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Introduction
Listvenite is a metasomatic rock mainly composed of Mg-rich

carbonates and quartz, formed by the interaction of CO--rich fluids with
ultramafic rocks. Its main carbonate phase is typically magnesite, with
variable iron content, and locally dolomite or calcite. Potassium-bearing
fluids can alter chromian spinel to Cr-bearing muscovite (e.g., fuchsite).
Listvenite represents a fully carbonated ultramafic rock, where divalent
cations are hosted in carbonates, silica occurs as quartz/chalcedony/opal,
and remnants of the protolith, such as chromian spinel, are preserved. It
forms progressive alteration sequences from carbonated serpentinite to
talc—carbonate rocks and finally to carbonate—quartz rocks—under high
CO: activity and sustained fluid flux. Listvenites are relatively rare,
occurring as lens-shaped or vein-like bodies within ophiolitic complexes
and altered ultramafic rocks. They develop along tectonic contacts and
plate-boundary faults with high CO: flux and have formed throughout
Earth’s history from the Archean to the present.

Regional Geology

fragments associated with pelagic limestones, and the

Listvenites in the Babalou region occur as vein- listvenites are morphologically prominent due to their
like and lens-shaped bodies within the Khoy—Mako greater resistance to weathering and hard outcrops. In
ophiolitic mélange, mainly along shear zones and addition, metamorphosed intermediate to mafic rocks
faults, with mineralization trending parallel to the with dark grey to green colors are exposed within the
N50W orientation of the ophiolites. The mélange colored mélange complexes of the area..

consists of Upper Cretaceous mafic and ultramafic

Analytical methods
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During fieldwork, samples were collected from
metamorphic ~ rocks, = metamorphosed  mafic—
intermediate  rocks of the ophiolite—-mélange,
listvenite alteration zones, and some sedimentary
units, and the general geology of the area was
investigated. A total of 30 thin sections and 10
polished sections were prepared for petrographic and
mineragraphic studies. Based on these results, 10
listvenite samples and 6 metamorphosed mafic—
intermediate samples were selected and analyzed by
ICP—MS at Actlabs, Canada.

Petrography, Mineralogy and Whole Rock
Chemistry

Metamonzodiorite—-meta-Gabbro to Metadiorite—
meta-Gabbro (DG)
The rocks display a granoblastic texture and are

dominated by plagioclase, K-feldspar, amphibole,
clinopyroxene, and epidote, with sphene as the main
accessory. Plagioclase commonly shows deformation
(bending/kinking), while clinozoisite occurs as an
alteration product of amphibole and plagioclase.

Meta Quartz Monzodiorite (QD)
The rocks are composed of plagioclase, K-

feldspar, quartz,  muscovite, and  epidote
(allanite/pistacite), with minor biotite and rutile. They
have  undergone significant  silicic—carbonate
alteration, resulting in secondary chlorite, epidote,
muscovite, and malachite. Notably, amorphous brown
allanite is observed partially altering to pistacite.

Silicic-Carbonate Listvenite
These rocks are primarily composed of quartz and

carbonate. Quartz shows deformation and some
recrystallization, while carbonate occurs in the
matrix, crystals, and veins. Two generations of
muscovite are present, and fuchsite likely formed
during the late stage of listvenitization.

Silicic Listvenite
These rocks consist mainly of quartz and calcite,

with minor muscovite and opaque minerals. Quartz
occurs as crystalline quartz and chalcedony,
commonly showing fracturing, brecciation, and cavity
filling. Siliceous veins display radial to feather-like
textures and may form geode-like structures.
Carbonates are mostly calcite, with minor dolomite,
occurring in grains, veins, and fractures.

Discussion
Listvenite formation in the Babalu region resulted

from CO:-rich, K-bearing hydrothermal fluids

moving through faults and shear zones after ophiolite
emplacement and tectonic activity. The alteration was
controlled by temperature, pH, oxygen fugacity, and
sulfur fugacity. This process occurred in three main
stages: carbonatization, with formation of calcite,
dolomite, chlorite, epidote, and tremolite;
silicification, with addition of silica and formation of
quartz; and mica formation in the late stage. Repeated
veining shows multiple pulses of alteration, and pyrite
and chalcopyrite formed during cooler or chemically
favorable fluid conditions.

The SiO»-LOI and SiO—(CaO+MgO)-Fe.0s
ternary diagrams both classify the studied rocks as
siliceous listvenites. In SiO.—LOI space, they plot in
the high silica, low LOI field. In the SiO>—Fe.Os—
(CaO+MgO) diagram, they lie near the SiO: apex
along the (CaO+MgO)-SiO: edge, reflecting low Fe
content and the scarcity of Fe-rich carbonates such as
ankerite and siderite.

Chondrite-normalized REE patterns distinguish
the two listvenite types. Siliceous listvenites are very
REE-poor, nearly flat, and show a strong positive Eu
anomaly, likely from calcic plagioclase alteration.
Siliceous—carbonate listvenites have slightly higher
REE contents but no Eu anomaly, probably due to
calcite. Their (La/Yb)n ratios indicate gentle to
moderate fractionation. Tectonic data place the meta
quartz monzodiorite in the VAG field and the meta
monzodiorite—meta diorite—meta gabbro in the
continental arc field, so neither is a likely ophiolitic
source for the listvenites. The most probable source is
another, unidentified ophiolitic rock in the area.
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Figure 3. Distant view of the rock units in the study area (view toward the northeast).
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Figure 4. Hand specimen of A) metamonzodiorite—gabbro; B) metaquartz monzodiorite.
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Figure 5. Field and Hand-specimen photographs of listvenites. A) Lens-shaped listvenite within intermediate to
mafic rocks of the mélange ophiolite complex; B) Quartz vein with malachite and azurite mineralization; C: Hand

specimen of listvenite with a siliceous vein; D) White listvenite; E) Cream-yellow listvenite; F) Listvenite with a
siliceous vein accompanied by malachite.
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Figure 6. A-B) Field photographs of the Eocene conglomerate unit.
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Table 1. ????? and ICP-MS analytical data of listvenite and their source rocks from the Babalou area.

Sample No. DG-1 DG-2 DG-3 QD-1 QD-2 QD-3 Lis.Si-1 Lis.Si-2
SiO; 51.39 50.89 51.88 56.84 57.08 56.62 78.93 77.84
TiO, 1.83 1.92 1.74 1.89 1.82 1.76 0.12 0.11
Al,O; 13.38 13.24 17.88 18.9 18.08 17.92 17 1.68
Fe;0s 12.03 12.34 7.85 7.48 7.76 8.22 0.83 0.91
MnO 0.21 0.24 0.26 0.36 0.34 0.42 0.06 0.04
MgO 7.56 7.52 7.62 2.66 2.92 2.68 151 0.74
CaO 6.2 6.32 6.12 291 3.02 2.88 10.54 10.88
Na,O 3.01 3.02 2.98 3.48 3.36 3.54 0.05 0.04
K0 1.01 1.04 1.06 2.42 2.48 2.74 0.54 0.62
P20s 0.35 0.36 0.34 0.1 0.12 0.14 0.01 0.01
LOI 2.5 2.48 2.36 2.3 2.14 2.02 6.5 6.82
Total 99.47 99.37 100.09 99.34 99.12 98.94 100.73 100.47
W 0.1 0.1 0.2 0.6 0.6 0.5 0.6 11
B 15 14 17 4 3 5 16 17

Li 25.3 24.8 25.6 7.1 7.4 6.8 123 124
Cd 0.1 0.08 0.12 0.07 0.06 0.09 0.07 0.08
\Y 127 124 132 10 11 13 0.75 0.72
Cr 388 385 372 5.7 6.8 9.4 1720 1712
Hf 0.6 0.6 0.8 0.2 0.3 0.2 0.2 0.2
Ni 200 198 202 8.2 8.6 9.2 1080 1044
Er 3.2 3.1 3.4 17 1.6 1.9 0.2 0.2
Be 31 3.2 31 2.3 2.4 2.6 0.4 0.4
Ho 11 1.2 14 0.8 0.9 0.8 0.075 0.08
Hg 0.007 0.006 0.009 0.03 0.04 0.03 0.02 0.02
Ag 0.27 0.24 0.31 0.59 0.58 0.52 0.13 0.12
Cs 0.67 0.66 0.72 2.25 2.54 2.61 0.93 0.91

Co 57.8 58.1 57.4 4.9 5.4 4.6 44.1 44.6
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Table 1. Continued.

Sample No. DG-1 DG-2 DG-3 QD-1 QD-2 QD-3 Lis.Si-1 Lis.Si-2
Eu 2.6 2.4 2.7 2.28 2.32 2.29 0.7 0.68
Bi 0.44 0.46 0.45 0.09 0.09 0.12 0.17 0.16
Se 1.2 1.3 1.2 0.8 0.8 0.9 0.7 0.7
Zn 145 144 152 147 148 162 24.2 24.2
Ga 18.3 18.2 17.9 25.3 26.1 25.8 15 15
As 5 5.4 6.2 25 2.2 26 19.7 19.2
Rb 20.8 21.4 19.8 74.9 75.6 79.8 21.9 21.8
Y 29 28.4 27.2 18.2 19.1 18.4 15 15
Zr 14 16.8 17.2 11 12.8 25.6 8.9 8.8
Nb 2.9 2.8 31 247 238 24.4 1.1 1.2
Mo 0.44 0.46 0.52 0.98 0.92 1.02 353 3.48
In 0.075 0.08 0.075 0.075 0.085 0.07 0.075 0.08
Sn 1 1.2 14 4 46 42 4 38
Sh 0.2 0.3 0.2 1 1.1 14 25 2.4
Te 0.075 0.07 0.08 0.075 0.085 0.08 0.075 0.07
Ba 96 98 94 656 662 654 114 112
La 37.6 36.9 38.1 388 384.2 345.6 2.3 24
Ce 77.2 78.4 82.6 611 588.2 602.4 3.7 38
Pr 9.4 9.2 9.6 66 64.2 66.8 0.4 0.4
Nd 34.7 35.2 34.8 210 212.1 214.6 1.4 1.3
Sm 6.8 6.6 7.1 25.6 248 253 0.3 0.3
Gd 6.6 6.4 6.8 16.7 17.1 16.8 3 238
Tb 1 1.2 14 1.3 1.6 15 0.075 0.08
Dy 5.9 5.8 6.1 5.7 5.7 5.8 0.3 0.3
Cu 413 415 452 78.1 80.2 92.4 305 302
Ge 0.3 0.2 0.3 05 0.6 05 0.075 0.08
Tm 0.4 0.4 05 0.2 0.2 0.3 0.075 0.07
Yb 2.8 26 2.9 0.9 0.8 0.9 0.1 0.1
Lu 0.6 0.6 0.8 0.1 0.1 0.2 0.075 0.07
Ta 0.1 0.1 0.2 0.6 05 0.6 0.1 0.1
Sr 148 152 149 185 186 192 103 102
Re 0.007 0.004 0.006 0.005 0.005 0.007 0.009 0.008
Tl 0.16 0.17 0.18 0.48 0.44 0.46 031 0.32
Pb 2.9 2.8 31 8 9.2 10.4 6 5.8
Th 6.1 6.3 6.5 62.3 66.4 62.4 0.7 0.8
U 15 14 1.8 1.6 1.8 2.1 0.2 0.2
Eu/Eu* 0.94 0.96 0.91 0.34 0.34 0.34 2.26 2.27
(La/Yb), 9.05 9.57 8.86 290.56 323.78 258.89 1551 16.18
Cr/Ni 1.94 1.94 1.84 0.70 0.79 1.02 1.59 1.64
Aolsl ) Jgus

Table 1. Continued.
Sample No.  Lis.Si-3  Lis-Si-4  Lis-Si-5 Lis-Si-Cb-1 Lis-Si-Cb-2 Lis-Si-Cb-3 Lis-Si-Cb-4 Lis.Si-Cb-5
SiO, 79.02 78.45 76.94 61.42 62.05 61.82 60.98 61.74
Tio, 0.14 0.12 0.16 0.09 0.09 0.12 0.14 0.08
AlLO, 1.72 1.84 1.94 1.36 1.38 1.28 1.42 1.36
Fe,0; 0.88 0.78 0.86 2.64 2.54 2.66 2.48 2.54
MnO 0.05 0.06 0.08 0.08 0.08 0.09 0.12 0.11
MgO 0.72 0.68 0.78 5.19 488 5.21 5.08 5.14
CaO 10.24 11.02 10.12 14.75 14.88 15.02 14.98 15.04
Na,O 0.06 0.07 0.05 0.07 0.08 0.09 0.06 0.07
K,0 0.54 0.58 0.52 0.41 0.44 0.38 0.41 0.44
P,Os 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.02
LOI 5.82 5.74 7.92 13.8 11.32 10.84 12.14 10.98
Total 99.89 100.07 100.14 102.19 100.14 99.93 100.18 99.9
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Table 1. Continued.

Sample No. Lis.Si-3  Lis-Si-4  Lis-Si-5 Lis-Si-Cb-1 Lis-Si-Cb-2 Lis-Si-Cb-3 Lis-Si-Cb-4 Lis.Si-Cb-5
w 12 11 14 12 0.8 0.8 11 0.9
B 16 19 18 30 32 28 34 35

Li 125 11.8 124 10.2 10.2 10.8 10.6 10.7
Cd 0.07 0.07 0.08 0.07 0.08 0.07 0.08 0.07
\Y% 0.75 0.78 0.74 0.75 0.78 0.72 0.74 0.75
Cr 1742 1728 1708 1240 1248 1232 1244 1237
Hf 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.2
Ni 1024 1032 1036 454 462 454 472 462
Er 0.3 0.2 0.2 0.3 0.3 0.3 0.2 0.2
Be 05 0.4 0.6 0.6 0.5 0.7 0.6 05
Ho 0.08 0.07 0.075 0.075 0.085 0.08 0.075 0.07
Hg 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0.02
Ag 0.14 0.12 0.13 0.11 0.11 0.13 0.12 0.13
Cs 0.94 0.89 0.92 0.92 0.94 0.92 0.88 0.92
Co 43.8 44.5 43.4 0.11 0.12 0.14 0.12 0.15
Eu 0.72 0.7 0.66 0.6 0.6 05 05 0.6
Bi 0.18 0.17 0.15 0.06 0.05 0.07 0.06 0.05
Se 0.6 0.7 0.7 0.6 0.6 05 05 0.6
zZn 23.8 24.6 24.8 26.1 26.2 25.6 25.8 26.4
Ga 14 14 1.6 13 12 1.3 1.3 14
As 18.8 19.4 19.6 36.5 35.8 36.4 36.2 354
Rb 22.2 22.4 21.6 17.2 17.4 16.8 16.9 17.3
Y 1.6 14 15 2.6 24 2.8 2.6 25
Zr 8.6 9.1 8.9 9 9.2 9.1 8.8 9.2
Nb 11 11 12 11 11 1.2 1.2 11
Mo 354 3.42 3.48 0.82 0.88 0.86 0.78 091
In 0.075 0.07 0.08 0.075 0.075 0.08 0.085 0.08
Sn 3.6 4.2 41 3 3.2 2.8 31 29
Sb 25 2.3 25 2.3 24 2.3 2.2 2.3
Te 0.08 0.085 0.07 0.1 0.1 0.09 0.095 0.01
Ba 116 109 118 92 94 90 88 92
La 2.1 2.3 2.2 3.7 3.6 3.8 35 3.4
Ce 3.6 3.6 3.7 6.3 6.4 6.2 6.8 6.1
Pr 0.3 0.4 0.5 0.7 0.6 0.8 0.6 0.6
Nd 14 1.2 14 26 25 2.7 28 24
Sm 04 0.4 0.3 0.5 0.6 0.5 04 05
Gd 32 3.2 34 0.5 0.5 0.6 04 0.8
Tb 0.07 0.085 0.07 0.075 0.085 0.08 0.075 0.08
Dy 04 0.3 0.3 04 04 0.5 0.3 04
Cu 298 304 312 78.9 82 784 75 86.2
Ge 0.085 0.075 0.07 0.075 0.075 0.07 0.085 0.08
Tm 0.065 0.085 0.07 0.075 0.065 0.06 0.08 0.085
Yb 0.2 0.2 0.1 0.2 0.2 0.3 0.2 0.2
Lu 0.08 0.085 0.075 0.075 0.08 0.085 0.07 0.085
Ta 0.12 0.98 0.95 0.075 0.06 0.08 0.07 0.08
Sr 108 104 105 243 245 252 262 244
Re 0.009 0.008 0.009 0.003 0.004 0.004 0.003 0.003
Tl 0.28 0.34 0.31 0.28 0.28 0.26 0.29 031
Pb 6.2 6.4 5.9 9.1 9.2 8.9 9.4 8.8
Th 0.8 0.7 0.7 0.8 0.9 0.8 0.8 0.9
U 0.3 0.2 0.4 0.3 0.3 04 04 0.3
Eu/Eu* 1.95 1.89 2 0.67 0.78 0.92 0.73 0.67
(La/Yb)n 7.08 7.75 14.83 12.14 8.54 11.80 11.46 14.47
Cr/Ni 1.70 1.67 1.65 2.73 2.70 2.71 2.64 2.68
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Figure 7. Photomicrographs of metamonzodiorite— meta gabbro to metadiorite— meta gabbro. A) Plagioclases with
bent lamellar twinning, along with albitized orthoclase into clay minerals; B) Altered hornblende and pyroxene

minerals associated with accessory sphene; C) Chloritization of amphibole crystals; D) Bladed amphiboles and
fractured epidote crystals. Mineral Abbreviations from Warr (2021).
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Figure 8. Photomicrographs of meta—quartz monzodiorite. A) Plagioclase exhibiting lamellar twinning and bending,
with sericitization and carbonatization of feldspars (in XPL); B) Epidote occurred as allanite at the core and pistacite
at the rim (in PPL); C) Radial actinolite among other minerals (in PPL); D) Epidote crystals occurred in a scattered
and vein-like (in PPL). Mineral Abbreviations from Warr (2021).
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Figure 9. Photomicrographs (in XPL) of siliceous-carbonatic listvenites. A) Calcite veinlet within a groundmass
composed of recrystallized quartz grains; B) Muscovite with platy crystals associated with calcite, observed

alongside evidence of quartz strain; C) Fuchsite exhibiting a foliation texture, accompanied by dispersed opaque
minerals within a carbonate matrix; D) Rutile, fuchsite, and opaque minerals.
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Figure 10. Photomicrographs (in XPL) of siliceous listvenites. A) Veins of chalcedony along with fine-grained and
cryptocrystalline quartz and carbonate; B) Carbonate crystals (possibly dolomite) forming a coating on coarse-

grained quartz.
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Figure 11. Hand specimen and photomicrographs of mineralization in Babalou area. A) Azurite in a listvenite
specimen; B) Disseminated pyrite texture; C) Pyrite replacement rims converting to hematite; D) Fine-grained,

disseminated chalcopyrite within the rock matrix.
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Fe,03-SiO; ternary diagram (Ucurum, 1996).
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Figure 15. Composition of meta-monzodiorite to
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setting discrimination diagrams (Hollocher et al.,
2012).
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Table 2. The position of the Babalou area listvenites in different classifications, highlighted in color.
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