80 °C and maximum at 140 °C. The temperature to 
form the IS-R3 is at least 170 °C, and the discrete smectite 
will transform completely to IS-R3 at higher than 230 °C.

Clay mineral studies for geothermal energy 
exploration in the Upper Rhine Graben

The Upper Rhine Graben (URG) had favorable conditions 
for energy exploration due to the highest geothermal gradi-
ent (more than 7.7 °C/100 m) in Germany (Illies and Fuchs 
1974). Therefore, Germany and France implemented sev-
eral geothermal projects in the main Triassic geothermal 
reservoirs of the graben. However, Northern URG was not 
considered as a geothermal resource because of lacking 
Mesozoic deposits due to an unconformity of Tertiary rocks. 
Later, in 2016, one borehole of nearly 3700 m vertical depth 
was drilled in a field near Groß-Gerau (Northern URG) 
(Fig. 1) by a local energy supplier for hydrothermal explo-
ration (Kreuter 2016). According to Hessian Agency for 
Nature Conservation, Environment and Geology (HLUNG 
2010) and Wenke et al. (2010), the high geothermal gradient 
(up to 5.6 °C/100 m) in the vicinity was well known from 
hydrocarbon boreholes targeting at reservoirs in the tertiary 

sediments in the depth of less than 2000 m. The much deeper 
Permian Donnersberg Formation was the geothermal explo-
ration target due to the expected high hydraulic conductivity 
and the high temperature. Sediments and volcanic rocks in 
this formation were partly-to-completely altered to form a 
high amount of CMs, especially micaceous minerals (illite), 
which dramatically influenced the host rocks and the avail-
able heat flow conditions (e.g., permeability and heat con-
ductivity) (Charléty et al. 2007; Bartier et al. 2008).

Diagenetic transformation of smectite to illite in Ceno-
zoic sediments, especially tertiary sediments, in Northern 
URG was the research objective of many scientists a long 
time ago (Heling 1974, 1978; Heling and Teichmüller 1974; 
Doebl et al. 1974). They found that the smectite phases were 
formed at temperatures between 70 and 80 °C, and the trans-
formation rate was controlled by time-dependent induced 
heat. From the recent geothermal exploration projects with 
deep boreholes at Soultz-sous-Forêts and Rittershoffen 
(France, Central URG), several publications have stated on 
the hydrothermal alteration to CMs including illite of the 
granite and Permo-Carboniferous argillic rocks (Schleicher 
et al. 2006; Vidal et al. 2018).

Up to now, no attention paid to the diagenetic formation 
of micaceous minerals or the other CMs (e.g., chlorite), as 
well as on the relationship between clay mineralogy and 
thermal maturity of reservoir rocks in Northern URG. In 
particular, the order, structure, and composition of CMs have 
not been identified. Therefore, this study characterized in 
detail the mineralogical composition and the formation of 
CMs during hydrothermal alteration and burial diagenesis, 
then discussing the thermal evolution of the volcanic rocks 
at the depth of nearly 3700 m and their effects on properties 
of reservoir rocks. Moreover, observation from other miner-
als, e.g., alteration of feldspar, transformation from biotite 
to chlorite, and growing of epidote on plagioclase, was also 
taken into account to estimate the thermal grade of the rocks, 
because the chemical consequence of these processes could 
affect the migration of hydrothermal fluids. The formation 
of cementing minerals can directly influence the geothermal 
flow rate by reducing the rock porosity and thus the per-
meability. Finally, understanding the mineralogical crystal-
lization will lead to a better understanding of the thermal 
and geochemical history of the rocks. The results also may 
support the geothermal exploration in Permo-Carboniferous 
Rotliegend rocks, Northern URG.

Geological setting and hydrothermal system

Geological setting

URG belongs to the European Cenozoic rift system, which 
extends from Western Mediterranean to North Sea. The 
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geothermal site near Groß-Gerau (Germany) is situated in 
Northern URG, where a recent thermal gradient was esti-
mated up to 5.6 °C/100 m (HLNUG 2010; Wenke et al. 
2010) (Fig. 1 left). The Cenozoic structural evolution and 
the fault block geometry have been published widely (Rothe 
and Sauer 1967; Illies and Fuchs 1974; Prodehl et al. 1995; 
Schumacher 2002; Dezes et al. 2004). The tectonic activi-
ties related to the rift formation were characterized by two 
phases: (1) the rift was extensionally opened, induced by 
the collision events due to movement of the Alpine defor-
mational front on the European plate from Eocene (since 
45 Ma) to Early Neogene, and (2) the strike-slip regime fol-
lowed from Early Neogene (Illies 1975; Schwarz 2005).

The URG basin extends from Basel (Switzerland) 
NNE-trending to the south of Frankfurt (Germany) along 

a distance of 330 km. Since the Variscan orogenesis, form-
ing the basement rocks, the area subsequently underwent 
late-orogenic extension (≈ 300 Ma). From the Permian 
(≈ 270 Ma) to the end of the Jurassic period (≈ 145 Ma), 
sediment deposition in a thermo-tectonic subsidence setting 
was characterized by the up to 2 km-thick succession of 
sedimentary rocks of the Franconian platform (Ziegler and 
Dezes 2005). The depocentre was part of the SSW-oriented 
embayment of the German basin and the Burgundian gate-
way (Ziegler and Dezes 2005), an extensional precursor of 
URG controlled by a pre-graben lithospheric shear zone 
(Grimmer et al. 2017). The graben formation was a reactiva-
tion of inherited Variscan structures (Illies 1962; Eisbacher 
et al. 1989; Grimmer et al. 2017). During Cretaceous and 
Paleocene (70–40 Ma) regional uplift centered in Northern 

Fig. 1  Geological map of Upper Rhine Graben [adapted from Röhr 2006 basing on geological data of Lahner and Toloczykl 2004 and morpho-
logical data of GTOPO30 (left)] with sampling location and description of picked materials in geothermal borehole (right)
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URG and was therefore induced by mantle plume rise and 
magmatism with a low percentage of partial mantle melts 
(Wimmenauer 1970; Wedepohl and Baumann 1999; Keller 
2003).

In Northern URG, extension in the tertiary was character-
ized by normal faulting and strike-slip faulting of syn-sedi-
mentary origin (Stollhofen 1998) with a total crustal exten-
sion of 6 to > 8 km (Meier and Eisbacher 1991; Schwarz and 
Henk 2005). They were controlled by the master fault system 
in the west and the graben fault system in the east. In the 
Late Cretaceous to Palaeocene volcanism and early exten-
sion overlap with the alkaline intraplate magmatism of the 
Central European Cenozoic volcanism changing the stress 
field in the URG area (Horn et al. 1972; Wimmenauer 1972, 
1985; Keller 2003; Schmitt et al. 2007). During this phase, 
approximately 1.5 km of cover rocks was eroded causing an 
increasing gap at the Mesozoic/Tertiary hiatus from south to 
north in URG. The main syn-rift volcanic activities occurred 
in the Tertiary phases, which were accompanied by typical 
alkaline magmas of a rift valley (Keller et al. 1990; Reis-
chmann 2011). The magmatic rocks are cropping out in form 
of dikes, plugs, necks, and diatreme pipes (Wimmenauer 
1952; Keller et al. 1990). Otherwise, products of Permian, 
late Cretaceous-to-Paleogene, and Miocene volcanism were 
widely found in the area (Lorenz and Nicholls 1976).

Northern URG is made up of Palaeozoic basement rocks, 
Permian volcanic-sedimentary rocks, Cenozoic sedimentary 
rocks, and Quaternary sediments. In contrast to Southern 
and Central URG, Mesozoic strata were not preserved in 
this area (Plein 1992; Grimmer et al. 2017) with 2500 m 
of eroded overburden (Henk 1992, 1993; Müller 1996; 
Stollhofen 1998; Aretz et al. 2015). Tertiary sediments of 
Northern URG are overlaying directly on the Permo-Car-
boniferous Saar-Nahe Basin, which is composed mainly of 
clastic continental sediments (Korsch and Schaefer 1991) 
and magmatic rocks of sub-alkaline–calc-alkaline basalt, 
andesite, dacite, and rhyolite composition (von Seckendorf 
et al. 2004). The geothermal well near Groß-Gerau encoun-
tered different kinds of volcanic rocks as rhyolite, rhyodac-
ite, andesite, and basalt. In the Tertiary sediments, a fracture 
zone was observed in the Miocene of Wiesbaden Formation 
(Hydrobien-Layer) with a high amount of CMs. An NE–SW-
striking antithetic fault, dipping to NW, was reached at the 
depth of ca. 3500 m in the Standenbühl Formation. A fault 
zone was found at the depth of ca. 3770 m in the Donners-
berg Formation. Finally, another fault zone farther to the 
east was plugged largely by calcite, gypsum, and secondary 
quartz.

In summary, URG is characterized by variable subsid-
ences rates, Mesozoic tilting and exhumation, as well as 
the final Ceinozoic subsidence and burial. The geodynamic 
regime plays a role in the thermal evolution of the area, and 
thus impacts the temperature and composition of the rocks.

Hydrothermal system

URG was considered as an active geothermal system with a 
mean geothermal gradient of 30 °C/km to the depth of 6 km 
(Dornstadter et al. 1999). Several geothermal projects took 
advantage of the hot fluids in the Permo-Carboniferous parts 
of the basin for electricity, heating, and cogenerated energy 
(Sanjuan et al. 2016). By successive drilling exploration, 
this layer was reported with hyperthermal gradient values 
ranging from 40 to 60 °C/km with fluids present in deep 
drills into the granite basement approaching the temperature 
of 225 ± 25 °C (Sanjuan et al. 2010, 2014). The near Groß-
Gerau geothermal borehole and Königstädten 3 well (Fig. 1) 
situated in Northern URG yielded in situ temperature depth 
of 3400 m (140 °C) and ~ 2500 m (152 °C) (Kreuter 2016). 
Thus, the fluids are expected to act as a heat source for the 
deep reservoir system in the studied area. Researches on the 
Soultz-sous-Forêts geothermal site, Dubois et al. (1996) and 
Smith et al. (1998) stated that the formation temperature of 
hydrothermal minerals with a broad salinity range during 
younger, post Oligocene up to the present-day fluid flow 
event is 130–160 °C.

The chemical composition and temperature of the geo-
thermal fluids are important factors controlling the disso-
lution–precipitation and alteration of rocks. Dezayes et al. 
(2015) collected and interpreted chemical data of geothermal 
fluids from 8 geothermal wells in Central and Northern URG 
and summarized that the fluids evolved into high brine (NaCl 
type) with pH 5–7, enriched in Ca and Li, and depleted in 
Mg. The high salinity of fluids was developed by evaporation 
of meteoric water (Permian to Triassic period primary brine) 
together with halite-dissolution brine from evaporitic Trias-
sic and Cenozoic formations as well as from high mineral-
ized fluids residing in the crystalline basement (Stober and 
Bucher 2015; Regensburg et al. 2016) which derived from 
veins formed at 170–180 Ma from Na–Ca–Cl fluids (Burisch 
et al. 2017). The geothermometer of fluid solution calculated 
basing on the main cation, isotopic 18O(H2O)–18O(SO4), and Li 
isotopic signatures ranged from 200 to 240 °C. Dezayes et al. 
(2015) also suggested that this temperature could be reached 
at Groß-Gerau, Riedstadt, Speyer, and Landau geothermal 
sites (Fig. 1). The origin was thought to be the results of the 
mixing of the primary marine brine (fossil pore water) and 
meteoric water. Sanjuan et al. (2014, 2016) found similar 
geochemical results of geothermal brines from the granitic 
basement in Soultz-sous-Forêts. Discrepancies in salinity, 
mass Cl/Br, total dissolved solids, and isotopic signature 
were detected differing from well to well. Brines from Rot-
liegend fluids are principal products of evaporation of sea 
water and later dissolution of evaporites in the Rotliegend 
formation were characterized by a high salinity with a Na 
and Cl dominance (Dezayes et al. 2015; Sanjuan et al. 2016). 
The origins of these fluids were suggested being strongly 
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dependent on the meteoric water and marine water ratio. The 
higher the rate of dissolved evaporative halite, the greater 
Cl/Br ratio is obtained; on the contrary, the lower the Cl/Br 
ratio points to a contribution dominance of marine water.

Samples and methods

In this research, CMs in altered rhyolites and picked 
materials from the near Groß-Gerau geothermal borehole 
(Fig. 1, Table 1) have been investigated. Different estab-
lished accurate methods recommended by Nieto and Do 
Campo (2020) were used to identify and characterize the 
mineralogical composition of the bulk rocks and the clay 
fractions (< 2.0 µm). X-ray diffraction (XRD) of randomly 

oriented powder specimens and Fourier transform infra-
red spectroscopy (FT-IR) techniques have been performed 
from whole rock fragments and picked materials. X-ray 
fluorescence (XRF) and polarized-light microscopy (PM) 
were used to characterize micro texture, mineralogical 
composition, and chemical composition of the bulk sam-
ples. XRD of oriented mounts (textured sedimented slides) 
was used parallel with transmission electron microscopy 
(TEM) to investigate the clay fraction (< 2.0 µm). In gen-
eral, the combination of these methods allows to charac-
terize the mineralogical composition of the bulk samples 
and the clay mineralogy of the clay fraction. Moreover, the 
combination allows to define the transformation process 
of CMs, to establish the relation between clay mineralogy 
and thermal grade of rocks.

Table 1  Description of investigated materials and methods applied

a Picked materials from cuttings at interval depth (blue text in Fig. 1)
b,c,d Cuttings materials at 3635 m, 3725 m, and 3735 m (green, blue, and red stars, respectively in Fig. 1)

Sample Depth (m) Color Phenocrysts XRF PM FT-IR XRD TEM

Bulk samples Ori-
ented 
mounts

47969a 3500–3665 Green–grey – x – x x x –
47970a 3670–3745 – – x – x x x x
47971a 3500–3610 Dark green – x – x x x x
47972a 3615–3745 – – x – x x x x
47973a 3500–3605 Light green – x – x x x –
47974a 3610–3685 – – x – x x x –
47975a 3695–3745 – – x – x x x –
47976a 3500–3745 Pale green – x – x x x –
72835b 3635 Pale green Quartz, muscovite – x – – –
72836b 3635 Light green Quartz, sericitized feldspars, saussuritized plagio-

clase, muscovite, chlorite, epidote, Fe-oxides, 
carbonate

x – – –

72837b 3635 Dark green Quartz, muscovite, hematite x – – –
72838b 3635 Green–grey Quartz, orthoclase, sericitized feldspars, saus-

suritized plagioclase, muscovite, tourmaline
x – – –

72843c 3725 Pale green Fe-oxides – – x x x –
72844c 3725 Light green – – – x x x x
72845c 3725 Dark green Biotite – – x x x –
72846c 3725 Green–grey – – – x x x –
72851d 3735 Pale green Quartz, orthoclase, sericitized feldspars, Fe-oxides, 

garnet
– x x x x –

72852d 3735 Light green Quartz, orthoclase, sericitized feldspars, Fe-oxides, 
muscovite, chlorite-muscovite stacks, chlorite, 
garnet

– x x x x –

72853d 3735 Dark green–red Quartz, orthoclase, sericitized feldspars, garnet, 
tourmaline(?)

– x – x – x

72854d 3735 Green–grey Orthoclase, sericitized feldspars, saussuritized pla-
gioclase, biotite, muscovite, Fe-oxides (hematite), 
carbonate

– x – x – –
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Samples

Twenty samples of altered rhyolites from the deepest part 
(between 3500 and 3700 m) of the near Groß-Gerau geother-
mal borehole in the Donnersberg Formation were described 
(Fig. 1, right). The age of the primary rock is likely of 
296 ± 2 Ma (Lippolt et al. 1989). The rhyolite Donnersberg 
complex consists of 15 individual intrusive–extrusive bod-
ies and the emplacement of this rhyolite accompanied by 
the eruption of ashes, ash flows, and tuffs Haneke (1987). 
They are composed mainly of silica-rich lava flows and 
inter-bedded phreatic-magmatic pyroclastic horizons, rhyo-
dacites, and rhyolites, as well as acidic ash- and lapilli-tuffs 
(von Seckendorf et al. 2004). Quartz, K-feldspar, plagio-
clase (mostly albite), biotite, with accessories of zircon and 
apatite, as well as pyroxene and amphibole for some occur-
rences were identified for the rhyolite (Arikas 1986).

The samples were selected based on the diversity of 
petrography and phenocrysts of the rocks (Fig.  1 left, 
Table 1). A total of eight hand-picked materials (sample 
47969–47976, Table  1) were collected with the depths 
given in interval due to the cutting type and unavailable 
precise location. Those materials changed from green grey 
to pale green and were notably altered. The cutting materi-
als, including 12 samples (sample 72835–72854), with their 
precise depths are given in Table 1. The rocks show gener-
ally hyaline or aphanitic-to-porphyric texture. By necked 
eyes, the phenocrysts of the rocks include the main phases 
of quartz, muscovite, sericitized and saussuritized feldspars, 
feldspars, as well as the minor phases of tourmaline, chlo-
rite, epidote, Fe-oxides, and carbonate. In general, the pri-
mary rhyolites were mostly altered similar to descriptions of 
Haneke (1987), Lippolt et al. (1989), von Seckendorf et al. 
(2004), and Aretz et al. (2015).

Polarized‑light microscopy (PM)

Thin sections of representative rock samples from cutting 
materials of the altered porphyritic rhyolites were selected 
to examine petrographic properties using the PM at the 
HLUNG and the Technical Petrology Lab (Technical Uni-
versity of Darmstadt). These materials were the coarsest 
available cutting materials with the best-preserved structure 
and texture. Thus, in these rocks, mineralogical paragenetic 
information was possible to find. The results of this method 
allow defining the microscopic structure, the mineral texture, 
the rock alteration, and the newly formed minerals that can 
be served to study the mineralogical evolution of the rocks 
and the alteration reactions of primary minerals. Otherwise, 
this technique is limited for investigation of rocks with high 
clay content, so that XRF, XRD, FT-IR, and TEM methods 
were additionally applied.

X‑ray fluorescence (XRF)

Bulk altered rhyolites were analyzed for chemical compo-
sition using a PANalytical AXIOS-Advanced Wavelength 
Dispersive X-ray Fluorescence (WDXRF) spectrometer and 
an SSTmAX-4-kW rhodium target X-ray tube equipped with 
laterally curved monochromators PX-10, LiF 220, InSb111, 
Ge111, PE002, PX-8, and PX-1 with the Geochemistry 
group (Georg August University of Göttingen). The sam-
ples were prepared as glass disks with a fully automated 
fusion technique. Loss on ignition (LOI) was determined at 
1100 °C as an approximate measure of volatile  H2O. These 
data were characterized chemical composition of the bulk 
rocks and to cross-check the results of quantitative mineral-
ogical composition identified by XRD of randomly oriented 
materials.

X‑ray diffraction (XRD)

XRD was carried out to identify the semi-quantitative 
mineral composition and structure characteristics of each 
phase. The spectra of randomly oriented powders (bulk 
samples) and oriented mounts, which were saturated with 
deionized water and pipetting onto glass slides to get sus-
pended < 2.0 µm clay-fraction materials, were recorded by 
a Panalytical X’Pert Pro Diffractometer at Institute of Geo-
sciences, Goethe University Frankfurt. The equipment was 
operated at 30 mA and 40 kV, Cu-Kα1,2 radiation, 0.5/25 
soller collimator, automatic divergence slit, X’Celerator 
line focus detector, and step size 0.008 °2θ with 20 total 
added seconds for each measurement step. The data were 
recorded in the range of 4–70 °2θ for randomly oriented 
powder samples and 4–40 °2θ for oriented mounts (air-dried 
and ethylene-glycolated specimens).

The main mineral components were identified by com-
parison with the ICDD/PDF-4 minerals database. The term 
“illite” is referred to the micaceous CM which is a slight 
departure from the 10 Å d (001) reflection of illites defied 
by Brown (1961). In addition, the powder diffractograms of 
the bulk samples were processed by the BGMN-Rietveld 
software package developed by Bergmann et al. (1998). This 
program uses fundamental parameters for the refinement of 
the diffraction peak profiles to not only ordered minerals but 
also turbostratically disordered minerals like the smectite 
group as suggested by Ufer et al. (2010). The results from 
powder samples were also used to obtain the 060 reflection 
for interpreting the occurence of dioctahedral or trioctahe-
dral sheet silicates.

The yielded spectra of oriented specimens were used to 
identify CM components and their changing behaviors of 
(001)-interferences (Starkey et al. 1984). The NEWMOD-
based comparison of interference positions from the (001)/
(002)- and (002)/(003)-reflections of Moore and Reynolds 
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(1997) and Bethke et al. (1986) was also used to identify the 
percentage of smectitic layers in IS-ml. Consideration of 
size and strain effects, Origin Pro 8.5 Peak Fitting software 
package with the symmetric Gaussian distribution was used 
to fit the peak profiles then providing the d value, full width 
at half maximum (FWHM), and reflection intensity.

Fourier transform infrared spectroscopy (FT‑IR)

Powder samples of approximately 1–2  mg were mixed 
homogenously in 120 mg of KBr, which was predried at 
80 °C for at least 6 h, and then placed into a dye under 
pressure to form a pellet of 13 mm in diameter. The Varian 
670-IR series FT-IR spectrometer at Technical University of 
Darmstadt (Dispersive Solids Lab, Institute of Material Sci-
ences) was used for recording the spectra in the mid-infrared 
range, which extends from 400 to 4000  cm−1 with multiple 
scan (e.g., 64 scans and 4  cm−1 resolution), at room tem-
perature. The FT-IR spectra were deconvoluted by Origin 
Pro 8.5 Peak Fitting. A Gaussian distribution function was 
applied to smooth the spectra and to provide the exact value 
of peak position, FWHM, intensity, and area. The interpreta-
tion of the absorption spectra followed mainly those given 
by Farmer (1974) and Farmer and Russel (1964).

Transmission electron microscopy (TEM)

For TEM analyses, powder samples were suspended in 
deionized water and dispersed by ultrasonic treatment for 
approximately 20 min. The clay fraction (< 2.0 µm) was sep-
arated by sedimentation and diluted with deionized water to 
get the clear-look suspension. The suspension was dropped 
onto carbon-coated Cu-grids, air-dried, and stored under 
environment-controlled conditions at 45% humidity. The 
TEM-image investigation was carried out using a TECNAI 
 G2 20 transmission microscope (FEI) at the University of 
Science, Vietnam National University, Hanoi. This micro-
scope combined with an S-TWIN objective and an FEI Eagle 
2 k CCD camera was operated at 200 kV with  LaB6-cathode.

Individual clay particles with crystal size, crystal habit, 
and particle morphology were obsevered and characterized 

according to Henning and Störr (1986) and Sudo et  al. 
(1981). The habit of particles found in the TEM-images 
could be used to support the quantitative calculation of ratios 
of expandable layers (%S) in IS-ml (Inoue 1986) and to iden-
tify the polytype of micaceous minerals (Henning and Störr 
1986). According to Inoue (1986), the appearance of IS-ml 
edge depends on the proportion of illitic layer. Pure illite or 
IS-R3 (2M1 polytype) particles show a pseudo-hexagonal 
plate or idiomorphic sharp-edge morphology. Otherwise, 
xenomorphic plates and flakes together with subhedral 
and elongated particles correspond to randomly ordered 
IS-R0 (1Md polytype) and short-range ordered IS-R1 (1M 
polytype).

Results

Chemical, petrographical, and mineral compositions

The highest chemical component of the altered rhyolite sam-
ples was identified as  SiO2 with 53.3–57.0 wt% (Table 2). 
These amounts are significantly lower than those (> 68 wt%) 
of the typical primary rhyolites. The amounts of  Al2O3 
(19.5–22.6 wt%, Table 2) is suitable for the expected rich-
ness of aluminosilicate minerals of such material. These 
amounts are app. 40% higher than the theoretical number 
for fresh rhyolites. Among the alkaline elements,  K2O made 
up the higher proportion, which suggested the higher amount 
of  K+ in the feldspar group (orthoclase, sanidine) and the 
interlayer sheet of micaceous minerals. Comparing with 
the typical fresh rhyolites, the much higher MgO and  Fe2O3 
contents were from Mg- and/or Fe-bearing minerals, such as 
chlorite, Fe-oxides, dolomite, mica, and IS-ml (Mg and Fe 
may in octahedral sheets) phases, which were observed as 
phenocrysts and could be in the matrix component.

Under the PM, thin sections of the studied altered rhyo-
lites showed aphanitic-to-porphyric texture with hypocrys-
talline structure (Fig. 2, Appendix). The glassy compo-
nents include brown-to-white spherulites (Fig. 2f), which 
are typical for silica-rich rhyolites and result from an inter-
growth of quartz and orthoclase. Many sections show the 

Table 2  Chemical composition 
of bulk samples, determined by 
XRF (wt%)

Sample SiO2 TiO2 Al2O3 MnO MgO CaO Na2O K2O P2O5 Fe2O3 LOI

47969 53.34 0.22 19.54 0.05 3.12 2.42 0.99 6.43 0.07 4.79 8.89
47970 53.23 0.17 20.93 0.03 3.22 1.36 0.94 6.92 0.06 5.06 7.74
47971 57.02 0.26 19.78 0.04 3.56 1.01 1.33 6.50 0.08 4.17 6.03
47972 56.67 0.21 19.51 0.03 3.02 2.05 1.27 6.51 0.07 4.01 6.36
47973 54.83 0.14 21.89 0.04 3.56 1.16 0.98 7.22 0.05 3.14 6.80
47974 54.06 0.13 21.68 0.05 3.25 1.56 0.98 7.16 0.04 3.17 7.32
47975 55.53 0.13 21.42 0.04 3.14 0.89 1.18 7.10 0.05 3.09 6.73
47976 56.74 0.05 22.69 0.04 3.05 0.58 1.87 7.09 0.10 1.69 5.73
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growth of microcrystals of illite (Fig. 2g) or quartz + illite/
muscovite + Fe–chlorite on the matrix (Fig.  2c, e, g), 
which demonstrates the happened alteration process. Even 
illite/muscovite showing hydrothermal-flow structure was 
frequently observed (Fig. 2c). The identified crystalline 
components include altered feldspars, primary feldspars, 
mica, quartz, and some minor and trace phases, which are 

quite similar to the observation by necked eyes with the 
raw samples (Table 1). The mineral composition of the 
bulk samples was confirmed and quantified by XRD analy-
sis and BGMN-Rietveld refinement (Fig. 3, Table 3). The 
main phases were aslo clarified by the FT-IR technique 
due to their molecular vibration (Fig. 4, Table 4).

Fig. 2  Microscopic observa-
tion of thin sections at different 
depths of geothermal borehole 
samples. Qtz quartz, Bt biotite, 
Mu muscovite, Ms mica, Chl 
chlorite, ill illite, Fsp feldspars, 
Ser Fsp sericized feldspars, 
Plag plagioclase, Ortho ortho-
clase, Cc carbonate minerals 
(in the XRD study detected as 
dolomite), Ep epidote. (I) sheets 
of Chl bedded in fine grain 
mica and quartz, (II) growth 
of micro-SiO2, illite and Fe–
chlorite on glassy matrix, and 
(III) growth of illite on glassy 
matrix. Sample 72836 shows 
reaction structural fabrics 
at transmitted light, and all 
other samples are shown under 
polarized light
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K-feldspar, including sanidine and perthitic orthoclase, 
as well as albite were found from the studied samples by 
both PM and XRD methods. The BGMN-Rietveld refine-
ment determined 3 members of feldspars, including ortho-
clase, sanidine, and albite, with the total proportions ranging 
from 5.5 to 38.5 wt% (Fig. 3, Table 3), which is much lower 
than that of normal fresh rhyolites. The orthoclase/(sani-
dine + albite) ratio reached the maximal value of ~ 1 (sam-
ple 72843), while potassium feldspar of primary rhyolites is 
known presenting in at least twice the amount of plagioclase. 
Due to the low amount, only weak bending bands ~ 727  cm−1 
for AlO and ~ 1010  cm−1 for SiO of orthoclase could be 
verified for some samples, such as sample 72843 (with the 
highest amount of orthoclase) (follows the description of 
Xue et al. 2019). Some fresh feldspars, such as particles in 
Fig. 2a, g, orthoclase in Fig. 2d, perthitic orthoclase, and 

idiomorphic sanidine, have remained. However, most of the 
feldspars were altered by sericitization and saussuritization 
processes. Sericitized feldspars formed by the conversion 
of feldspars into microcrystals of illite or sericite are shown 
in Fig. 2a, d, f. Saussuritized plagioclase was observed with 
the presenting of carbonate, chlorite, and CMs in Fig. 2b.

Mica (biotite, muscovite, and illite) identified by PM 
shows 3 grain-sizes, including ~ 5 µm grain as coating and 
filling veins in quartz and feldspars (Fig. 2a, b), ~ 10–20 µm 
aggregation of subhedral particles (Fig. 2a, c, e), and > 50 µm 
idiomorphic or subhedral particles (Fig. 2b, d, e, h). Biotite, 
the typical mica member of primary rhyolite, was found 
(Fig. 2d, h) but with low frequency. In particular, some par-
ticles show neo-formation of illite, but some others show no 
trace of the alteration in the same section (Fig. 2d). In the 
XRD diffractograms, an asymmetric peak around 10 Å could 

Fig. 3  Representative XRD 
pattern of bulk sample 72853 
(3735 m) refined by BGMN-
Rietveld software. Legend: 
dots-experimental XRD-data, 
solid back line-refined XRD-
data, solid blue line-back-
ground, solid red line-difference 
between experimental and 
refined XRD-data and Rwp and 
1-rho-accuracy of refinement

Table 3  Mineralogical composition (wt%) of bulk samples, determined from XRD data with the BGMN-Rietveld software

Iron contents from the sample holders varied between < 1 ÷ 3.1 with the samples 47969 ÷ 47976, and could not be detected with other samples

Mineral 47969 47970 47971 47972 47973 47974 47975 47976 72843 72844 72845 72846 72851 72852 72853 72854

Quartz 7.5 4.2 5.8 5.3 6.0 8.8 7.2 3.0 25.4 5.9 15.6 9.3 7.1 11.8 8.9 14.8
Orthoclase – 1.6 2.0 2.1 2.3 4.1 2.3 2.8 14.8 6.0 8.5 6.2 4.6 6.0 3.9 4.9
Sanidine 2.4 2.5 3.1 3.1 2.43 3.4 2.8 3.9 6.3 7.0 11.8 11.2 5.0 8.7 4.4 4.6
Albite 3.1 2.4 4.1 4.2 3.0 5.4 4.6 4.9 7.9 5.0 18.2 6.9 23.4 5.9 7.3 6.9
Illite 4.5 4.0 4.7 3.0 14.7 18.2 2.7 3.89 4.0 12.2 8.6 14.5 8.1 29.6 2.9 17.5
Muscovite 2M1 12.5 21.4 20.1 23.1 23.4 7.5 21.0 27.7 7.7 26.2 14.7 23.3 37.1 8.5 35.9 4.0
Muscovite 1M 61.0 59.6 56.1 52.2 43.0 43.1 55.4 50.4 33.9 31.3 14.8 17.3 10.2 19.7 29.4 33.5
Chlorite 3.9 < 1 2.0 4.2 1.6 1.9 2.5 2.0 – 5.9 4.9 7.8 4.5 8.8 6.4 10.2
Hematite 1.8 1.6 – < 1 < 1 < 1 < 1 – – 1.7 2.2 – – – –
Calcite 2.2 1.2 < 1 1.9 < 1 1.5 – – < 1 1.3 1.3 – 1.0 < 1 3.8
Dolomite < 1 < 1  < 1 – 1.4 2.8 – – – – – – – – –
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be deconvoluted into two peaks with d (001) = 9.89–10.1 Å 
and 10.3–10.5 Å. With BGMN-Rietveld refinement, the 
research could define 3 different phases, including illite, 
muscovite 2M1, and muscovite 1M of the micaceous miner-
als, which made up the highest proportions (~ 38–85 wt%, 
Table 3). Low-intensity peaks at 3.06–3.09 Å (not shown) 
were specified exclusively for muscovite 1M polytype. The 
occurrence of the micaceous phases as the only dioctahe-
dral CMs that could be found in the studied materials was 
confirmed by d (060) at 1.50 Å (Fig. 3). The highest propor-
tions of mica (IS-ml and illite/muscovite) were the reason 
for all of the significant FT-IR vibration bands that belong 
to their different bondings. Based on the descriptions of 
Farmer (1974), Farmer and Russell (1967), Goodman et al. 
(1976), Madejová and Komadel (2001), Bishop et al. (2002), 

and Seki and Yurdakoç (2007) as well as the yielded FT-IR 
spectra (Fig. 4), the IS-ml and mica phases were detected 
in all of the studied samples with AlAlOH stretching, SiO 
stretching, AlAlOH bending,  AlFe3+OH bending, AlMgOH 
bending, AlOSi in-plane, AlOSi deformation, SiOSi defor-
mation, and SiO deformation bands in the decreasing order 
of the absorption values (Table 4). In general, by LM, XRD, 
and FT-IR methods, mica was identified as the dominant part 
of the studied altered rhyolites and included three different 
phases with different grain-sizes and morphologies. How-
ever, most of the mica phase showed the alteration footprint: 
(1) as the secondary generation from feldspars, and (2) as 
the former generation of chlorite–muscovite stacks (Fig. 2e).

Chlorite made up small proportions, but could reach to up 
10.2 wt% (sample 72854, 3735 m deep). Three populations 

Fig. 4  FT-IR spectra of three 
representative bulk rock sam-
ples (47972 at 3615–3745 m; 
72843 at 3725 m, and 72851 at 
3735 m)

Table 4  FT-IR absorption 
values for IS-ml phases (in 
wavenumber frequencies  cm−1)

Sample AlAlOH SiO AlAlOH AlFe3+OH AlMgOH AlOSi AlOSi SiOSi SiO

47969 3618 1026 914 872 847 751 520 470 426
47970 3618 1025 917 871 831 750 520 470 429
47971 3614 1024 915 899 840 749 518 471 428
47972 3620 1022 913 873 845 750 520 473 427
47973 3620 1027 915 872 840 751 520 469 427
47974 3616 1025 918 883 832 752 522 470 427
47975 3628 1026 914 865 833 751 521 471 423
47976 3617 1025 916 895 837 753 522 471 427
72843 3618 1026 913 902 835 752 522 472 427
72844 3613 1025 913 873 842 749 521 474 430
72845 3612 1024 914 883 834 750 520 473 429
72846 3620 1026 917 890 832 750 521 471 423
72851 3622 1023 913 895 834 751 521 473 425
72853 3620 1025 915 895 833 750 517 473 426
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of chlorite, which were frequently observed correspondingly 
to the three mentioned grain-sizes of mica, include: ~ 50 µm 
flakes grew tightly with fine mica, ~ 50–70 µm aggregations 
of subhedral particles, and ~ 10–150 µm of Fe, Mg–chlorite 
growing on biotite (Fig. 2b, e). The sign of chlorite, in the 
FT-IR spectra, could share with mica at AlOSi deformation 
band around 517–522  cm−1.

Quar tz  can  be  obser ved  by  FT- IR wi th 
the ~ 1079–1099  cm−1 SiO stretching (mentioned by van 
der Marel and Beutelspacher 1976) and ~ 797  cm−1 SiOSi 
bending (mentioned by Vantelon et al. 2001) (Fig. 4) and 
by PM in both species: α-quartz (Fig. 2d) and β-quartz 
(Fig. 2g, h). The mineral was quantified from XRD data 
with 3.0–25.4 wt% (Table 3), which is much lower than 
that of normal fresh rhyolites. Epidote (grew on plagio-
clase, Fig. 2d, f), tourmaline, and garnet (not shown) were 
identified as trace phases similar to the composition of phe-
nocrysts (Table 1). Fe-oxides (Fig. 2b) or hematite made 
up a small amount to 2.2 wt%. In particular, the carbonate 
phases including both calcite and dolomite, uncommon con-
stituent for primary rhyolites, are widespread in the studied 
samples with the total mount reaching to 4.3 wt% (Fig. 2b, 
h, Table 3).

Structure of clay minerals

The detailed structures of CMs, including dominant IS-ml 
and end-members, were carried out by XRD and TEM anal-
yses with the clay-fraction samples. Both results verified that 
the CMs in the altered rhyolites include different phases of 
IS-ml and end-members with different orders and polytypes 
(Table 5, Figs. 5, 6). The results also show an agreement 
with the found CMs in the bulk samples.

Using Origin 8.5 Peak Fitting and NEWMOD-based 
comparison of interference positions for the asymmetric 
peak around 10 Å, this research found 4 phases related 
to IS-ml and end-members (Fig. 5). The first and second 
phases presented d (001) ranging from 10.07 to 12.08 Å 
in the XRD curves of air-dried specimens, then shift-
ing to 10.54–12.31 Å (with FWHM 0.55–1.37) or only 
10.01–10.26 Å (with FWHM 0.12–0.85) when ethylene-
glycolate saturation. These shifting steps indicated for 
IS-R1 with smectitic proportion (%S) of 15–40, and IS-R3 
with %S < 10, respectively. The third phase was found with 
unchanged d (001) around 9.64–10.04 Å between the air-
dried and ethylene-glycolated specimens. Pure illite/musco-
vite with the IS-R3 polytype and no smectitic layer should 
be the reason for this behavior. In some samples at the lower 
depths, including 47971, 47972, and 47973, there were low 
intensity peaks with d (001) in the range 12.54–14.57 Å from 
air-dried specimens and correspondingly 16.53–17.24 Å 
from ethylene-glycolated ones. The information allows iden-
tifying the fourth phase end-member smectite %S = 90–100 

or IS-R0 with possible dominated  Na+ in the interlayer sheet. 
This phase could not identify in the XRD patterns of the 
powders, because of the very low amount in the bulk sam-
ples. Besides the dominant IS-ml and end-members, all of 
the investigated samples contain small amounts of chlorite, 
which showed reflections ~ 14 Å and ~ 7 Å in oriented XRD 
patterns similar to power XRD ones.

Under TEM observation, a powerful technique for micro-
scale objects, particles of CMs could be identified and clas-
sified into 3 groups based on different morphologies, habitat, 
and orders (follows the description of Henning and Störr 
1986; Inoue 1986). The first group includes the aggregation 
of subhedral or elongated particles and medium–large plates 
with size ~ 0.5–1.5 µm, which can contain an amount of 
expandable smectitic proportion < 40%. Both types of mor-
phologies in the group can be observed abundantly in sample 
47970 (Fig. 6A1–A3) or less with sample 47971 (Fig. 6B1, 
B2). With other samples, the elongated ones are seldom, 
but the plates are often (sample 47972: Fig. 6C2, sample 
72853: Fig. 6D1–D3, sample 72844: not shown). This group 
was specified as IS-R1 with 1M polytype. The second group 
was indicated to disaggregation of sharp-edge (idiomorphic) 
laths and pseudo-hexagonal small-to-large (1–2 µm) plates. 
The phases show nearly no expandable sign. The clay parti-
cles that fall in this group could find from all of the samples 
(Fig. 6A3, B1, B2, C1–C3, D3). The long-range ordered 
mica (IS-R3) with 2M1 polytype was allocated for this sec-
ond group. The other particles were pointed to the group 
of aggregation of small (< 0.5 µm) xenomorphic plates and 
flakes, which showed the high expandability. Only few slides 
could show these mophologies (Fig. 6B3, C2, D1–D3). End-
member smectite (IS-R0) with 1Md polytype was assigned 
for the low amount of the third group.

Conclusions, in agreement between both XRD and TEM 
analyses, the CMs of the altered rhyolites include 2 types 
of IS-ml: IS-R1 1M with %S = 15–40 and IS-R3 2M1 with 
%S < 10, end-member illite/muscovite IS-R3 2M1, and small 
amount of end-member smectite IS-R0 1Md. Besides the 
dominant IS-ml and end-members, the CMs of the studied 
materials also include chlorite.

Discussion

Temperature of transfomation

As a part of the European Cenozoic Rift system, URG is 
characterized by a variety of tectonic activities linked with 
several hydrothermal pulses (Gaupp et al. 1993). The geo-
dynamic regime affects mineral formation, especially CMs. 
The coexisting of IS-ml and end-members with all three 
IS-R0, IS-R1, and IS-R3 orders in the studied altered rhyo-
lites cannot be explained with a syngenetic formation and 
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Table 5  Ordering structure 
of IS-ml and end-members 
obtained from XRD results 
of oriented specimens by 
deconvolution using Origin 8.5 
peak fitting

Samples Air-dried Ethylene-glycolated %S Reichweite (R)

d value (Å) FWHM (∆°2θ) d value (Å) FWHM (∆°2θ)

47969 10.73 1.30 11.63 1.30 20–25 IS-R1
10.26 1.37 < 10 IS-R3

10.04 0.60 9.99 0.49 0 Illite (IS-R3)
47970 10.07 0.95 10.55 1.04 15 IS-R1

10.03 0.79 9.96 0.51 0 Illite (IS-R3)
47971 14.57 0.88 16.53 0.59 90–100 Smectite (IS-R0)

10.36 1.47 10.71 1.30 20 IS-R1
9.90 0.66 0 Illite (IS-R3)

47972 12.71 0.86 17.24 0.59 90–100 Smectite (IS-R0)
10.69 0.68 11.20 1.07 30 IS-R1
9.90 0.73 9.98 0.85 0 Illite (IS-R3)

47973 12.54 0.92 16.73 0.26 90–100 Smectite (IS-R0)
11.05 0.78 12.24 0.55 35–40 IS-R1
10.32 0.65 11.36 1.11 > 30 IS-R1
10.14 1.01 10.65 1.28 20 IS-R1

9.89 0.72 0 Illite (IS-R3)
47974 11.10 0.99 11.80 0.92 35 IS-R1

10.32 0.73 10.77 0.85 > 20 IS-R1
10.0 0.56 9.90 0.70 0 Illite (IS-R3)

47975 11.46 0.79 11.78 1.05 < 35 IS-R1
10.36 0.78 10.54 1.08 15 IS-R1
10.03 0.54 9.93 0.60 0 Illite (IS-R3)

47976 11.12 0.96 11.77 0.62 < 35 IS-R1
10.40 0.65 11.05 0.77 20 IS-R1

10.12 0.78 < 10 IS-R3
9.68 0.62 9.91 0.57 0 Illite (IS-R3)

72843 10.41 0.74 10.85 1.25 > 20 IS-R1
9.92 0.65 9.95 0.66 0 Illite (IS-R3)

9.93 0.69 0 Illite (IS-R3)
72844 11.21 1.16 12.18 1.13 25–30 IS-R1

10.46 0.72 11.06 1.02 20 IS-R1
10.01 0.72 < 10 IS-R3

9.64 0.65 9.89 0.63 0 Illite (IS-R3)
72845 11.00 0.70 11.27 1.37 > 20 IS-R1

10.36 0.70 10.76 1.32 > 20 IS-R1
9.98 0.13 9.98 0.12 0 Illite (IS-R3)
9.52 0.93 9.86 0.79 0 Illite (IS-R3)

72846 10.49 1.37 10.89 1.34 < 20 IS-R1
9.99 0.58 9.98 0.61 0 Illite (IS-R3)
9.65 0.50 9.87 0.45 0 Illite (IS-R3)

72851 12.08 0.79 12.31 0.89 25–30 IS-R1
10.78 1.25 10.99 1.14 20 IS-R1
9.77 0.78 9.88 0.74 0 Illite (IS-R3)

72852 11.31 0.78 12.08 0.79 > 35 IS-R1
10.44 0.71 10.78 1.25 < 20 IS-R1
9.78 0.69 9.87 0.77 0 Illite (IS-R3)
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suggest a complex evolution. Our research is not included 
the geological time criterion (because of no radiometric ages 
and stratigraphic markers), so that the affecting temperature 
is estimated based on the transformation between phases, 
especially transformation of smectite to illite (smectitie 
illitization). Ramseyer and Boles (1986) also mentioned that 
temperature should be considered as the main factor control-
ling the rate of hydrothermal system. Based on the geologi-
cal setting and geothermal system (chapter 2) as well as the 
overviewing of temperature affecting IS-ml struture (chap-
ter 1.2), different temperature milestones are now pointed 
out for the mineral transformation.

The temperature during the magma cooling is approxi-
mately 400–200 °C, in which primary mica formed dur-
ing magmatic state at around 350 °C (Yoder and Eugster 
1955; Velde 1965, Christidis 1995). The transformation of 

feldspars and muscovite into secondary phases from the 
Soultz-sous-Forêts rhyolites at late magmatic temperatures 
of > 200 °C was stated by Dubois et al. (1996). Because of 
the missing Mesozoic strata, the area was lifted at the sur-
face with significantly low temperature (~ 25 °C as atmos-
pheric temperature).

Northern URG area suffers from geothermal systems 
through the faults and fracture zone (as observed in Stand-
enbühl Formation, Donnersberg Formation, Miocene Wies-
baden Formation). The still existing discrete smectite phase 
demonstrates that the hydrothermal system limits at ~ 230 °C. 
Moreover, the epidote growth on feldspars (Fig. 2d, f) indi-
cated a mean temperature of 200–220 °C in geothermal 
systems for an association of epidote + albite + K-feld-
spar + mica + quartz observed very often in rhyolites and 
intermediate volcanic rocks (Seki 1972; Bird and Helgeson 

Fig. 5  XRD patterns of three selected samples with clay fraction of air-dried specimen (AD) and ethylene-glycolated specimen (EG). Deconvo-
lution of (001) peak showing the experimental lines (black), the best fits (red), and elementary Gaussian curves (green)
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1981; Rochelle et al. 1989; Frey 1987). However, during 
the contact metamorphisms, the peak of hydrothermal tem-
perature should be higher than 170 °C, corresponding to the 
minimum temperature of IS-R1 and IS-R3 transformation.

IS-ml phase, observed by PM as neo-formation directly 
from primary mica (Fig. 2d) and by TEM as medium–large 
plates with IS-R1 structure, indicated that transformation 
from IS-R3 to IS-R1 happened during the evolution. There-
fore, the beginning of hydrothermal alteration happened at 
lower than 170 °C. The IS-R1 phase, identified with the KI 
(FWHM ~ 1.0 Δ°2θ) (Table 5), could be formed at a higher 

temperature than 100 °C reported by Harvey and Browne 
(1991), Merriman and Kemp (1996), and Merriman and 
Frey (1999). Aquilina et al. (1997) studied water–rock inter-
action processes in URG also found 1M polytype formed 
purely in hydrothermal condition at a lower temperature 
(130–170 °C) as a consequence of mixture between old and 
young brines in comparison with 2M1 polytype (> 200 °C). 
Inoue et al. (2004) found the same result about the trans-
formation of felsic volcanic clastic rocks in the Kakkonda 
geothermal system (Japan) under the circulation of NaCl-
rich brine into elongated 1 M polytype of illite (IS-R1) at the 

Fig. 6  TEM images of some 
selected samples from geother-
mal borehole
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temperature of 133–160 °C. Furthermore, the found IS-ml 
phase with %S = 15–40 (Table 5) could be formed with a 
higher temperature than the temperature 110–135 °C to form 
IS-ml with %S > 50% in the studies of Muffler and White 
(1969), and Harvey and Browne (1991). Not only CMs but 
also dolomite found in the studied material (XRD result, 
Table 3) can be used as a temperature sign. Boiron et al. 
(2010) and Dezayes and Lerouge (2019) stated that dolomite 
is likely precipitated from hydrothermal fluids with a high 
amount of meteoric water at about 130–150 °C; therefore, 
the relatively lower temperature period to form IS-ml or 1M 
polytype from 140 to 170 °C.

The later mineral transformation in Cenozoic time mostly 
belongs to the hydrothermal gradient, which is estimated 
consistent with the temperature (130 °C) of the present-day 
geothermal sites. This temperature also fits with the presence 
of the dominant 1M phase in the studied material.

To sum up, six stages could be drawn out for the stud-
ied material evolution: (1) The rhyolites were born in Per-
mian time, near the surface, and then cooled from < 400 
to ~ 200 °C; (2) the area was lifted and was eroded over-
burden at the surface. At these times, the materials were 
also altered by the cooling process and possible hydro-
thermal fluid; (3) the rhyolites met hot fluids and suffered 
contact metamorphisms. The studied material was strongly 
altered by hydrothermal alteration with temperatures of 
140–170 °C; (4) the area was under subsidence with the 
possible formation of Mesozoic sediment. The studied mate-
rial was continuously altered by hydrothermal alteration and 

burial diagenesis. The temperature was higher than 170 °C 
and could be reached a maximum of ~ 230 °C at this stage; 
(5) the area was lifted and suffered the exhumation, resulting 
in late Cretaceous 2500 m eroded. The studied material was 
under a much lower gradient temperature, but still kept up 
with the ~ 130 °C hydrothermal affection; (6) the area was 
under Cenozoic subsidence and compaction. The studied 
material was relatively stable with the hydrothermal process.

During the six stages, the transformation of minerals, 
especially the clay phases, can be grouped into three trans-
formation processes: (1) alteration during magma cooling 
and possible contact metamorphisms with decreasing and 
low temperature-stages 1 + 2; (2) alteration by burial diagen-
esis and hydrothermal alteration with significant increasing 
temperature-stages 3 + 4; (3) transformation under exhuma-
tion and Cenozoic subsidence with decreasing temperature-
stages 5 + 6. The following parts will discuss the CM for-
mations, including the order, structure, and composition; 
as well as the transformation mechanism. The summary is 
shown in Fig. 7.

Smectitization during magma cooling

With the observed mineral composition of the studied rhy-
olite, only a few fresh feldspars and mica as phenocrysts 
remained; the others showed altered signs and neo-forma-
tions, such as sericitized feldspars, saussuritized plagio-
clase, illite/muscovite with hydrothermal-flow structure, 
and growth of epidote on plagioclase. Normally, the fresh 

Fig. 7  Visualization of rhyolite transformation of clay minerals
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rhyolites contain mainly quartz, K-feldspar, and mica (bio-
tite + muscovite). Therefore, it can be stated that primary 
feldspars were altered by sericitization and saussuritization, 
and the smectitization happened to primary mica resulting in 
illite (IS-R3), IS-ml (IS-R1), and smectite (IS-R0).

The sericitization and saussuritization of feldspars (both 
phenocrysts and glassy matrix) lead to the formation of chlo-
rite, illite, and carbonates observed by both PM and XRD. 
The association of epidote and plagioclase (observed by PM) 
is also a proof for the sericitization process, which resulted 
in the formation of sericite and a more sodic plagioclase 
and releasing of  Ca2+; then, this plagioclase combined with 
other components to form epidote by a reaction: Plagio-
clase-1 +  K+ +  Na+ +  Mg2+ +  Fe3+ +  H2O → Sericite + Pla-
gioclase-2 +  Ca2+ → Epidote. The other components could 
be leased when the glassy matrix of rhyolites reacted with 
water, as described by Hay and Sheppard (2001). They men-
tioned that the process could also form void and fissure. The 
observed illite/muscovite with hydrothermal-flow structure 
could be the results of this mentioned process. According 
to Warr and Ferreiro Mählmann (2015), the sericitization to 
form IS-R1 represented a trend of alteration to high-grade 
diagenetic zone.

However, no kaolinite component, which is a typical 
near-surface alteration product of feldspars, was found for 
the studied material. Yuan et al. (2019) explained that high 
potassium level actively promotes feldspars (and even kao-
linite formed early) forming illite/muscovite. The authors 
also reviewed that when the system reaches a steady state 
among the fluid-K-feldspar–illite–quartz, then K-feldspar 
dissolves to form illite and quartz directly following the equa-
tion 3KAlSi3O8 (K‐feldspar) +  2H+ →  KAl3Si3O10(OH)2 
(illite/muscovite) +  6SiO2 +  2K+. The slightly acidic geo-
thermal fluids in Central and Northern URG (Dezayes et al. 
2015) can favor this reaction.

With the mentioned proofs, the transforming feldspars 
into illite and other related minerals followed the dissolution 
and in situ precipitation mechanism. The depletion of  SiO2 
composition in the bulk samples (XRF result, Table 2) com-
pared to the normal fresh rhyolites can be explained by the 
mobilization of dissolved Si from alteration of feldspars and 
mica, which were described by Dubois et al. (2000). With 
the dominant K-feldspar in the normal fresh rhyolite, the 
dissolution can release  Al3+,  Si4+,  K+, and a small amount of 
 Na+ and  Ca2+. This process at a higher temperature develops 
the faster hydrolysis reaction (Hay and Sheppard 2001). This 
solution leads to the growth of neo-formed minerals dis-
cussed and also supports the transformation of other phases, 
such as mica into smectite and IS-ml. The dioctahedral phyl-
losilicates, formed by dissolution of volcanic rocks and pre-
cipitation directly from fluids, were extensively described by 
Bauluz et al. (2002), Inoue et al. (2005), and Murakami et al. 
(2005). The high brine solution in URG fluids (Sanjuan et al. 

2014, 2016; Dezayes et al. 2015) could act as an additional 
reaction promoter for this transformation.

Regarding chemical characteristics, all of the IS-ml and 
end-member phases were identified with Al-rich, but also 
available Mg and Fe in the octahedral layer (Fig. 4, Table 4); 
and the bulk materials were relatively enriched of  Al2O3 
(Table 2). The solution with released  Al3+ could facilitate 
these characteristics. The high brine fluids also support  Na+ 
for the formation of Na-smectite and IS-ml. The Na-smectite 
formation from hydrolysis reaction of altered volcanic rocks 
was demonstrated by some studies used the thermodynamic 
model (Tomita et al. 1993; Cuadros et al. 1999; Hodder et al. 
1993). The xenomorphic flakes of smectite observed by 
TEM (Fig. 6) fit with a footprint of the precipitation mecha-
nism. This phase was also detected by XRD for clay fraction 
(Table 5, Figs. 5, 6), but with the tiny amount. The illitiza-
tion that happened with most of the former smectite amount 
can be the answer. By all of the used methods for both bulk 
samples and clay fractions, the IS-ml phase showed domina-
tion in the studied materials. It is proof of the change from 
the main mica phase of the primary rhyolite. The presences 
of pseudo-hexagonal illite 2M1 (IS-R3) and elongated IS-ml 
1M (IS-R1) are typical for precipitated particles (Rosenberg 
2002; Inoue et al. 1987, 2005). In particular, the aggregation 
of elongated particles could be the result of a dissolution of 
primary platy mica and evolvement of the larger particles 
following the Ostwald ripening theory (Lifshitz and Slyozov 
1961; Baronnet 1984). The sharp-edge laths are interpreted 
to primary mica. Left, the other morphologies of IS-ml iden-
tified with TEM for the studied samples (Fig. 6) are probably 
products of the solid-state alteration, which was reported 
by Yoder and Eugster (1955), Velde (1965), and Christidis 
(1995).

In conclusion, alteration of the primary rhyolites dur-
ing magma cooling and possible contact metamorphisms 
with decreasing and low temperature happened following 2 
mechanisms: dissolution–precipitation and solid-state trans-
formation. The first one could lead to the alteration of glassy 
matrix and phenocrysts with the dominant association of 
feldspars, mica, and quartz to the neo-formed phases, includ-
ing xenomorphic smectite, pseudo-hexagonal illite, and 
elongated IS-ml (sericite) and epidote. The other morpholo-
gies of IS-ml evolved with the second mechanism. Regard-
ing the IS-ml and end-member phases, only a small amount 
of mica has not suffered from the alteration processes.

Smectite illitization by hydrothermal alteration 
and burial diagenesis

As discussed above, the alteration process happened under 
the contact metamorphisms and subsidence with the increas-
ing temperature range of 140–230 °C. The environment con-
ditions support smectite illitization to form IS-ml, including 
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IS-R1 and IS-R3 orders, correspondingly 1M and 2M1 
polytypes. The previous section mentioned the very small 
amount of discrete smectite remained due to illitization. The 
pseudo-hexagonal illite IS-R3 and elongated IS-R1 phases 
were referred to as products of the dissolution–precipitation 
process with decreasing temperature. The plates of IS-R1 
and IS-R3 were neo-formation of the smectite illitization.

The most common illite and IS-ml are formed directly 
from smectite (Hower et al. 1976; Frey and Robinson 1999; 
Wang et al. 2017). The transformation sequence of smectite 
to illite via interstratifications occurs with a variation in the 
proportion of smectitic (%S) and illitic (%I) layers regard-
less of the geological environment. With the observed IS-ml 
series and %S values for the studied material, the smectite 
illitization continuously changed the ordering of layer stack-
ing from randomly ordered smectite with %S = 90–100 to 
short-range ordered IS-ml (%S = 15–40%) and long-range 
ordered IS-ml (%S < 10%) and end-member illite/muscovite. 
Similar changes were described by many studies (Inoue and 
Utada 1983; Árkai 1991; Hillier 1995; Merriman and Peacor 
1999).

Regarding chemical structure, smectite illitization process 
where the smectitic layer converted into the illitic layer par-
allel with the gradual increase of  Al3+ for  Si4+ tetrahedral 
substitution, and preferential absorption of  K+. The fixed ion 
is preferred over  Na+,  Ca2+, and  Mg2+ exchangeable ions in 
the interlayer sheet as described by Hower et al. (1976) and 
Hoffmann and Hower (1979). The source of  K+ was from 
K-feldspar, and the source of  Al3+ was from feldspar and 
mica.

The micaceous minerals evolved from an earlier CM 
population through the hydrothermal illitization were shown 
by the previous interpretations using CM geothermometer 
in several active geothermal sites, such as Wairakei-New 
Zealand (Steiner 1977), Kakkonda-Japan (Inoue et al. 2004), 
and Miravalles-Costa Rica (Rochelle et al. 1989). Smectite 
illitization was also found a dominant transformation during 
burial diagenesis by many studies, such as Pollard (1971), 
Bell (1986), Veblen (1992), Altaner and Ylagan (1997), 
and Bauluz et al. (2002). The transformation from IS-R0 
to IS-R1 is comparable to CM reaction in the low-grade 
diagenesis (Środoń and Eberl 1984; Wang et al. 1996).

Results from hydrothermal alteration and burial diagen-
esis during Mesozoic eon in Northern URG include not only 
IS-ml series but also Fe, Mg–chlorite. Fe, Mg–chlorite was 
found as growth/stack with mica by PM (Fig. 2b, e) and 
detected as the minor phase by XRD in both bulk rocks and 
clay fractions (Table 2, Fig. 4). Furthermore, the amounts 
of chlorite increased with the depth (Table 2), indicating 
the higher burial diagenesis. The chlorite–muscovite is the 
transformation product from biotite described by Piqué 
and Wybrecht (1987) and Bozkaya et  al. (2002). Spötl 
(1992) explained this transformation by the substitution of 

brucite-like layer for  K+ in the interlayer of biotite and the 
enrichment of Mg properly related to evaporitic fluids. Sulli-
van et al. (1994) and Wilkinson et al. (2001) mentioned that 
the biotite chloritization process could happen before the 
transformation of smectite to illite by fixation of interlayer 
 K+ under low burial diagenesis or hydrothermal temperature.

With the above discussion, the layer-to-layer via cation 
exchange is specified as a mechanism for smectite illitization 
and biotite chloritization. Reynolds and Hower (1970) stated 
this mechanism to explain the growth sequence of smectite 
illitization. By this mechanism, the smectitic layer is con-
tinuously converted into the illitic layer in which ions dif-
fuse through the hydrous interlayer leading to substitutions 
in the different structural sheets, and thus, sheet distortion 
occurs. However, the small amount of discrete smectite with 
Na dominated in the interlayer has remained in the altered 
rhyolite. This can be explained that the smectite particles 
finally did not have enough time to alter completely to IS-ml 
and mica when the environmental conditions changed. Na-
smectite was considered a “sleeper” with a low rate of altera-
tion (Nguyen-Thanh et al. 2014). Therefore, this phase prob-
ably was comparatively stable in the evolution of the rock.

In short, smectite illitization with the mechanism of layer-
to-layer via cation exchange lead to the IS-ml series dur-
ing the hydrothermal interaction and subsidence. The IS-ml 
series include the main phases of IS-R1 1M and IS-R3 2M1 
as well as the minor phase of end-member illite/muscovite. 
The mechanism also results in the neo-formation of chlorite.

Illite smectitization with decreasing temperature

During the end of the Mesozoic eon and the Cenozoic 
eon, the temperature decreased because of the rising 
or light subsidence. However, the temperature is stable 
at around ~ 130  °C with the present-day hydrothermal 
resources. This temperature is favorable for short-range 
ordered (IS-R1 1M), which is dominant phase in the mate-
rial samples (Table 3). Perhaps, the illite smectitization hap-
pened with an amount of IS-R3 (2M1) formed by the illitiza-
tion discussed in the previous section.

The layer-to-layer mechanism or the solid-state alteration, 
which was mentioned in the Sect. 5.2 (smectitization dur-
ing magma cooling) for plates of IS-ml, is also consistent 
with the 2M1-to-1M transformation during this time. This 
mechanism need an increasing of the water activity, which 
conforms to the tectonic activities.

The coexistence of all IS-R0, IS-R1, and IS-R3 orders 
in the studied material demonstrates that the IS-ml phases 
are metastable under the T–P–t–X conditions prevailing in 
Northern URG. Although the P–t–X conditions have not 
been fully clarified, the unclear difference between differ-
ent samples at different depths (3500–3735 m) verifies the 
above statement. However, the much lower layer may present 
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a significantly higher IS-R3 or illite/muscovite proportion, 
because the illite smectitization has not happened.

During the complex geological evolution, the IS-ml and 
end-member phases include three different generations as 
discussed above. This conclusion agrees with Schleicher 
et al. (2006), who used the K–Ar method and found at least 
three episodes of illite crystallization related to the hydro-
thermal environment in Permian, Jurassic, Cretaceous, or 
even younger time of the Soultz-sous-Forêts granite.

Studies about clays have been recent of great interest to 
geothermal prospection in URG because of physical–chemi-
cal changes controlling the permeability of the host rocks 
caused by hydrothermal alteration processes (Schleicher 
et al. 2006; Aretz et al. 2015; Vidal and Genter 2018; Vidal 
et al. 2018). According to Charléty et al. (2007), the devel-
opment of secondary minerals and the transformation of 
silicates into CMs were strongly affected the hydraulic and 
mechanical properties of the rock. In particular, the per-
meability/porosity of the rock was drastically reduced and 
strongly depended on the structure of CMs. However, Bar-
tier et al. (2008) found a reduction of Soult granite perme-
ability by illite formation. With the CMs found, the upper 
3700 m of altered Permian rocks in the deep geothermal 
borehole of Northern URG show a considerable amount of 
swelling population. The swelling CMs can affect the rock 
porosity and fracture sealing. It may become interesting for 
hydrothermal prospection in the Rotliegend below the rhyo-
lite rocks if hot fluids can be trapped and/or higher porosity 
rocks can be presented. To get a conclusive clay formation 
history and timing of mineralization, similar studies are 
needed for younger rocks or suitable sediments to discrimi-
nate clay populations in different stratigraphic levels.

Conclusions

The CM formation in the Permian Donnersberg Forma-
tion of a geothermal borehole in Northern URG has been 
identified with the integration of XRF, PM, XRD, FT-IR, 
and TEM methods for both bulk rocks and clay fractions 
(Table 1). The primary rhyolite rocks have been drastically 
altered with a consecutive hydrothermal system. The altered 
material was semi-quantified with the depletion of  SiO2 
(53.3–57.0 wt%, Table 2) and  K2O (6.43–7.22 wt%), as well 
as the enrichment of  Al2O3 (19.5–22.6 wt%) in comparison 
with the normal fresh rhyolites. Only a small amount of feld-
spar and mica (as sharp-edge laths, Figs. 2, 6) remained as 
primary phases. The mineral composition changed involves 
IS-ml and end-members, feldspars (mostly sericitized and 
saussuritized), quartz, chlorite, epidote, calcite, dolomite, 
and hematite (Tables 1, 3, Figs. 2, 3, 6). The dominant 
IS-ml and end-members make up ~ 38–85 wt% (Table 3) 
and include IS-R1 1M with %S = 15–40, IS-R3 2M1 with 

%S < 10, end-member illite/muscovite IS-R3 2M1, and small 
amount of end-member smectite IS-R0 1Md. This series is 
characterized by a favorable  Al3+ in the structure (Fig. 4, 
Table 4). Focusing on the alteration of these CMs, the study 
points out six stages for the evolution of the studied mate-
rial, correspondingly three transformation processes (Fig. 7).

The first transformation happened during magma cool-
ing and possible contact metamorphisms with decreasing 
and low temperature: from < 400 to ~ 200 °C then to ~ 25 °C. 
Within this process, both the dissolution–precipitation and 
solid-state transformation mechanisms were identified 
based on the texture of the rock (such as illite/muscovite 
with hydrothermal-flow structure) as well as the morphol-
ogy, structure/polytype, and chemistry of minerals (Tables 4, 
5, Figs. 4, 5, 6). The dissolution–precipitation mechanism 
could lead to the neo-formed xenomorphic discrete Na-
smectite, pseudo-hexagonal illite and elongated IS-ml (seric-
ite), and epidote. The solid-state transformation reasonably 
formed the plates of IS-ml (1M and 2M1).

The second transformation was controlled by hydrother-
mal alteration and burial diagenesis with significant increas-
ing temperature, from 140 to 170– ~ 230 °C. During this 
period, smectite illitization with the prevailed mechanism of 
layer-to-layer via cation exchange, which leads continuous 
changes from randomly ordered smectite: from %S = 90–100 
to short-range ordered IS-ml (%S = 15–40%) and long-range 
ordered IS-ml (%S < 10%) and end-member illite/muscovite. 
Primary biotite was altered to Fe, Mg–chlorite with the same 
mechanism. This period may not favor and long enough to 
change all of the Na-smectite particles.

The third transformation followed exhumation and Ceno-
zoic subsidence with decreasing temperature to ~ 130 °C 
of present-day hydrothermal activities. The layer-to-layer 
mechanism is also consistent to convert long-range ordered 
IS-ml to short-range ordered IS-ml. The coexistence of all 
orders/polytypes in the studied material suggested that the 
IS-ml phases are metastable under the present-day condi-
tions in Northern URG. The IS-ml series has drastically 
reduced the permeability/porosity of the rock.
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