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Abstract: Chrome chlorites are usually found as secondary phases formed by hydrothermal alteration
of chromite deposits and associated mafic/ultramafic rocks. Here, we report the 40Ar/39Ar age of
chrome chlorites separated from the Luobusa massive chromitites which have undergone secondary
alteration by CO2-rich hydrothermal fluids. The dating results reveal that the intermediate heating
steps (from 4 to 10) of sample L7 generate an age plateau of 29.88 ± 0.42 Ma (MSWD = 0.12,
plateau 39Ar = 74.6%), and the plateau data points define a concordant inverse isochron age of
30.15 ± 1.05 Ma (MSWD = 0.08, initial 40Ar/36Ar = 295.8 ± 9.7). The Ar release pattern shows
no evidence of later degassing or inherited radiogenic component indicated by an atmospheric
intercept, thus representing the age of the hydrothermal activity. Based on the agreement of this
hydrothermal age with the ~30 Ma adakitic plutons exposed in nearby regions (the Zedong area,
tens of kilometers west Luobusa) and the extensive late Oligocene plutonism distributed along the
southeastern Gangdese magmatic belt, it is suggested that the hydrothermal fluids are likely related
to the ~30 Ma magmatism. The hydrothermal fluid circulation could be launched either by remote
plutons (such as the Sangri granodiorite, the nearest ~30 Ma pluton west Luobusa) or by a similar
coeval pluton in the local Luobusa area (inferred, not found or reported so far). Our results provide
important clues for when the listwanites in Luobusa were formed.
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1. Introduction

Over the past two decades, podiform chromitites in Luobusa, Tibet, and the host peridotites were
extensively studied to understand their petrogenesis and related tectonic evolutions. These studies
include: major and trace elemental and/or isotopic compositions of different textural chromitites and
their host peridotites (e.g., [1–8]), and unusual ultrahigh-pressure (UHP), highly reduced and crustally
derived minerals found either in situ or as separates in the chromitites and peridotites (e.g., [9–21]).

Minerals 2018, 8, 230; doi:10.3390/min8060230 www.mdpi.com/journal/minerals

http://www.mdpi.com/journal/minerals
http://www.mdpi.com
http://www.mdpi.com/2075-163X/8/6/230?type=check_update&version=1
http://dx.doi.org/10.3390/min8060230
http://www.mdpi.com/journal/minerals


Minerals 2018, 8, 230 2 of 17

Most of the above studies focus on primary features of the chromitites and try to clarify the mechanisms
and processes involved in their formation. Fewer attention was drawn to secondary alteration or
deformation of the chromitites since they were formed and finally emplaced.

Despite the fact that chromites within chromitites and peridotites are in general better preserved
than silicates as they are more resistant to fluid-related process, textural and chemical alteration
of chromites may occur during retrograde/prograde metamorphic events and depend on the
degrees of metamorphism (e.g., [22–24]). Moreover, mafic and ultramafic peridotitic rocks (fresh
or serpentinized) are readily altered by silica- and CO2-rich hydrothermal fluids to form listwanites
after their emplacement in orogenic belts [25–28]. The alteration process is potentially associated with
economic mineralization, as represented by the formation of gold deposits [27,29–31]. Listwanites in
Luobusa were first reported by Robinson et al. [27], who reported detailed mineralogy, petrography,
and geochemistry of the listwanites. As a further part of this work, Zhang et al. [28] recently refined
the mineral-transformation processes corresponding to different degrees of alteration intensity during
listwanite formation. They also noted a preliminary enrichment of gold and mercury in the listwanites.
Nevertheless, the fluid source and origin of the Luobusa listwanites are poorly constrained and thus
much debated. Determination of the hydrothermal age is one key piece of information to resolve this
problem especially when a spatial correlation between the hydrothermal alteration and any known
intrusive activity is absent (e.g., [27]). Chrome chlorites formed during this hydrothermal event are
chosen to perform the age determination by the Ar/Ar method, as other hydrothermal minerals like
Cr-bearing mica which is more appropriate for Ar/Ar dating have not been identified so far.

The term “chrome chlorite” is used for the violet or pink colored chlorite containing chromium to
differentiate it from the green Fe-Mg chlorite [32], although the nomenclature of chrome chlorite is
complicated based on its Cr2O3 contents and the position of chromium substituting for Al in the chlorite
structure (e.g., [33]). They are usually formed as secondary phases during hydrothermal alteration
of podiform chromitites and associated mafic/ultramafic rocks (e.g., [27,32,34,35]). Despite the fact
that Ar/Ar dating of chlorite is difficult and even impossible in many cases, successful application
lies in careful selection and preparation of the chlorite samples with elevated K contents [36]. The
new generation of noble gas mass spectrometer ARGUS VI, with high sensitivity and multi-collector,
enables dating of very young (ca. ka level) samples or samples with low/ultra-low potassium contents
(e.g., [37,38]). In this study, the pinkish hydrothermal chrome chlorites within the massive chromitites
in Luobusa are first reported and dated by the Ar/Ar technique to provide age constraints for the
secondary hydrothermal event.

2. Geological Background

The Himalaya–Tibetan orogenic system, one of the most exceptional geologic features on the
surface of the Earth, is composed of several blocks, or terranes. From north to south, the principal
terranes are Songpan–Ganzi, Qiangtang, Lhasa, and Himalaya, which are bound by the Jinsha,
Bangong–Nujiang, and Yarlung–Zangbo suture zones [39,40] (Figure 1a). The Yarlung–Zangbo suture
zone (YZSZ), youngest among the sutures listed above, extends for ~2000 km in a nearly E–W direction
and marks where the Tethys ocean was consumed and the ultimate collision between India and
Asia occurred [41]. The suture is composed of a nearly continuous subduction-related complex and
ophiolite belt which represents the remnants of Tethys oceanic lithosphere. While rocks or units with
different affinities within the YZSZ are tectonically disrupted everywhere, relatively complete ophiolite
sequences can be found at the Zedong–Luobusa area southeast of Lhasa [41] (Figure 1b).
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Figure 1. (a) Simplified tectonic framework of the Himalayan–Tibetan orogen (modified from Hou et 
al. [42]), and the distribution of magmatism on the Lhasa terrane (modified from Chung et al. [43]). 
(b) Geological map of the study area (Zedong–Luobusa), modified from Aitchison et al. [44]. The ~30 
Ma intrusives are marked on the map based on references [43,45–50]. RZT = Renbu–Zedong thrust. 

The Luobusa ophiolite, as a tectonic slice, has been thrust northwards over multiple Tertiary 
molasse units of the Luobusa Formation or onto the Gangdese batholith and is itself tectonically 
overlain by Triassic flysch deposits to the south [7,51]. Rocks of the ophiolite incorporate a tectonic 
mélange zone, a transition zone, and a mantle sequence from north to south. The mélange zone 
contains disrupted lenses of pillow lava and cumulative rocks including wehrlite, pyroxenite, and 
layered gabbros. The transition zone is massive dunite, several to hundreds of meters in thickness. 
The mantle sequence consists of clinopyroxene-bearing harzburgites (lherzolites) and harzburgites 
which contain dunite lenses and abundant pods of chromitites [6,7,41]. 

Podiform chromitites in Luobusa comprise the largest historical chromite deposit in China. They 
contain >5 million tons of ore-grade material and have been mined for several decades [52]. The 
chromitites display several different ore-structure types, in which nodular, disseminated, and 
massive are the most common. Each chromitite type is often transected by another, indicating a multi-
stage magmatic history [7,18]. The chromitites were initially thought to have bearing on the formation 
and evolution of the ophiolite. The Luobusa ophiolite originated at a mid-ocean ridge spreading 
center at 177 ± 31 Ma and was later modified by supra-subduction zone (SSZ) magmatism at 120 ± 10 
Ma involving an intra-oceanic subduction system [5–7,41,53,54]. However, the presence of ultrahigh-
pressure (UHP) and highly reduced minerals such as diamond, coesite, and native elements, initially 
found in the chromitites but more recently also in their host peridotites, requires additional processes 
or models to outline the genesis of the chromitites (e.g., [4,10,11,13,17–20,55–57]). 

The reported listwanites in Luobusa are distributed along the southern boundary fault of the 
ophiolite [27]. Most occur in the eastern region of the ophiolite, but a few small outcrops are also 
present in the southwest [28]. They are light-to orange-brown, fractured and altered peridotites, with 
a sharp contact with Triassic flysch to the south but gradational with the host peridotites to the north. 
According to the different intensities of alteration, three zones are identified from the southern 

Figure 1. (a) Simplified tectonic framework of the Himalayan–Tibetan orogen (modified from
Hou et al. [42]), and the distribution of magmatism on the Lhasa terrane (modified from Chung et
al. [43]). (b) Geological map of the study area (Zedong–Luobusa), modified from Aitchison et al. [44].
The ~30 Ma intrusives are marked on the map based on references [43,45–50]. RZT = Renbu–Zedong
thrust.

The Luobusa ophiolite, as a tectonic slice, has been thrust northwards over multiple Tertiary
molasse units of the Luobusa Formation or onto the Gangdese batholith and is itself tectonically
overlain by Triassic flysch deposits to the south [7,51]. Rocks of the ophiolite incorporate a tectonic
mélange zone, a transition zone, and a mantle sequence from north to south. The mélange zone
contains disrupted lenses of pillow lava and cumulative rocks including wehrlite, pyroxenite, and
layered gabbros. The transition zone is massive dunite, several to hundreds of meters in thickness.
The mantle sequence consists of clinopyroxene-bearing harzburgites (lherzolites) and harzburgites
which contain dunite lenses and abundant pods of chromitites [6,7,41].

Podiform chromitites in Luobusa comprise the largest historical chromite deposit in China.
They contain >5 million tons of ore-grade material and have been mined for several decades [52].
The chromitites display several different ore-structure types, in which nodular, disseminated, and
massive are the most common. Each chromitite type is often transected by another, indicating a
multi-stage magmatic history [7,18]. The chromitites were initially thought to have bearing on the
formation and evolution of the ophiolite. The Luobusa ophiolite originated at a mid-ocean ridge
spreading center at 177 ± 31 Ma and was later modified by supra-subduction zone (SSZ) magmatism
at 120 ± 10 Ma involving an intra-oceanic subduction system [5–7,41,53,54]. However, the presence of
ultrahigh-pressure (UHP) and highly reduced minerals such as diamond, coesite, and native elements,
initially found in the chromitites but more recently also in their host peridotites, requires additional
processes or models to outline the genesis of the chromitites (e.g., [4,10,11,13,17–20,55–57]).
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The reported listwanites in Luobusa are distributed along the southern boundary fault of the
ophiolite [27]. Most occur in the eastern region of the ophiolite, but a few small outcrops are also
present in the southwest [28]. They are light-to orange-brown, fractured and altered peridotites,
with a sharp contact with Triassic flysch to the south but gradational with the host peridotites to
the north. According to the different intensities of alteration, three zones are identified from the
southern boundary to the northern host peridotites [28]. Hydrothermal veins, mostly 1–3 mm wide,
are common in the listwanites and occasionally intrude the massive chromitites [27]. The listwanites
consist essentially of talc and magnesite with lesser amounts of quartz, although CaO-rich minerals
like dolomite may occur in fewer samples. Most of the listwanites are indistinguishable geochemically
from the unserpentinized protoliths except for having a notably higher loss on ignition [27].

Igneous activity along the Gangdese magmatic belt took place from the Late Triassic to the Miocene
in four discrete stages at 205–152, 109–80, 65–41, and 33–13 Ma [58]. Mesozoic granites and associated
volcanic rocks were formed by the northward Neotethyan subduction [58]. The most prominent
magmatic episode occurred in the Paleocene-Eocene (65–41 Ma). Formation of the Linzizong volcanic
successions and their coeval granitoids are attributed to a syn-collisional setting created in response
to the collision between Asia and India [59,60], or by rollback of the subducting oceanic slab and
subsequent slab break-off [58,61–64]. Post-collisional magmatism is marked by collision-type adakites
and contemporaneous potassic-ultrapotassic volcanic rocks with ages from ~26 to ~10 Ma [42,61,65–68].
These rocks are generally interpreted to be linked to a complex magmatic and tectonic evolution of
the mafic lower crust, lithospheric mantle, and subducting slab beneath the Lhasa terrane, involving
mechanisms such as convective removal of the lower lithosphere or slab breakoff [67], and melting of
thickened lower crust due to lithospheric root foundering and plateau collapse [42,43,58,61,66]. The
period of ~40–25 Ma [59] or to 30 Ma [43] is thought to be magmatically quiescent, accompanied by
crustal shortening or lithosphere thickening [43,59].

3. Samples and Analytical Methods

A simple description of the suite of chromitite samples, including the ones used in this study,
was presented in Guo et al. [1]. Two massive chromitite samples (L6 and L7), more heavily altered by
hydrothermal fluids, are chosen for this study, as more secondary minerals may be obtained for dating.
On specimen scale, the hydrothermal alteration usually forms planar alteration zones and intrusive
veins with abundant patches of chrome chlorites and carbonates (Figure 2a,b). The chrome chlorites
are from colorless to greenish (rare) and to pinkish (dominated), probably reflecting the variations of
Cr contents in them. They are present as scales and flakes. Combined with the pinkish color they were
once thought to be lepidolites before careful observation under microscope and composition analysis.
Thin section study reveals that the carbonate minerals occur in intrusive veins with rhombohedral
crystals of calcite, mostly showing growth zoning, surrounded by dolomites (Figure 2c,d). Chrome
chlorites occur as veins or inclusions in the massive chromite matrix which is highly fractured by
hydrothermal fluids (Figure 2e,f).

Quantitative chemical composition analyses were performed on selected minerals using a
JXA-8100 electron microprobe (produced by the JEOL Company, Tokyo, Japan) at Institute of Geology
and Geophysics, Chinese Academy of Sciences, Beijing (IGGCAS). The microprobe was set to operate
at a voltage of 15 kV and a beam current of 10 nA with a focus beam diameter of 5 µm. Results were
corrected with the conventional ZAF procedure.
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Institute of Microstructure and Properties of Advanced Materials, Beijing University of Technology. 
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Germany. 

Figure 2. (a,b) Hand specimen of massive chromitites showing late alteration by CO2-rich hydrothermal
fluids and occurrence of secondary minerals, chrome chlorites and carbonates. (c,d) Thin section
observation of a carbonate vein from L6. The rhombohedral crystals with zonal structure are calcites,
surrounded by dolomites. (e,f) BSE images showing the occurrence of chrome chlorites in thin sections.
Cr = Chromite.

Single crystal X-ray diffraction (XRD) analysis (Figure 3a,b) was performed on chrome chlorite
using the SMART APEX II (a legacy product of the Bruker Corporation, Billerica, MA, USA) at Institute
of Microstructure and Properties of Advanced Materials, Beijing University of Technology. Data were
processed using the SHELX programs which were developed by George M. Sheldrick in Germany.
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Figure 3. (a) Single crystal of chrome chlorite used for X-ray diffraction experiment. (b) Representative
d-spacings of the chrome chlorite in the single crystal XRD experiment. (c) The occurrence of chrome
chlorite separates for Ar/Ar dating experiment.

Mineral separates of pure chrome chlorite for 40Ar/39Ar analyses were carefully picked out by
hand under a binocular microscope after crushing the massive chromitites into appropriate pieces.
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The separates (Figure 3c), 200–500 µm in size, were first washed in an ultrasonic bath with dilute
HNO3 (<5% in volume) for 20 min, then followed by washes with deionized water and acetone to
remove possible altered products. Two aliquots (15 mg) of each sample were wrapped individually
in aluminum foil and stacked together with interspaced aliquots of the Fish Canyon sanidine (FCs)
standard (28.201 ± 0.046 Ma [69]) in a vacuum sealed quartz tube (5 mm in diameter). The samples
and FCs standard, coated with 0.5 mm thick Cd foil on the tube for shielding thermal neutrons, were
irradiated at position B4 of the 49-2 Nuclear Reactor, Beijing (China) for 24 h. The J-value for each
sample was calculated based on the monitor data and relative position of the sample to monitor in the
tube (4 FCs flux monitors were used within a distance of 17 mm). The uncertainty of 0.36% (2σ) for the
J-value was propagated into the age calculations.

Subsequent laser stepwise-heating experiments were performed on an ARGUS VI mass
spectrometer (produced by the Thermo Scientific, Waltham, MA, USA) at the 40Ar/39Ar dating
laboratory in China University of Geosciences (Wuhan). Around 12 mg of each aliquot was loaded
into the laser chamber and heated for 12 total steps with increasing heating power of the laser. Gases
extracted at each step were first passed through a cryotrap (−80 to −120 ◦C) to adsorb moisture,
then further purified by two SAES NP 10 Zr-Al getters (one at ~400 ◦C and the other at room
temperature) [70]. Afterwards, pure noble gases were admitted into the mass spectrometer for
argon isotope analyses. All of these procedures were run by automatic techniques detailed by Qiu
et al. [71] and Bai et al. [37]. Raw data were processed and plotted using the ArArCALC (Version
2.4) software [72]. After irradiation, samples were kept in the laboratory for several months prior to
argon measurements. Therefore, the interfering argon isotopes derived from irradiated CaF2 were not
corrected (also because Ca contents of the samples are trace), however, for the irradiated K2SO4, the
correction factor is: (40Ar/39Ar)K = 3.3 × 10−4 [73].

4. Results

4.1. Mineral Chemistry

Major element data of massive chromites of L6 and L7 were reported by Guo et al. [1]. The
chromites have 100[Cr/(Cr + Al)] atomic ratios ranging between 75 and 79, and 100[Mg/(Mg + Fe2+)]
atomic ratios between 72 and 75. Cr2O3 ranges between 56 and 61 wt %; MgO between 15 and 16 wt %;
Al2O3 between 10 and 14 wt %; FeO (total iron) between 12 and 14 wt % (number of individual analysis
point is 16). The chemical compositions of the chromites show that they are magmatic chromite
grains [1,8]. Analytical profiles across chromites were not performed because there is no individual
crystal showing compositional variations based on BSE scanning images. Nevertheless, in some cases,
tiny scattered minerals, with higher reflectivity occurring along the contact between chrome chlorites
(vein or inclusion) and chromites within the chromite’s side, are probably ferritchromites (Figure 2e,f).
They are too small to precisely determine their compositions.

The electron microprobe analysis (EMPA) data of the chrome chlorites are listed in Table 1. They
are chrome chlorites marked by relatively high Cr2O3 (0.10–7.43 wt %), MgO (33.84–35.52 wt %),
Al2O3 (9.06–19.05 wt %), and relatively low FeO (0.26–1.98 wt %, total iron), consistent with previous
reports [57] (Table 1). They do not show systematically compositional difference between the form of
veins and inclusions. X-ray single-crystal diffraction of the chrome chlorite grain confirms its crystal
structure as a mineral of chlorite group, with its XRD data compared with chrome chlorites worldwide
(Table 2 and Figure 3b).
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Table 1. Electron microprobe analyses (wt %) of secondary hydrothermal phases in the Luobusa chromitites.

Mineral: Chrome Chlorite Calcite Dolomite

Provenance: This study Huang et al. [57] This study This study

Sample: L6 and L7 KJchrXA KJchr1XA L6 L6

Form:
Vein and inclusion Vein Inclusion Euhedral crystal

range (n = 11) mean std_err mean (n = 9) n = 1 1 2 1 2

Na2O 0.02–0.12 0.05 0.03 0.02 0.00 0.00 0.03 0.03 0.03
Cr2O3 0.10–7.43 4.72 1.90 5.08 5.30 0.00 0.00 0.02 0.00
K2O 0.01–0.12 0.03 0.03 0.01 0.02 0.00 0.01 0.01 0.00
MgO 33.84–35.52 34.26 0.44 32.56 30.31 0.16 0.11 23.30 22.03
MnO 0.00–0.03 0.01 0.01 0.02 0.00 0.02 0.00 0.00 0.00
CaO 0.01–0.04 0.02 0.01 0.03 0.04 59.78 58.70 28.91 30.19

Al2O3 9.06–19.05 11.85 2.44 11.20 12.84 0.00 0.00 0.00 0.00
FeO 0.26–1.98 0.77 0.55 0.77 0.66 0.06 0.04 0.03 0.00
TiO2 0.00–0.02 0.01 0.01 0.06 0.06 0.01 0.00 0.03 0.00
SiO2 31.90–34.58 33.15 0.78 33.11 30.88 0.00 0.03 0.00 0.00
NiO 0.01–0.59 0.37 0.20 0.42 0.50 0.00 0.02 0.01 0.00
ZnO 0.00–0.06 0.01 0.02 0.00 0.00 0.01 0.00
H2O 12.13 11.73
Total 83.97–86.00 85.25 0.70 95.41 92.34 60.03 58.94 52.33 52.25

Table 2. Comparison of X-ray diffraction data of chrome chlorites.

X-ray Single-Crystal Diffraction X-ray Powder Diffraction

Luobusa (This Study) Byrapur, India b California b

d (Å) Intensity a d (Å) Intensity d (Å) Intensity

14.18 14.25 39.5 14.15 37.0
7.24 7.19 96.0 7.11 95.2
4.63 4.79 92.0 4.741 92.6
3.59 4.58 4.0 4.581 7.0
2.86 3.91 4.0 3.931 2.0
2.64 3.59 93.5 3.561 93.5
2.57 2.86 26.5 2.847 24.9
2.39 2.58 11.0 2.583 5.7
2.08 2.53 3.0 2.538 9.3
2.01 2.42 6.0 2.44 7.2
1.90 2.33 3.0 2.377 4.1
1.89 2.26 4.0 2.322 2.0
1.72 2.04 3.5 2.26 3.3
1.67 2.01 3.0 2.033 7.1
1.58 2.00 3.0 2.003 7.9
1.55 1.87 3.5 1.883 3.2
1.51 1.84 5.0 1.825 2.9
1.42 1.72 4.0 1.803 1.5
1.33 1.62 3.0 1.711 1.3
1.29 1.57 7.0 1.666 1.8

1.50 9.0 1.569 6.0
1.49 2.5 1.537 6.1
1.52 2.8 1.501 2.3

1.425 2.8
1.396 5.7

a The intensities of the corresponding d-spacing of single-crystal chrome chlorite were not determined in this study.
b Data of X-ray powder diffraction of chrome chlorites from Byrapur and California are adopted from Damodaran
and Somasekar [32].
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4.2. 40Ar/39Ar Age

Two aliquots of each sample (L6 and L7) were measured for argon isotopes. Unfortunately, only
one aliquot of sample L7 yielded reliable age information (Figure 4). The remaining three aliquots
failed to give 40Ar/39Ar ages due to inadequate argon concentrations that were overwhelmed by high
concentrations of gaseous impurities, most likely H2O, CO2, and hydrocarbons etc. The 40Ar/39Ar
data of the successful aliquot of sample L7 are listed in Table 3. The sample yielded much older
apparent ages in the first three steps and slightly older apparent ages in the last two steps, forming
an age plateau in steps 4–10 with an age of 29.88 ± 0.42 Ma (MSWD = 0.12, plateau 39Ar = 74.6%)
(Figure 4a). The plateau data points define a concordant inverse isochron age of 30.15 ± 1.05 Ma
(MSWD = 0.08, initial 40Ar/36Ar = 295.8 ± 9.7) (Figure 4b). Uncertainties of the ages reported here are
internal error (2σ), including uncertainties propagated from analytical errors, and J-value.
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Figure 4. (a) Age spectrum of the chrome chlorite separates from the successful aliquot of sample L7.
(b) Inverse isochron plot of 36Ar/40Ar vs. 39Ar/40Ar.

Table 3. The 40Ar/39Ar laser stepwise-heating data of chrome chlorites from the successful aliquot of
sample L7.

Step
Laser
Power

(%)

39Ar
Cum.
(%)

40Ar*
(%)

39Ar/40Ar ±
2σ (10−2)

36Ar/40Ar ±
2σ (10−3)

40Ar*/39Ar
± 2σ

Apparent Age
± 2σ (Ma) K/Ca

1 2.8 0.61 17.14 0.57 ± 0.01 2.78 ± 0.06 29.80 ± 3.30 249.62 ± 25.80 0.26
2 3.2 1.63 18.93 1.44 ± 0.01 2.72 ± 0.07 13.12 ± 1.42 114.14 ± 12.01 0.23
3 3.6 4.04 19.51 1.82 ± 0.01 2.70 ± 0.08 10.74 ± 1.35 93.96 ± 11.54 0.27
4 4.0 17.83 43.70 12.99 ± 0.05 1.89 ± 0.06 3.36 ± 0.13 29.97 ± 1.18 0.22
5 4.5 15.42 53.84 16.07 ± 0.07 1.55 ± 0.03 3.35 ± 0.06 29.85 ± 0.53 0.24
6 5.0 9.13 53.15 15.74 ± 0.07 1.57 ± 0.05 3.38 ± 0.10 30.08 ± 0.91 0.25
7 5.6 12.24 57.75 17.19 ± 0.07 1.41 ± 0.06 3.36 ± 0.10 29.93 ± 0.86 0.24
8 6.4 6.62 35.04 10.56 ± 0.05 2.18 ± 0.08 3.32 ± 0.23 29.56 ± 2.05 0.20
9 7.0 6.52 34.82 10.42 ± 0.05 2.18 ± 0.07 3.34 ± 0.21 29.77 ± 1.84 0.17

10 8.0 6.82 30.61 9.30 ± 0.04 2.32 ± 0.07 3.29 ± 0.21 29.32 ± 1.90 0.17
11 10.0 9.86 28.81 8.02 ± 0.03 2.38 ± 0.05 3.59 ± 0.19 31.97 ± 1.69 0.08
12 15.0 9.28 28.72 5.47 ± 0.02 2.39 ± 0.05 5.25 ± 0.29 46.57 ± 2.54 0.05

5. Discussion

5.1. Argon Release Pattern

The argon release pattern from the successful aliquot of sample L7 displays older apparent ages
in the first three and last two steps, whereas younger consistent apparent ages are expressed in the
intermediate steps.

The reason for higher initial ages likely results from inaccurately determined 39Ar and 40Ar*
(radiogenic 40Ar) in the early stages of gas release. It is notable that the concentrations of released
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39Ar and 40Ar* were insufficient in the initial thermal steps. For example, only 0.6 and 1.6% of 39Ar
were released in the first and second step, respectively, and 40Ar* was less than 20% of total 40Ar in
each initial three steps (Table 3, Figure 4a). The low concentration of released 39Ar and 40Ar* may
introduce large errors in the determination of age, as they are key parameters (40Ar*/39Ar ratio) in
the calculation, especially when the measured 39Ar is very low. Thus, the high initial apparent ages
(250 ± 26 Ma for step 1, 114 ± 12 Ma for step 2, and 94 ± 12 Ma for step 3) are most probably ascribed
to the inability to precisely determine the released 39Ar and 40Ar* in those steps.

As for the last two steps, the effect of inadequate correction for high-temperature blanks should be
considered as one most possible reason for obtaining higher apparent ages. Because procedure blanks
at high-temperature steps are always high resulting in the inaccurate determination of measured argon
(e.g., [74]). This effect is remarkable especially for samples with lower gas amounts, like the ones in
this study. Despite the higher apparent ages observed in the first three and last two heating steps, a
prominent age plateau consistent with a calculated isochron age is apparent and its significance will be
discussed in the following sections.

5.2. Reliability of the Age

The most challenging part for Ar/Ar dating of chrome chlorites is that they are not typical
K-bearing minerals. Potassium is not preferentially accommodated in the structure of chlorite. So
chlorites generally have trace or undetectable K contents. That means the contents of radiogenic Ar
produced by potassium in chlorites may hardly meet the detectable limit of the Ar/Ar machine in
short geological time. Nevertheless, early attempts for Ar/Ar dating of chlorite show that careful
selection and preparation of the chlorite samples with elevated K contents (ca. 0.1 wt % K2O) can give
geologically meaningful ages [36].

Based on the EMPA data of the chrome chlorites and the dated age, we did simulative calculations
to test the reliability of the age. We adopt that the chrome chlorites contain 83–996 ppm K,
corresponding to the measured 0.01–0.12 wt % K2O (this may a lower-limit of estimate as the
oxide weight percent is not normalized to a 100% total). Then 12 mg chrome chlorites can produce
6.39 × 10−15–6.13 × 10−14 mol 40Ar* in 30 million years assuming no loss of argon, calculated by using
the argon production equation given by Ballentine and Burnard [75]. Meanwhile, we calculated the
amounts of 40Ar* (radiogenic fraction) measured on the successful aliquot of sample L7. It gives
3.86 × 10−14 mol 40Ar* as a sum from steps 4 to 10. The 40Ar* produced in first 3 and last 2 heating
steps are not included (if included, the measured 40Ar* will be 6.44 × 10−14 mol) due to inadequate
releasing and correction of 40Ar*, as discussed above. We note that the amounts of measured 40Ar* are
in the range or match the high end-member of that predicted by K contents of the chrome chlorites.
This illustrates that the potassium in the chrome chlorites, despite their trace amount, can account
for the measured 40Ar*. It also gives reasonable explanations for the failure of the other 3 aliquots,
as the K contents of these aliquots may be too low to produce enough 40Ar* which can be precisely
determined by the present machines. Thus, we conclude that the age is reliable and represents the age
of hydrothermal activity.

5.3. ~30 Ma Magmatism in Southern Tibet

The age of the chrome chlorites (~30 Ma) in this study is in agreement with the age of the
adakite-like granitoids exposed in the northeastern Zedong area (e.g., [43,45,47,48]), located tens of
kilometres west of Luobusa (Figure 1b).

Igneous activity at ~30 Ma was first recognized following ion microprobe dating of zircons
collected from the Yaja granodiorite in Zedong, for which a crystallization age of 30.4 ± 0.4 Ma was
determined [45]. This age was later confirmed by Chung et al. [43] using a sensitive high-resolution ion
microprobe (SHRIMP). Coeval granitic intrusions were also found in other locations around the Yaja
granodiorite (Figure 1b) and dated by Ar-Ar and zircon U-Pb methods [46–50,76]. The geochemical
compositions of these plutons show adakitic affinities, with high SiO2, K2O, and Sr, but low Y and Yb
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contents [43,47,49,50,61]. Combined with other Late Oligocene-Miocene (ca. 26–10 Ma) adakites widely
distributed on the south edge of Lhasa terrane [42,61,65,66,77], the intrusions were interpreted to have
been generated in a post-collisional setting in response to the continued convergence between India
and Asia [43]. Nevertheless, the source, or petrogenesis, of the adakitic magma and the corresponding
geodynamic mechanism are still under debate.

As a result of interaction between these adakitic intrusions and the wall rocks (the Bima Group,
mainly containing interbedded carbonate rock and siltstone), extensive porphyry-skarn mineralization
of Cu-Au ± Mo were formed during the late Oligocene to early Miocene (ca. 30–24 Ma) (e.g., [48,78]).
Alterations of the skarn-type mineralization mainly include an early stage of skarn and a late silicate
stage of sericitization, silicification and chloritization. Fluid inclusion thermometry of the late stage
quartz suggests a homogenization temperature of 232–298 ◦C for gas-liquid or liquid phase and
330–335 ◦C for a few CO2 inclusions [48].

5.4. Formation of the Hydrothermal Minerals and Source of the Fluids

Chlorite is a common mineral found in low-grade metamorphic and hydrothermally altered rocks;
and it can either replace pre-existing minerals or precipitate directly from solution (e.g., [79]). The
more common Fe-Mg chlorite is usually formed at low temperatures (ca. <300 ◦C) [79], but the pinkish
chrome chlorite in this study seems to be formed at a relatively higher temperature like ~300 ◦C as
chromium in podiform chromitites and associated mafic/ultramafic rocks would be mobilized over a
range of 300–500 ◦C [34]. This is consistent with the estimation of fluid temperatures of at least 300 ◦C
in the Luobusa listwanites [27]. We note that in our massive chromitites L6 and L7, the chromites were
not intensively altered to be ferritchromites around the contact with chrome chlorites. This may due
to low fluid/chromite ratios in the process of hydrothermal alteration. As an inference, some part of
chromium incorporated into the chlorites may come from adjacent listwanites where chromian spinels
were more altered to lose their chromium [28].

In addition to the chrome chlorites, another group of hydrothermal minerals in the massive
chromitites are carbonates. In the carbonate veins of L6, we found abundant calcite and dolomite
(Figure 2c,d, and Table 1). Although CaO-rich minerals are not common in the Luobusa listwanites,
they do exist [27]. The source of CaO may come from the adjacent flysch sediments when the CO2-rich
hydrothermal fluids circulated through them [27]. As to the CO2-rich hydrothermal fluids, we argue
that they are most likely to be linked with the ~30 Ma magmatic intrusions based on the hydrothermal
age determined in this study and the fluid characteristics discussed above.

Although previous studies have reported detailed mineralogy, petrography, and geochemistry of
the Luobusa listwanites and their adjacent peridotites [27,28], the source of the hydrothermal fluids
still remains unclear and the origin of the listwanites is under debate.

The Luobusa listwanites are compared with the Sartohay (Xinjiang, China) listwanites which
are spatially related to granitic plutons. The listwanites from both places are almost identical
mineralogically and have similar fluid temperatures of ≥300 ◦C [27]. From this point of view, the fluid
source of the Luobusa listwanites may also be related to plutons, even though the scale of hydrothermal
systems from the two places appear to be different. However, any reasonable intrusive activity resulting
in the formation of the listwanites was not found or reported so far in Luobusa. Granitoids found
in the study area are biotite granites and quartz diorites from the Gangdese batholith [28]. These
plutonic rocks were dated as Late Cretaceous in age and are thought to predate the emplacement of the
Luobusa ophiolite [28]. They cannot be the source of the hydrothermal fluids because the listwanites
were clearly formed after the emplacement of the ophiolite [27,28].

In contrast, Liang et al. [80] proposed that the listwanites could be interactive products between
mantle peridotites and Triassic flysch during the emplacement of the ophiolite over the Indian
continental margin (probably occurring at an initial collision stage, ca. 65–55 Ma). In this model,
the heat responsible for the medium-high temperature deformation and fabric is derived from the
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“hot” peridotite itself and/or shearing friction [80]. However, there is no age constraint to test such a
hypothesis in their study.

Determination of the hydrothermal age is very important to clarify the source of the fluids and
the origin of the listwanites. Based on the agreement of the age of chrome chlorites found in massive
chromitites in this study with the age of granitic intrusions and associated mineralization around
the study area, it is suggested that the Luobusa listwanites may have a genetic relationship with
the plutonism that occurred at ~30 Ma. In other words, the hydrothermal fluids circulating through
the chromitites and peridotites were probably derived directly or indirectly from the intrusion and
evolution of granitoids during the late Oligocene, even though the associated plutons have not been
found or reported in Luobusa.

5.5. Possible Circulating Ways of the Fluids

There are two possible passages for circulating hydrothermal fluids: transverse dominated and
vertical dominated, for simplification. In the former case, assuming that there are no ~30 Ma intrusive
rocks in the Luobusa area, the fluids most probably come from the nearest adakitic intrusions west
of Luobusa. The nearest reported pluton is the Sangri granodiorite, which intruded the rocks of
the Yarlung-Zangbo suture zone and has a crystallization age of 29.6 ± 0.4 Ma (Figure 1b) [49].
Thick Cretaceous sedimentary rocks in the area, especially siltstone and tuff, can effectively obstruct
hydrothermal fluids and result in lateral flow, as indicated by the linear distribution of hydrothermal
mineralization [76]. Moreover, the tectonic contact between the suture zone and the Indian plate
also would have facilitated the passage of fluids. The facts that the hydrothermal fluids forming the
Luobusa listwanites were clearly restricted to the fault zone, and the listwanites are linearly distributed
with not a large scale seem to support this case.

However, there are some limitations or problems which cannot be solved by the present study.
For example, most post-collisional adakitic granitoids are exposed as small-volume plugs or dikes/sills
intruding the Gangdese batholith [43,61]. Whether these small intrusions can generate so large a
volume of hydrothermal fluids to influence a location more than 20 km away needs further simulations.
In addition, if the hydrothermal fluids which altered the Luobusa chromitites and peridotites come
from remote intrusions like the Sangri granodiorite, then the degree of alteration should become weak
gradually from west to east. But this trend is not observed. Conversely, listwanites from the Kangjinla
district in the east are more developed than from the Luobusa district in the west [28].

In the latter case, it is suggested that there could be similar adakitic intrusives in the local Luobusa
area, which provided hydrothermal fluids that altered fresh or serpentinized peridotites into listwanites
and intruded the massive chromitites. On the basis of the linear distribution of post-collisional adakitic
intrusions along the south edge of Gangdese batholith, and especially the fact that the late Oligocene
plutonism occurred extensively in the Zedong area [43,45–50,76] west of Luobusa and in the Gyaca area
east of Luobusa, it is reasonable to speculate the existence of coeval plutonism in the local Luobusa area.
The newly found gold enrichment in the Luobusa listwanites [28] also supports such a speculation,
which may extend the Kelu-Liebu-Chongmuda ore-forming sub-belt father to the east.

If the latter case is correct, then a followed question to answer is why the intrusives are not
exposed. The most likely explanation is that they are probably covered by the Luobusa ophiolite and
the late Oligocene-early Miocene molasse deposits (the Luobusa Formation). Thermochronological
studies suggest a rapid cooling of the GT hanging wall rocks along strike from Yaja to the west
during the late Oligocene to early Miocene, which is typical of tectonic denudation owing to slip
on the GT. The cooling rates in the eastern portion of Zedong area are much lower probably due to
erosional denudation of a topographic high [45]. The differential exposure history along strike of GT,
coupled with possible high topography, may lead to less denudation of the Gangdese batholith in
Luobusa. In addition, the occurrence of the Renbu-Zedong Thrust (RZT), part of the Great Count
Thrust (GCT) system that was active between 19 and 10 Ma [45,81,82], may further prevent denudation
of the intrusives of interest. The RZT system seems to have thrust farther to the north in Luobusa
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and obscured the thermal history in the hanging wall of early GT [45], not forming the “Thrust
Window” as in Zedong. Accordingly, the speculated ~30 Ma plutons in Luobusa may be buried by
a northward-verging imbricate system composed of the Luobusa ophiolite and its overlying and
underlying units [51].

6. Conclusive Summary and Implications

The Luobusa chromitites recorded a ~30 Ma hydrothermal event as indicated by 40Ar/39Ar dating
of chrome chlorites derived from hydrothermal alteration. The Ar release pattern shows no evidence of
cooling history or later reheated degassing and the measured 40Ar* matches predicted by K contents of
the chrome chlorites, thus it represents the age of chrome chlorites formed by hydrothermal alteration
processes. Based on the agreement of this hydrothermal age with the ~30 Ma age of adakitic plutons
exposed in Zedong area and the extensive late Oligocene plutonism distributed along southeastern
Gangdese, it is suggested that the hydrothermal alteration was related to the ~30 Ma igneous activity.
The hydrothermal age constraint not only provides a possible interpretation for the Luobusa listwanites,
but also probably extends the ~30 Ma post-collisional magmatism and probably associated Cu-Au
mineralization further east from the Zedong area.

We note that the limitation of this work is that only a single meaningful age was obtained.
In future research, efforts should be made for exploring the inferred ~30 Ma plutons and possible
Cu-Au mineralization in Luobusa area and obtaining more data of the hydrothermal age even though
successful dating of chrome chlorites is difficult. Based on this study, it is suggested that chrome
chlorites with elevated potassium contents (ca. K2O wt % reaches 0.1) and prolonged geological age
(ca. ≥30 Ma) can be potentials for Ar/Ar dating, through which the age of hydrothermal activity can
be obtained.
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