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Abstract

Gabbros from the Variscan Tisovita–Iuti ophiolite in Romania display the peculiar Cr-rich mica + calcite + quartz mineral 
association that is typical of listvenites. This metasomatic lithology appears as the end-product of a continuous petrographic series 
of transformed rocks from amphibolitized gabbros (resulting from an ocean-floor metamorphism) to listvenites. During these 
different degrees of modification, chromium is immobile and concentrated in the main silicate phases of each stage (amphibole, 
chlorite and white mica). This process could appear mineralogically and texturally continuous, but chlorite morphology and 
thermometry suggest two main processes. Listvenite formation characterizes a low-temperature (~300°C) metasomatic stage 
overprinted on a previously warmer (>450°C) more common process described as ocean-floor metamorphism.

Keywords: listvenite, Cr-rich muscovite, chlorite thermometry, ophiolite, metasomatism, ocean-floor metamorphism, Tisovita–
Iuti ophiolite, Romania.

Sommaire

Les gabbros de l’ophiolite varisque de Tisovita–Iuti en Roumanie présentent des faciès particuliers de type listvenite à mica 
chromifère, calcite et quartz. Ces roches apparaissent comme le produit final d’un continuum pétrographique depuis les gabbros 
amphibolitisés, classiques du métamorphisme de plancher océanique, jusqu’à leur transformation complète en listvénite. Au 
cours des différents degrés de cette évolution métasomatique, le chrome est immobile et se concentre dans les différentes phases 
majeures silicatées, amphibole puis chlorite et mica blanc. Si la métasomatose peut apparaître continue, d’un point de vue miné-
ralogique et textural, le processus semble cependant découplé dans le temps d’après les morphologies et les résultats thermométri-
ques fondés sur les chlorites. La formation de listvénites serait l’aboutissement d’un épisode métasomatique de basse température 
(~300°C) surimposé au métamorphisme plus classique de plancher océanique, de plus haute température (>450°C).

Mots-clés: listvénite, muscovite chromifère, thermométrie sur chlorite, ophiolites, métasomatose, métamorphisme de plancher 
océanique, ophiolite Tisovita–Iuti, Roumanie.
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process in a serpentine-rich protolith: 1) carbonatization 
(Halls & Zhao 1995), e.g., Srp + 3 CO2 = 3 carbonate 
+ 2 Qtz + 2 H2O, 2) silicification, external contribution 
of silica or silica released in reaction (1), and 3) mica 
formation, e.g., 3 Ab + K+ + 2 H+ = Ms + 6 Qtz + Na+ 
(Kishida & Kerrich 1987).

The latter stage requires an external source of K 
that could be linked to deuteric fluids associated with 
felsic intrusions (Ash 2001) or to seawater-derived 
fluids. Consequently, ophiolite-related formation of 
listvenite can occur in two distinct geotectonic envi-
ronments; subsequent to the obduction of the ophiolite 
(e.g., in dismembered ophiolites in British Columbia: 
Ash 2001), where it is considered as a continental 
mechanism, and in an oceanic domain in a pre- or syn-
obduction context (Kishida & Kerrich 1987, Buisson 
& Leblanc 1987, Auclair et al. 1993, Tsikouras et al. 
2006), which could be considered an unusual expression 
of ocean-floor metamorphism.

Geological Setting

The Tisovita–Iuti ophiolite is located in the Almaj 
Mountains in southern Carpathians of Romania 
(22.2°E, 44.5°N); it may be associated with the ophi-
olitic complexes of Deli Jovan and Zaglavak in Serbia 
(Fig. 1). The accretion of the “Danubian oceanic crust” 
has been dated to the Early Devonian (U–Pb zircon 
age of 405 ± 2.6 Ma; Zakariadze et al. 2006). The 
three massifs constitute a “Danubian Ophiolite”, which 
corresponds to the relics of a Variscan oceanic domain 
outcropping along a 160-km-long single tectonic suture 
dismembered by the Oligocene Cerna–Timok dextral 
strike-slip fault.

The South Carpathian Alpine belt consists of the 
Upper Cretaceous stacking of two major units (Getic 
and Danubian, composed of a crystalline basement 
locally covered by Paleozoic and Mesozoic sediments) 
thrusted upon the Moesian cratonic platform during 
the Tertiary period. These units were partly covered by 
Cenozoic sediments, marked by a major unconformity. 
The various Eoalpine (Cretaceous) Danubian nappes 
have been subdivided into Upper and Lower Danubian 
(Berza et al. 1983, 1994) based on their Mesozoic 
cover (Stănoiu 1973, Kräutner et al. 1981). The Upper 
Danubian nappe, outcropping in the Almaj Mountains, 
is composed of two principal Variscan terranes: Poiana 
Mraconia and Neamţu (Fig. 2). The Neamţu unit is 
essentially composed of metapelites, paragneisses 

Introduction

Listvenites are uncommon rocks formed by the 
metasomatic transformation of mafic and ultramafic 
protoliths to a carbonated lithology (Rose 1837). Their 
formation refers to the same process that generates 
beresites, low-temperature metasomatic rocks char-
acterized by the assemblage quartz + white mica + 
carbonate (ankerite) + pyrite but resulting from the 
replacement of silicic igneous or sedimentary protoliths 
(Zharikov et al. 2007). In the last decades, the term 
listvenite (or listwaenite, listwanite, listvanite) has been 
used in some cases in an inappropriate or restrictive 
way. However, the “true” listvenite, according to Halls 
& Zhao (1995), should be considered as a metasomatic 
rock derived from an ultramafic or a mafic protolith 
and characterized by the specific assemblage chromian 
muscovite + quartz + Fe–Mg carbonates + pyrite. The 
geological interest of such rocks is linked to their likely 
associated mineralization in precious metals (Au, Co, 
Sb, Cu, Ni) (e.g., Ash & Arksey 1990a, b, Aydal 1990, 
Buisson & Leblanc 1985, 1987, Koç & Kadioglu 1996, 
Nixon 1990, Uçurum 1998, 2000).

Listvenites derived from ultramafic protoliths 
associated with the Tisovita–Iuti ophiolite, in the 
southern Carpathians of Romania, can be considered 
as “true” listvenites according to the definition of 
Halls & Zhao (1995). Nevertheless, in contrast with 
classical examples that imply the presence of serpen-
tine in the protolith, some listvenites from Romania 
are also directly derived from gabbroic protoliths. To 
constrain the geotectonic environment of formation of 
these uncommon mafic-rock-derived listvenites, rock-
forming minerals and geothermobarometric conditions 
of formation have been studied. The composition of 
chromian chlorite and chromian mica has been deter-
mined by electron-microprobe analysis and is utilized 
to infer P–T conditions from (1) empirical geothermo-
barometers and (2) mineral equilibria using Berman’s 
thermodynamic software winTWQ 2.3 (Berman 1991) 
with the thermodynamic data of Vidal et al. (2001) on 
chlorite end-members and of Vidal & Parra (2000) on 
chlorite–phengite end-members. With this approach, we 
document the environment of formation of this example 
of gabbro-derived listvenites.

Background Information

Listvenites are commonly associated with ophiolites 
(Buisson & Leblanc 1987, Ash & Arksey 1990a, Auclair 
et al. 1993, Halls & Zhao 1995, Koç & Kadioglu 1996, 
Uçurum 2000, Akbulut et al. 2006, Tsikouras et al. 
2006) and occasionally with greenstone belts (Kishida 
& Kerrich 1987, Béziat et al. 1998). Their formation is 
classically attributed to carbonatization in presence of 
K-bearing fluids (Halls & Zhao 1995). The formation of 
listvenite can be described as a three-stage metasomatic 

Fig. 1.  Schematic geological map of the dismembered 
“Danubian ophiolite” (T–I–G: Tisovita–Iuti–Glavica, 
Romania, D–J: Deli Jovan, and Z: Zaglavak, Serbia) in the 
southern Carpathians.
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and granitic bodies, forming an important migmatitic 
complex. This unit is characteristically affected by 
a medium-pressure – high-temperature amphibolite-
grade metamorphism. The Poiana–Mraconia unit is 
composed of paragneisses and amphibolites. The area 
is intruded by (1) large, elongate, late-orogenic plutons 
(i.e., the Cherbelezu and Sfârdin plutons) that belong to 
the Carboniferous episode of synorogenic magmatism 
(Plissart et al. 2007), (2) a post-orogenic high-K calc-
alkaline Almaj dykes swarm (Féménias 2003, Féménias 
et al. 2008) and (3) some small Mesozoic anorogenic 
alkaline syenites. The tectonic contact between these 
two major metamorphic units corresponds to the struc-
tural position of the Tisovita–Iuti ophiolitic complex 
(Fig. 2).

Variations in lithology allow us to distinguish two 
parts in the Tisovita–Iuti ophiolitic massif (Mărunţiu 
1984) (Fig. 2). (1) The southern part, a low-dip stack, 
consists of ultramafic cumulates (layered dunites and 
serpentinites) and a layered sequence of mafic cumu-
lates (gabbros, olivine gabbros and troctolites) cross-cut 
by undeformed gabbros (Mărunţiu et al. 1997). The 
upper mantle section and the effusive unit of typical 
ophiolites are missing. (2) The eastern part is composed 
of a complete ophiolitic section, from west to east, 
and outcrops in a narrow reverse high-dip slice. Upper 
mantle lithologies consist of serpentinized harzburgites 
and lenses of dunite and podiform chromitite. The Moho 
transition from harzburgites to gabbros is well defined 
and observable in outcrops in the Mraconia River. The 

Fig. 2.  Geological map of the Tisovita–Iuti 
ophiolite showing the location of metaso-
matic rocks in the eastern part, modified after 
Mãruntiu (1984) and Gurau et al. (1976).
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crustal unit is dominated by metagabbros with various 
textures (undeformed, flaser, fine-grained and pegma-
titic). Plagiogranites occur as dykes and bodies up to 
a hundred meters in width. Their field relations with 
gabbros and their low contents of incompatible elements 
(work in progress) favor a genesis by partial melting of 
pre-existing gabbros. Basaltic dykes, cross-cutting the 
gabbros, evolve to a true effusive unit at the top of the 
ophiolite section, well represented in Serbia (Deli Jovan 
and Zaglavak massifs, Fig. 1). Although local quench-
fragmented hyaloclastite breccia occurs in Serbia, a 
classical sheeted dyke complex and pillow structures 
have not been observed owing to the strong deformation 
at the top of the ophiolitic sequence.

Field Occurrences  
and Petrographic Descriptions

The Eastern part of the Tisovita–Iuti ophiolite is 
characterized by an early hydrothermal ocean-floor 
metamorphism and a later, localized (Fig. 2) but well-
developed metasomatic overprint event that affected the 
ultramafic, mafic and silicic rocks. The metasomatism 
of ultramafic rocks produced a strongly transformed, 
greyish, yellowish and chromian-white-mica-bearing 
carbonated lithology that corresponds to a listvenite s.s. 
(Halls & Zhao 1995), whereas metasomatism generated 
white epidote-rich beresitic rocks at the expense of 
plagiogranites. Mafic lithologies (gabbro-derived) were 
transformed into a white to greenish smooth, glittering 
rock (Gurau et al. 1976) that is related to listvenite s.s. 
The green color is attributed to chromian white mica 
and is easily recognizable. Listvenite formation affected 
both deformed and undeformed areas a hundred meters 
wide inside the Romanian gabbroic part of the crustal 
section. Comparable gabbro-derived listvenites were 
also found in the Eastern part of the Serbian massifs of 

Deli Jovan and Zaglavak (Fig. 1). A detailed field and 
petrographic study of the Tisovita–Iuti gabbro-derived 
metasomatic lithologies emphasizes the existence of a 
sequence from amphibolitized gabbro (“protolith”) to 
true chromian-white-mica-bearing listvenite. Five main 
assemblages were defined (Table 1).

The first assemblage (Table 1, Fig. 3a: Amp–G s1 = 
epidote-bearing amphibolitized gabbro) contains green 
magnesiohornblende (generally twinned) in equilib-
rium with an intermediate plagioclase and epidote. 
Plagioclase is classically replaced by a secondary 
assemblage of mica + albite + epidote. This alteration 
affects the core of the crystals following a pre-existing 
zonation. White mica and chlorite are rare and not 
chromiferous.

This facies evolves progressively to the second 
assemblage (Table 1, Fig. 3b: Amp–G s2 = clinozo-
isite-bearing amphibolitized gabbros), which contains 
increased amounts of actinolite, chlorite, clinozoisite 
and zoisite. Actinolite is more abundant than green 
hornblende and appears as pale green large crystals or 
as a rim on a hornblende. Colorless euhedral clinozoisite 
replaces plagioclase. Chlorite is mainly colorless and 
appears as well-developed tabular crystals more than 1 
mm in size, or as flakes that replace green amphibole. 
White mica is locally present as well-developed tabular 
crystals. Carbonates have occasionally been observed 
in replacement of actinolite.

The third assemblage (Table 1, Fig. 3c: Czo–G 
s3 = (clinozoisite + chlorite)-bearing amphibolitized 
gabbros) is characterized by the complete disappearance 
of magnesiohornblende and epidote and an increase 
in the content of chlorite and white mica that become 
chromiferous. Clinozoisite generally forms small 
aggregates of anhedral grains in the sodic plagioclase. 
Chlorite and mica display the same habit as in clino-
zoisite-bearing amphibolitized gabbros (Amp–G s2), 
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but appear also in close microcrystalline associations. 
Calcite veinlets cross-cut the rocks, which suggests a 
late formation.

The strong increase of zoisite, chlorite and chromian 
white mica and the progressive disappearance of acti-
nolite and clinozoisite characterize the fourth assem-
blage (Table 1: Zo–G s4 = (zoisite + chlorite)-bearing 
amphibolitized gabbros). These deeply transformed 
rocks resemble the fifth assemblage (Table 1, Fig. 3d: 
List s5 = listvenites s.s.) except that calcite, rutile and 
sulfides (that characterize the final listvenitic stage) are 
more scarce or absent. Listvenites s.s. are principally 
composed of zoisite in greyish microcrystalline aggre-
gates, disseminated calcite, white mica + chlorite in a 
fine-grained association and quartz. This assemblage 
completely overprints the original magmatic texture. 
Local enrichment in chromium is characterized by the 
occurrence of blue-green pleochroic chromian white 
mica, colorless chromian chlorite and chromian zoisite. 
An unusual Cr-diffusion aureole (Fig. 3e) is observed 
around a relict chromium-rich phase (e.g., spinel).

Numerous plagiogranitic intrusions composed of 
quartz + albite (Table 1: Pl–g) are present as stocks or 
dykes in the mafic series of the Tisovita–Iuti ophiolite. 
They commonly display postmagmatic metasomatic 
modifications, comparable to those leading to listvenite 
formation, characterized by the common breakdown of 
plagioclase and new development of white mica and 
calcite, defining the so-called beresites (Zharikov et al. 
2007). The formation of beresites affecting the felsic 
rocks is similar to the transformation of gabbros and 
ultramafic lithologies to listvenites. The two processes 
will be discussed together.

Mineral Composition

The major-element composition of the main mineral 
phases was determined with the electron microprobes 
(Cameca SX50 and SX100) at the CAMPARIS center 
(Université Paris VII) using WDS and a combination 
of natural and synthetic mineral standards. Operating 
conditions were: beam current 10 nA and 15 nA for 
each instrument, respectively, an accelerating voltage 
of 15 kV for both instruments, with a counting time of 
10 s per element.

Amphibole

The Fe2+:Fe3+ ratio of all the amphiboles was 
calculated following Schumacher’s method (Appendix 
in Leake et al. 1997); thus we estimated limits of 
maximum and minimum values of ferric ion content on 
the basis of permissible and usual site-occupancies in an 
amphibole. All amphiboles from the mafic lithologies 
of the Tisovita–Iuti ophiolite are calcic according to the 
IMA classification (Leake et al. 1997). They range from 
magnesiohornblende to actinolite (Table 2, Fig. 4a). 
The Mg# [100Mg/(Mg + Fe2+) varies between 74 and 

89.2 (average value: 84). The Ti content is commonly 
lower than 0.2 apfu. The Cr content varies between 0 
and 0.15 apfu (Table 2, Fig. 4b). The highest values 
(1.1 to 1.3 wt% Cr2O3) were found in zoisite-bearing 
gabbros (Table 2, Fig. 4b), whereas the amphibole of 
amphibolitized gabbros s1 and s2 displays low contents, 
with only a local enrichment (up to 0.8 wt% Cr2O3). 
The composition of the amphibole evolves along the 
primary evolutionary sequence (Fig. 4a). The Mg# 
increases from the first stage of pyroxene replacement 
by a green hornblende (64 to 73 for Amp–G s1) to the 
other stages of the sequence (74 to 89 for Amp–G s2, 
82 to 88 for Czo–G s3 and Zo–G s4). The Si content 
also changes along the sequence, displaying a strong 
increase from amphibolitized gabbros (6.7 to 7.9 apfu 
for Amp–G s1 and s2) to the more altered stages (7.6 to 
7.9 for Czo–G s3 and Zo–G s4), reflecting the composi-
tion of the neoformed actinolite.

The range of amphibole composition in the Tisovita–
Iuti ophiolitic gabbros is quite comparable (Fig. 4a) 
to those of classical ophiolites like Trinity (Lécuyer 
et al. 1990) and Lizard (Hopkinson & Roberts 1995). 
Comparable compositions have also been observed in 
present-day ocean-floor materials (Fig. 4a) from the 
southwestern Indian Ridge (Hole 735B, gabbros from 
Atlantis II Transform, Stakes et al. 1991, Vanko & 
Stakes 1991, Robinson et al. 2002) and Mid-Atlantic 
Ridge (Holes 921 to 924, hydrothermal veins in gabbros 
from the Kane Transform, Dilek et al. 1997).

Epidote-group minerals

Epidote-group minerals of the Tisovita–Iuti suite can 
be subdivided into three distinct groups on the basis of 
the XFe3+ [Fe3+/(Fe3++Al3+–2 + Cr3+)] content of the 
M3 site of the structural formula (Table 3, Fig. 5a): (1) 
epidote s.s. (XFe3+ > 0.5) is present in epidote-bearing 
amphibolitized gabbros (Amp–Gs 1) and plagiogranites 
(Pl–g); (2) clinozoisite (0.15 < XFe3+ < 0.5) occurs in 
clinozoisite and clinozoisite + chlorite amphibolitized 
gabbros (Amp–G s2 and Czo–G s3); (3) zoisite (XFe3+ 

< 0.15) is restricted to zoisite + chlorite amphibolitized 
gabbros (Zo–G s4) and listvenites (List s5). The Cr 
content of zoisite reaches 1.24 wt % Cr2O3 in listvenites 
and chromian-mica-bearing gabbros. Epidote displays a 
wide range of Fe3+-for-Al3+ substitution (Fig. 5b), which 
is not commonly observed in comparable geological 
environments. A few compositions (Fig. 5b) plot outside 
the typical range of substitution and display lower sum 
of Al3+ + Fe3+, in agreement with their abnormally high 
Si content.

In comparison with the Tisovita–Iuti ophiolite, 
gabbros from ODP Hole 735B (Cannat et al. 1991) 
and East Taiwan ophiolite (Liou & Ernst 1979) do 
not contain zoisite. Iron-rich epidote (epidote s.s. in 
Fig. 5) has not been observed in the Limousin ophiolite 
(Berger et al. 2005, J. Berger, pers. commun., 2008). 
On the contrary, the Trinity ophiolite is characterized by 
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the absence of true clinozoisite (Lécuyer et al. 1990). 
The Fe content in epidote from Tisovita–Iuti decreases 
along the “petrological” sequence: epidote s.s. occurs 
in slightly altered gabbros, whereas zoisite characterizes 
the more transformed rocks.

Chlorite

The calculation of a structural formula for a chlorite 
is complex because the proportion of vacancies in the 
octahedral site varies with the Fe2+:Fe3+ ratio, according 
to the tri-dioctahedral substitution as defined by Foster 
(1962). As the Fe2+:Fe3+ ratio cannot be determined with 
an electron microprobe, and the existence of octahedral 
vacancies in the crystallographic network cannot really 
be assessed, a simple calculation to obtain the structural 
formula is impossible. However, the Fe3+ content of 
the chlorite is typically less than 15% of Fetot and is 
not related to the oxygen fugacity conditions but rather 
to crystal-chemical constraints (Dyar et al. 1992, Zane 
et al. 1998). Consequently, the structural formula of 
the analyzed chlorites has been calculated considering 
Fe2+ = Fetot. The possibility of octahedral vacancies in 

chlorites is hotly debated: some authors (i.e., Shau et 
al. 1990, Jiang et al. 1994) have claimed that calculated 
vacancies are only an artefact linked to the presence of 
interstratified mineral associations or fine-grained inter-
grown minerals. We have checked for these possible 
interstratifications in the Tisovita–Iuti chlorites by using 
(i) the criteria of Foster (1962), defined as Na2O + K2O 
+ CaO < 0.5 wt% (see Hillier & Velde 1991, and Jiang 
et al. 1994), (ii) a variety of bi-element correlation 
diagrams proposed by Shau et al. (1990) and Jiang et al. 
(1994), and (iii) several criteria to exclude contaminated 
compositions, as defined by Vidal & Parra (2000) and 
Vidal et al. (2001). All these criteria are fullfilled for 
the Tisovita–Iuti chlorites (Table 4), which allows us to 
calculate the structural formulae with octahedral vacan-
cies. Site occupancy is calculated according to Vidal & 
Parra (2000), with Cr3+ incorporated at the M4 interlay-
ered VIAl site as described by Bish (1977), Phillips et 
al. (1980) and Rule & Bailey (1987, in Bailey 1988). 
The labels applied to chlorite-group minerals in this 
work correspond to the thermodynamic end-members 
of Vidal & Parra (2000) and Vidal et al. (2001, 2005) 
(Table 5). The names of those end members that do not 
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Fig. 3.  Photomicrographs (a–d: crossed-polarized transmitted light, e: thin section scanned) of various assemblages (a) Amp–G 
s1, and (b) Amp–G s2. Note the large tabular grains of chlorite corresponding to the high-T hydrothermal metamorphism 
event (c) Czo–G s3 and (d) List s5. Note the small grains of chlorite corresponding to the low-T metasomatic event. (e) List 
s5: note the Cr diffusion aureole around relict spinel. Symbols: Ab: albite, Act: actinolite, Cal: calcite, Chl: chlorite, Czo: 
clinozoisite, Ep: epidote s.s., Mg–Hbl: magnesiohornblende, Ms: muscovite, Ttn: titanite, Zo: zoisite.
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correspond to IMA-sanctioned terminology are shown 
in quotation marks.

In the Tisovita–Iuti suite, the chlorite is triocta-
hedral; its composition can be expressed as a linear 
combination of clinochlore, amesite and sudoite end-
members for gabbro-derived lithologies, and essen-
tially of clinochlore and “daphnite” end-members for 
plagiogranites (Table 4, Fig. 6a). All analyzed grains 
of chlorites are strongly magnesian (Fig. 6b), which 
minimizes the errors generated by assuming Fe2+ = Fetot. 
The Mg/(Mg + Fetot) value varies between 0.76 and 0.88 
for chlorite of listvenites and metasomatic gabbros, and 
between 0.54 and 0.66 for chlorite of plagiogranites 

(Fig. 6a). The high Cr3+ content (up to 8.45 wt% Cr2O3) 
of the chlorites from the (zoisite + chlorite)-bearing 
amphibolitized gabbros (Zo–G s4) and the listvenites 
(List s5) is comparable to that of chromian chlorite at 
other localities (Phillips et al. 1980) (Fig. 6c).

The Tisovita–Iuti chlorites display higher Mg 
contents than those from modern oceanic occurrences 
[gabbros from Hole 735B ODP (Stakes et al. 1991, 
Vanko & Stakes 1991, Robinson et al. 2002); hydro-
thermal veins in gabbros from Holes 921 to 924 ODP 
(Dilek et al. 1997); upper crust from Hole 504B ODP 
(Alt et al. 1996); Kane Transform + Trans-Atlantic 
Geotraverse (TAG), + Galapagos + East Pacific Ridge 

Fig. 4.  (a) Composition of Tisovita–Iuti amphiboles from various assemblages and com-
parison with ancient and modern oceanic occurrences (nomenclature after Leake et al. 
1997). Compilation from 1: Hole 735B ODP, Atlantis II Transform (gabbros), South-
west Indian Ridge (Stakes et al. 1991, Vanko & Stakes 1991, Robinson et al. 2002), 2: 
Holes 921 to 924 ODP (hydrothermal veins in gabbros), Kane Transform, Mid-Atlantic 
Ridge (Dilek et al. 1997), 3: Cap Lizard ophiolite (gabbros), U–K (Hopkinson & 
Roberts 1995), 4: Trinity ophiolite, California (gabbros and sheeted dyke complex) 
(Lécuyer et al. 1990). (b) Cr contents found in the Tisovita–Iuti amphiboles.
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13°N + Izu Bonin fore-arc (Alt 1999); diabases, 
basalts and gabbros from Holes 1117, 1118, 1109 ODP 
(Gardien et al. 2002)] (Fig. 6b). However, similar 
high-Mg chlorites have been found in the upper crust 
of the Hole 736 ODP (forearc basement of Izu–Bonin 
Arc in the West Pacific; Alt et al. 1998). In ophiolites, 
high-Mg chlorites are relatively uncommon [e.g., East 
Taiwan (Liou & Ernst 1979), Lizard (Hopkinson & 
Roberts 1995) and Limousin (Berger et al. 2005, J. 
Berger, pers. commun., 2008).

White mica

Structural formulae are difficult to calculate for 
micas. In addition to the existence of “true” octahedral 
vacancies and to the unknown Fe2+/Fe3+ value, also 
in the case of chlorite, the extent of vacancies in the 

twelve-fold site in white micas is uncertain because (1) 
the mica is generally not analyzed for Ba and Sr, (2) loss 
of alkalis characterized by a negative “Al-celadonite” 
end-member (Parra et al. 2002) during WDS analyses 
can occur, and (3) intergrown minerals can be present. 
This can lead to an overestimation of the extent of 
vacancies in white micas. Furthermore, incorporation 
of Ba into the mica structure is facilitated by the pres-
ence of chromium (Harlow 1995 in Guidotti & Sassi 
1998). The good correlation between 12-fold vacancies 
and Cr contents for Tisovita–Iuti white micas may thus 
reflect a high Ba content. In contrast to chlorites, Fe3+ 
in micas is known to be controlled by oxygen fugacity 
conditions (Guidotti et al. 1994). The structural formula 
has been calculated after Vidal & Parra (2000), with 
Cr3+ and Fe3+ incorporated at the [M2 + M3] site. The 
analyzed Tisovita–Iuti micas are phengitic (Rieder et 
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al. 1998), with a composition close to the muscovite 
end-member (Fig. 7a).

White micas are uncommon in oceanic environ-
ments; only biotite is known from gabbros of modern 
oceanic settings (Stakes et al. 1991, Vanko & Stakes 
1991, Cannat et al. 1997, Robinson et al. 2002). Never-
theless, muscovite has been described in ophiolites 
(Buisson & Leblanc 1987, Ash & Arksey 1990a, b, 
Lécuyer et al. 1990, Halls & Zhao 1995, Berger et al. 
2005, Nasir et al. 2007).

Two groups of white micas can be distinguished in 
the Tisovita–Iuti rocks on the basis of the Fetot contents 
(Table 6). The first group is characterized by very low 
Fe content (<0.2 apfu) with Fetot = Fe3+ according to the 

conditions set by Vidal & Parra (2000) and Parra et al. 
(2002) to reject “incorrect” datasets (i.e., compositions 
that cannot be expressed as a linear combination of the 
end-members celadonite – muscovite – paragonite – 
pyrophyllite – biotite). This group of mica compositions 
is found in clinozoisite-bearing amphibolitized gabbros 
(Amp–G s2) to listvenites s.s. (List s5). The second 
group is characterized by higher Fe contents (0.2–0.5 
apfu) with Fetot = Fe2+, and occurs in epidote-bearing 
amphibolitized gabbros s1 and plagiogranites.

Micas contain higher Cr contents (up to 4.85 wt.%) 
in the listvenites and the (zoisite + chlorite)-bearing 
amphibolitized gabbros (Fig. 7b), and consist of 
chromian phengite. The Cr content is comparable to 
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other compositions of chromian mica in the literature 
(Whitmore et al. 1946). Moreover, these micas are 
similar to those described in others ophiolite-associated 
occurrences of listvenite (Buisson & Leblanc 1987, 
Ash & Arksey 1990a, b, Halls & Zhao 1995, Nasir et 
al. 2007).

Geothermometry

The Tisovita–Iuti listvenites (i.e., List s5) contain the 
association zoisite + chlorite + phengite. Zoisite occurs 
typically in low-pressure metasomatic assemblages 
by the breakdown of plagioclase (e.g., Klemd 2004). 
A tentative multi-equilibria approach on the mineral 
pair chlorite–phengite (Vidal & Parra 2000) was first 
investigated to constrain the temperature and pressure 
of listvenite formation. Results display well-constrained 
temperatures, whereas pressure estimation is not achiev-
able. Consequently, geothermometric conditions of 
formation of these low-pressure metasomatic litholo-
gies were determined using a thermodynamic model 
based solely on the compositions of chlorite (Vidal & 
Parra 2000, Vidal et al. 2001, 2005, 2006). Empirical 
geothermometers based on chlorite (Cathelineau 1988, 
Kranidiotis & MacLean 1987, Jowett 1991, Hillier & 
Velde 1991, Zang & Fyfe 1995) were applied on the 
Tisovita–Iuti chlorites (Fig. 8a) for comparison with 

the thermodynamic approach. The geobarometric condi-
tions were estimated with the empirical P–T relation of 
Velde (1967) based on the Si content in micas.

Thermodynamic model to estimate  
the temperature of equilibration

The internally consistent winTWQ software (version 
2.32) based on a multi-equilibrium calculation (Berman 
1991) was used in association with the thermodynamic 
database on chlorite end-members of Vidal et al. 

Fig. 5.  a. Classification of Tisovita–Iuti epidote-group minerals in a triangular diagram based on the X[M3] content (adapted 
from Franz & Liebscher 2004) : XFe3+ = Fe3+/(Fe3+ + Al3+– 2 + Cr3+), XCr3+ = Cr3+/(Fe3+ + Al3+– 2 + Cr3+), XAl3+ = (Al3+– 
2)/(Fe3+ + Al3+– 2 + Cr3+). b. Comparison between Tisovita–Iuti epidote-group minerals and ancient and modern oceanic 
occurrences. Compilation from 1 and 4 (see caption of Fig. 4), 5: Limousin ophiolite, France (metagabbros) (Berger et al. 
2005 and pers. commun., 2008), 6: East Taiwan ophiolite, Taiwan (gabbros, veins in gabbros, rodingites) (Liou & Ernst 1979). 
“Tawmawite” (i.e., Cr-rich epidote) is shown in quotation marks because it is not an IMA-approved name.
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(2001). Following Vidal & Parra (2000), four equi-
librium reactions (Eq. 1–4) using five end-members 
of chlorite-group minerals proposed by those authors 
[clinochlore (Clc), Fe-amesite (Fe-Am), Mg-amesite 
(Mg-Am), daphnite (Daph) and Mg-sudoite (Mg-Sud)] 
can be used:

2 Clin + 3 Sud $ 4 Mg-Am + 7 Qtz + 4 H2O	 (1) 
 
4 Clin + 5 Fe-Am $ 4 Daph + 5 Mg-Am	 (2) 
 
16 Daph + 15 Sud $ 20 Fe-Am  
+ 6 Clin + 35 Qtz + 20 H2O	 (3) 
 
4 Daph + 6 Sud $ 5 Fe-am  
+ 3 Mg-Am + 14 Qtz + 8 H2O	 (4)

These reactions define four geothermometric curves 
in a P–T grid. Reaction (2) is very sensitive to small 
compositional changes, and the curve generated is 
generally outside the stability field of chlorite. Conse-
quently, the average temperature was calculated only 
on the three other reactions (invariably close to each 
other, in a range of 80°C) for a pressure fixed at 2.5 
kbar. Forty-two compositions of Tisovita–Iuti chlorite 
conform to the conditions defined by Vidal & Parra 
(2000) and Vidal et al. (2001); they can be expressed as 
a linear combination of the five end-members. For some 
samples, the three curves are not strictly T-dependent 
and were adjusted assuming Fe3+ = 0.15 3 Fetot, the 
maximum Fe3+ content of chlorites according to Dyar 
et al. (1992).

In contrast with the results of empirical thermometry 
(Fig. 8a), the frequency distributions of T estimated 
by this thermodynamic model are more complex and 
extend over a larger range of temperatures (Fig. 8b). In 
all rock types except Amp–Gs 2, which displays rela-
tively high temperatures (~450°C), two distinct popula-
tions of chlorite can be distinguished: a group of low-T 
chlorites (280–320°C) that is quite comparable to the 
results obtained with empirical thermometers (Fig. 8a), 
and a group of higher-T chlorites (400–460°C). This 
bimodal distribution of temperature is not related to the 
Cr content of chlorite, but is consistent with petrological 
observations. Indeed, high-T chlorites occur as large 
tabular crystals (Fig. 3b) or as the core of the smaller 
grains, whereas low-T chlorites are found in microcrys-
talline association with the micas (Fig. 3d), as a rim 
on high-T chlorites, or in replacement of actinolite. A 
pressure estimate of less than 4 kbar is proposed for T 
≤ 400°C using the P–T relation of Velde based on the Si 
content in micas (3.1 to 3.3 apfu for T–I micas).

Fig. 6.  (a) Classification of Tisovita–Iuti chlorite-group 
minerals showing the high Mg# = Mg/(Mg + Fetot) in 
gabbro-derived rocks. (b) Composition of Tisovita–Iuti 
chlorites and comparison with ancient and modern oceanic 
occurrences (after Nimis et al. 2004). Compilation from 1, 
2, 3 and 4 (see caption of Fig. 4), 5 and 6 (see caption of 
Fig. 5). (c) Cr contents found in the Tisovita–Iuti chlorites. 
See Table 5 for a comment on the nomenclature of chlorite-
group minerals.
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Discussion

Chlorite–phengite equilibria  
and the listvenitic paragenesis

Several mineral assemblages have been observed 
and described in the variously transformed Tisovita–
Iuti gabbros. Phengite and chlorite occur together in 
all of them, however, and their relative modal propor-
tions increase with the degree of metasomatic changes. 
Textural equilibrium between these two phases has 
already been suggested by petrographic observations 
made of the listvenites (List s5), where they occur in 
a close microcrystalline association. This is confirmed 
by using the chemical composition of chl–phg pairs for 
each lithology: the tie-lines for all analyzed pairs are 
parallel in an IVAl – (VIAl + Cr + Fe3+) diagram (Fig. 9a), 
which illustrates the similar behavior of these phases 
during metasomatic evolution. This equilibrium is also 
suggested by the correlation for each pair between the 
Mg# of chlorite and phengite (Fig. 9b). Furthermore, 
the high Cr contents are observed for both chlorite (Fig. 
6c) and phengite (Fig. 7b) in the same lithologies (List 
s5 and Zo–G s4). Consequently, the P–T conditions of 
formation of phengite are quite comparable to those of 
chlorite. More precisely, according to their similar habit, 
the crystallization of unusual chromian phengite can be 
discussed in terms of results on the low-temperature 
chlorite to constrain the complete paragenesis of the 
listvenites (zoisite – chlorite – phengite – calcite).

Thermometry results

De Caritat et al. (1993) have shown that the 
empirical thermometers based on chlorite do not yield 
satisfactory results over the whole range of natural 
conditions. Indeed, chemical compositions of chlorite 
depend not only on temperature, but also on bulk-rock 
composition, fluid composition, ƒ(O2), etc. Zane et al. 
(1998) concluded that chlorite composition is mainly 
controlled by the bulk-rock composition, obscuring 
the changes caused by P and T. Moreover, empirical 
geothermometers were calibrated with chlorites 
displaying high contents of Fe [Fe/(Fe + Mg) in the 
range 0.24–0.85] in contrast to those of Tisovita–Iuti 
gabbro-derived lithologies [Fe/(Fe + Mg) in the range 
0.11–0.23]. Nevertheless, the temperatures obtained by 
the thermodynamic approach display different results 
(two populations and higher T) that are more consistent 
with petrographic observations and variations in chlorite 
composition (Fig. 10) and can be interpreted in terms 
of processes at different temperatures. The divergence 
of results between the empirical and thermodynamic 
approaches at high temperatures (≥400°C) was already 
highlighted by Vidal et al. (2006), who have shown that 
at high temperature, different estimates of temperature 
can be obtained for the same IVAl content. In contrast 
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to empirical relations, temperatures appear to be linked 
to the global composition of chlorite illustrated by the 
“Al–chl” parameter (Fig. 10) of de Caritat et al. (1993). 
The Tisovita–Iuti chlorites, although of a limited range 
of composition, display the same behavior in conjunc-
tion with temperatures obtained with TWQ (Fig. 10). 
Consequently, as the empirical relations are not valid 
at high temperatures, thermometric interpretations were 
made with the thermodynamic results only.

The two distinct populations of chlorite (Low-T 
and High-T) correspond to two distinct habits of the 
chlorite grains: the large tabular crystals and the micro-
crystalline association with the micas. The chlorite 
populations are used to define two distinct thermal 
events in the geological history : 1) a medium-T stage 
(~450°C) that occurred during the high-T chlorite – 
epidote – clinozoisite – actinolite – albite crystalliza-
tion (hydrothermal metamorphism), and 2) a low-T 
stage (~300°C) that partially (s1, s2, s3) or totally (s4, 
s5) replaced the former association and gave rise to 
the chlorite – phengite – zoisite – calcite assemblage 
(metasomatism). The two-stage evolution is not related 
to the Cr content of chlorite; nevertheless, the Cr content 
of both mica and chlorite increases dramatically (i.e., 
Cr is not removed) with progress of the low-T meta-
somatic process.

Origin of the chromium enrichment

The origin of the chromium in listvenite directly 
depends on 1) the primary mineral acting as a source 
and its ability to release chromium and 2) the behavior 
of Cr during fluid-linked metasomatism. In an ultra-

mafic or mafic environment, chromite is the primary 
source of chromium, which occurs as Cr3+. However, 
chromium is not easily released from chromite, even 
under high-temperature conditions. The destabilization 
of chromite during hydrothermal alteration is a well-
known process that generally leads to the formation of 
a rim of Cr–Fe3+-enriched spinel or Cr-rich magnetite 
around a relict preserved core, and that promotes 
the formation of chlorite aureoles (Shen et al. 1988, 
Kimball 1990, Mellini et al. 2005). The retention of 
Cr3+ in chromite is linked to his high octahedral site-
preference energy (OSPE), which predicts that Cr3+ will 
be the last ion to be removed from the spinel structure 
(Oze 2003). However, in some cases, a small-scale 
diffusion of Cr out of the spinel is found, and Cr is 
directly enclosed in the surrounding silicates (Hamlyn 
1975, Mussallam et al. 1981, Mitra et al. 1992, Halls 
& Zhao 1995, Graham et al. 1996, Abzalov 1998, Oze 
2003). Extensive release of Cr from chromite is only 
seen in particular conditions: Cr3+ diffusion under 
high-P and low-T conditions (Mével & Kienast 1980) 
or dissolution of chromite and subsequent release of 
Cr under highly oxidizing conditions, such as in the 
presence of Mn oxides (Oze 2003).

In the Tisovita–Iuti gabbros, some spinel composi-
tions [e.g., (Mg0.47Fe0.50) (Al1.34Cr0.50Fe0.15) O4] are 
destabilized in the common way described above, and 
chromium is mobilized only at the scale of mm into 
the surrounding chlorite grains (Fig. 3e). Spinel desta-
bilization could be related to reaction with 1) a fluid 
enriched in Mg and Si during a high-T metasomatism 
(T > 400°C), following equations 5 and 6 of Kimball 
(1990) and Mellini et al. (2005), respectively:

Fig. 7.  (a) Classification of Tisovita–Iuti micas; (b) Cr contents found in the Tisovita–Iuti white micas.



	 gabbro-derived listvenites, tisovita–iuti ophiolite, romania	 97

Fig. 8.  Temperature estimates derived from the chlorite compositions. The frequency is expressed in percentage for a better 
visual comparison. This corresponds, respectively, to 15 chlorite compositions for Amp–G s2, six for Czo–G s3, 15 for Zo–G 
s4 and List s5, and six for Pl–g. (a) Frequency distributions of the temperature obtained with several empirical geother-
mometers [CN: Cathelineau & Nieva (1985), KML: Kranidiotis & MacLean (1987), J: Jowett (1991), HV: Hillier & Velde 
(1991), ZF: Zang & Fyfe (1995)], respectively for Amp–G s2, Czo–G s3, Zo–G s2 and List s5 and Pl–g. Results display 
well-constrained temperatures with a unimodal distribution. (b) Bimodal frequency distributions of temperature obtained with 
the thermodynamic approach of Vidal et al. (2001) introduced in the TWQ software for Amp–G s2, Czo–G s3, Zo–G s2 and 
List s5 and Pl–g, respectively. The location of the Cathelineau & Nieva (88) peak is shown for comparison.
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Fig. 9.  Chlorite–phengite equilibria. (a) Parallelism between tie-lines joining of chlorite–
phengite pairs. (b) Correlation of Mg# of chlorites and phengites.



	 gabbro-derived listvenites, tisovita–iuti ophiolite, romania	 99

Spl + 4 MgO + 3 SiO2 + 4 H2O ! Chl	 (5) 
 
Spl + 1.5 Srp + H2O + 0.083 O2 ! Chl  
+ 0.167 Mgt		  (6)

with possible diffusion of Cr between spinel and 
chlorite, or 2) a Mg-rich silicate (olivine) and H2O, as 
expressed by equation 7:

Ol + Spl + H2O ! (Fe–Cr) Spl + Chl	 (7)

Chromium is thus first locally transferred into silicates 
(local aureole of chromian chlorite, Fig. 3e) during the 
destabilization of the spinel associated with a high-T 
metasomatic event prior to the formation of listvenite. 
During a subsequent stage of alteration, Cr3+ can be 
more easily leached from silicates. However, Cr3+ is 
known to be a chemically immobile cation in fluids 
owing to the formation of highly stable (oxy)hydrox-
ides; on the contrary, Cr6+ forms soluble anions (Burke 
et al. 1991, Ball & Nordstrom 1998). Oxidation of Cr3+ 
to Cr6+ by oxygen in seawater is extremely slow (Van 
der Weijden & Reith 1982), and the only important 
pathway for oxidation in natural systems is probably 
oxidation by Mn oxides (Fendorf 1995, Oze 2003). The 
mobilization of Cr3+ is, however, seen in shear zones 
(Winchester & Max 1984), with strongly acidic condi-
tions (pH < 4) (Oze 2003) and in special systems such 
as Outokumpu, Finland (Treloar 1987). All the condi-
tions mentioned above do not fit with the environment 
of formation of the listvenite of Tisovita–Iuti. Conse-

quently, even if small amounts of Cr3+ are leached from 
the Cr-rich silicates during listvenite formation, they 
are not transformed into Cr6+ and cannot be mobilized. 
Chromium, as aluminum, is thus considered as immo-
bile or only slightly mobilized (mm scale, see Fig. 3e) 
during listvenite formation. In the same way, the early 
Cr-rich chlorite exchanges its Cr with the new low-T 
silicates to form the Cr-rich low-T chlorite – phengite 
– zoisite – calcite assemblage. Consequently, if no chro-
mite is present in the rock as a primary source of Cr, we 
observe Cr-free phengite and low-T Cr-free chlorite in 
equilibrium with calcite and zoisite.

Ocean-floor metamorphism

The gabbros of the Tisovita–Iuti ophiolite illustrate 
a complex transformation history in several stages, 
after their magmatic crystallization. The first event of 
transformation corresponds to hydrothermal metamor-
phism, ranging from the amphibolite to the greenschist 
facies.

The Eastern gabbros of the Tisovita–Iuti ophiolite 
are converted to amphibolite on a regional scale, this 
process being commonly observed in ophiolites (Mével 
et al. 1978, Girardeau & Mével 1982, Lécuyer et al. 
1990, Hopkinson & Roberts 1995, Berger et al. 2005). 
The primary clinopyroxene and plagioclase react with 
H2O to give amphibole and a more sodic plagioclase 
(An0–12 in sample Amp–G s1). Circulation of seawater-
derived fluids can hydrate the mafic lithologies as 
they cool and during frequent plastic deformation, 

Fig. 10.  Distribution of Tisovita–Iuti chlorites IVSi (apfu) versus TWQ-derived tem-
perature showing several trends of decreasing Si with T depending of the “Al–chl” 
parameter defined by de Caritat et al. (1993) as: Al–chl = Altot/(Altot + 2 Fe2+ + 2 Mg) 
and adapted here for Cr-bearing chlorite as: Al–chl = (Altot + Cr3+ + Fe3+)/(Altot + Cr3+ 
+ Fe3+ + 2 Fe2+ + 2 Mg). The Si content classically decreases with T in low-T chlorites, 
but this trend is more T-dependent (flat profile) than classical empirical T–Si relations 
[i.e., Cathelineau & Nieva (1985), CN88], which allows us to obtain high-T results.
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which characterize slow-spreading ridge environments 
(Mével 1988, Stakes et al. 1991, Vanko & Stakes 1991, 
Cannat et al. 1991, 1997, Dilek et al. 1997, Talbi et al. 
1999, Robinson et al. 2002). This retrograde H2O-rich 
metamorphism is typical of ocean-floor processes, also 
observed in the Tisovita–Iuti ophiolite.

A second stage of the retrograde metamorphism 
occurs at the amphibolite–greenschist facies transi-
tion, which generates the association actinolite – sodic 
plagioclase – clinozoisite – high-T chlorite – titanite 
(samples Amp–G s2 and Czo–G s3). The content of Fe3+ 
in epidote-group minerals is related to their formation 
from amphibole and not from plagioclase (Franz & 
Liebscher 2004). Calcite can form during this meta-
morphic event by replacement of amphibole following 
reaction 8 (Kishida & Kerrich 1987).

2 Czo + 3 Act + 10 CO2 + 8 H2O  
= 3 Chl + 10 Cal + 21 Qtz	 (8)

Similar greenschist assemblages are known in ophiolites 
(Liou & Ernst 1979, Lécuyer et al. 1990, Hopkinson 
& Roberts 1995, Berger et al. 2005) and in modern 
oceanic environments (Mével 1988, Fletcher et al. 1997, 
Stakes et al. 1991, Vanko & Stakes 1991, Cannat et al. 
1991, 1997, Talbi et al. 1999, Robinson et al. 2002). 
According to our geothermometric results based on 
chlorite, this stage occurs at moderate temperature 
(~450°C), in agreement with experimental studies (Liou 
et al. 1974).

Listvenite formation

The process of listvenite formation occurs at lower 
temperatures than 450°C and partially or totally replaces 
the previous amphibolite and medium-temperature 
greenschist paragenesis. Low-pressure and low-temper-
ature conditions obtained using mica compositions 
and chlorite geothermometry are in agreement with 
those estimated at 270–390°C and 1–3 kbar at others 
occurrences (e.g., Halls & Zhao 1995, and references 
therein) and those (200 < T < 400°C, 2 < pH < 4 ) for 
beresite formation (Zharikov et al. 2007). In Amp–G 
s1 to Amp–G s3 assemblages, listvenite formation is 
not achieved. Instead, there is only the development of 
phengite and low-T chlorite as a rim on high-T chlorite 
or as a replacement of actinolite. Low-T chlorite is more 
magnesian than high-T chlorite. This high content of 
Mg reflects the leaching of Fe from the rocks during 
the more intense metasomatic event. According to 
Kishida & Kerrich (1987), phengite can form from 
albite according to reaction 9:

3 Ab + K+ + 2H+ ! Phg + 6 Qtz + 3Na+	 (9)

Phengite could reflect a uniquely K-rich metasomatism 
(Eq. 9) where there is no evidence for strong ƒ(CO2) 
(i.e., in stages Amp–G s1 to Czo–G s3). Such K+ enrich-

ment has been observed in gabbros of Hole 735B and 
interpreted as an oceanic late-stage low-T alteration 
(Bach et al. 2001). 

The complete process of listvenite formation leads 
to a zoisite – chlorite – phengite – calcite assemblage 
(samples Zo–Gs 4 and List s 5). The high Al content 
of zoisite is directly linked to the breakdown of plagio-
clase. A low Fe content can also correspond to intense 
metasomatism that leaches iron from the rocks. At this 
stage, amphibole is completely replaced by chlorite, and 
plagioclase is transformed to zoisite under low ƒ(CO2) 
following reaction 10 (Klemd 2004).

3 An + Ca2+ + CO3
2– + H2O ! 2 Zo + CO2	 (10)

Calcite forms under higher ƒ(CO2) and can be gener-
ated from zoisite following the reverse of reaction 10. 
Calcite is also present in veinlets and can be interpreted 
as a late phase. The presence of calcite with zoisite 
involves variations in the CO2 content of the fluid or an 
interaction with another fluid richer in CO2. A similar 
equilibrium between calcite and clinozoisite is seen in 
hydrothermally altered greenstone complex of Archean 
age (Kitajima et al. 2001). It is directly dependent on 
the variations of ƒ(CO2) in the seawater-derived fluids 
due to a phase separation during the ascending path. In 
contrast to the Tisovita–Iuti classical listvenites derived 
from an ultramafic precursor (i.e., carbonate-rich), the 
predominance of zoisite on calcite in gabbro-derived 
listvenites indicates a fluid very poor in CO2 (X � 
0.05 according to Storre & Nitsch 1972), which can 
correspond to bottom seawater (2.38 mmol/kg CO2, 
according to Craig et al. 1981).

Geotectonic environment of listvenite formation

Listvenites from Tisovita–Iuti are widespread and 
originated from different types of rocks (mafic, ultra-
mafic, silicic). During hydrothermal activity at the ridge 
axis, K+ from seawater-derived fluids is integrated 
into micas or clay minerals in the uppermost part of 
the oceanic crust (i.e., basalts) (Alt & Honnorez 1984, 
Honnorez 2003) or deep lithologies (gabbro and serpen-
tinite) exposed along detachment faults (i.e., Hole 735B, 
after Bach et al. 2001). Present-day detachment faults 
in oceanic settings (e.g., Dick et al. 1991, Karson & 
Lawrence 1997, Escartin et al. 2003, Searle & Escartin 
2004, Canales et al. 2004, Boschi et al. 2006a) display 
common talc – amphibole – chlorite – serpentine schists 
(see Boschi et al. 2006b for a review) and more rarely 
amphibole–carbonate schists (Schroeder & John 2004). 
However, carbonate-rich serpentinite breccias (ophical-
cites) are known to be in some cases related to oceanic 
detachment faults (Treves & Harper 1994), generated 
in the final unroofing of the serpentinized upper mantle. 
These ophicalcite-bearing detachment faults pertain 
to the ocean–continent transition (e.g., Lemoine et al. 
1987, Manatschal & Muntener 2008) and mid-ocean 
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ridge setting (e.g., Escartin et al. 2003). In both cases, 
carbonatization is linked to the calcareous sediments 
occurring near the detachment fault (Hopkinson et al. 
2004). Regarding the localization of the listvenites 
inside the ophiolitic massifs (Fig. 1), gabbro-derived 
listvenites appear distinctly restricted to the Eastern part 
of each massif. This particular alignment could reflect 
an ancient discontinuity (detachment fault?), certainly 
a factor in localizing obduction and post-collisonal 
tectonics.

Conclusions

The gabbros of the Eastern part of the Tisovita–Iuti 
ophiolite, in Romania, have been affected by a strong 
alteration, which occurred as two distinct moderate-
temperature and low-temperature events. The first event 
corresponds to a large-scale gradual retrograde ocean-
floor metamorphism of the gabbroic protolith (Amp–Gs 
1 to Czo–G s3), and the second is characterized by the 
local metasomatic transformation of previous litholo-
gies to listvenite (Zo–G s4 to List s5). Although the 
formation of listvenite is in some cases attributed to 
post-obduction metasomatism linked to deuteric fluids 
derived from a granitic intrusion, such a metasomatism 
is neither recorded in the Tisovita–Iuti ophiolite nor in 
its host rocks. Phengite and chlorite are common in the 
listvenite assemblages and are interpreted as late but 
real oceanic-floor-related phases. Chromian phengite 
in the Tisovita–Iuti listvenites has certainly formed in 
an oceanic environment soon after the main ocean-floor 
metamorphism. Low-pressure and low-temperature 
conditions obtained by mica compositions and chlorite 
thermometry could reflect the reaction of seawater with 
exhumed amphibolitized gabbros along possible detach-
ment faults in an oceanic setting.
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