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Abstract: The Darbut ophiolitic mélange is located in the central West Junggar area, southwestern
Central Asian Orogenic Belt (CAOB), and rodingites are widespread within serpentinized peridotites
in the mélange. Here, we conducted field, structural, mineralogical, and geochemical investigations
of the Darbut rodingites for the first time to constrain their metasomatic processes. Rodingites usually
occur as strongly sheared blocks surrounded by chloritic blackwall, and their preferred axial surface
orientations are subparallel to the serpentinite foliations. Based on the petrology and geochemistry of
these metasomatic rocks, two stages of metasomatic processes, namely rodingitization and derodingi-
tization, were recognized: (1) rodingitization of gabbroic protolith was characterized by the input of
Ca and the release of Si, K, Na, and LILE; this stage was related to the diapiric emplacement of the
Darbut ophiolitic mélange in the Late Carboniferous; and (2) derodingitization of rodingites led to
the replacement of Ca-rich minerals by chlorite, accompanied by Mg increase, and depletions of Ca
and REE; the derodingitization stage occurred under enhanced CO,/H,O ratio conditions and was
likely associated with regional postcollision volcanism in the Early Permian. Hence, the rodingite in
the Darbut ophiolitic mélange provides important fingerprints recording the tectonic evolution.
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1. Introduction

The term rodingite was first introduced by [1] to describe altered gabbros in the Dun
Mountain serpentinites, New Zealand. In a general sense, rodingites are considered to
represent “Ca-rich and Si-undersaturated rocks formed by metasomatic alteration of mainly
mafic rocks” [2-8]. They usually occur as boudins or dykes surrounded by serpentinites or
serpentinized peridotites in ophiolitic mélanges and are mainly composed of Ca—Al and
Ca-Mg silicates, such as garnet, secondary clinopyroxene, prehnite, epidote, clinozoisite,
and vesuvianite (e.g., [9-11]).

Given that rodingites are spatially associated with serpentinites, rodingitization is
often thought to occur along with serpentinization on the ocean floor (e.g., [2,3,12,13]), and
rodingites have been present in cores drilled into the ocean floor [14]. However, it has
also been documented that the rodingitization may occur during subduction at prograde
to peak metamorphic conditions (e.g., [5,9,15,16]) or during exhumation and retrograde
metamorphism (e.g., [6,15,17,18]). Therefore, a greater understanding of rodingitization
can help elucidate element migration and fluid-rock interaction [19,20] and distinguish
different geological processes [21,22].

The Darbut ophiolitic mélange in the West Junggar Orogen is characterized by vari-
ably sized ultramafic to mafic rocks and cherts, and they usually display as tectonic
blocks included in a foliated serpentinite matrix [23]. Several studies have focused on the
geochronology and geochemistry of mafic rocks to reveal their petrogenesis and geody-
namic setting and to reconstruct the tectonic evolution of the West Junggar orogen [24-26].
However, little attention has been paid on the rodingites exposed in the Darbut ophiolitic
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mélange. The Darbut rodingites are well-preserved and widespread and mainly associated
with serpentinized peridotites, which provides an ideal opportunity to study the petrogen-
esis of rodingites. In this study, we first presented field and petrological observations, and
geochemical compositions of rodingites collected from the Darbut ophiolitic mélange, in
order to study the rodingitization processes and its geological significance.

2. Geological Background and Field Geology
2.1. Tectonic Framework of West Junggar

The West Junggar Orogen is located in the southwestern part of the Central Asian
Orogenic Belt (CAOB) (Figure 1a), which is one of the largest Phanerozoic accretionary
orogens [27-29]. It has undergone a prolonged and complicated tectonic evolution, accom-
panied by formation, subduction, accretion, and closure of the paleo-Junggar Ocean during
the Paleozoic [23,26,28,30-36], a major branch of the Paleo-Asian Ocean. Although there is
no general consensus on the tectonic division of the West Junggar orogen [23,26,34,37], a
popular division suggests that West Junggar can be divided into the northern, central, and
southern tectonic units [23,38] (Figure 1b), which obviously recorded different evolution-
ary processes.
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Figure 1. (a) Tectonic framework of Central Asian Orogenic Belt (CAOB) (modified from [27]);

(b) simplified geological map showing geotectonic divisions of West Junggar Orogen (modified
from [28]).

Northern West Junggar contains two E-W-striking intraoceanic arcs: the Late Paleozoic
Sawuer arc in the north and Early Paleozoic Xiemisitai arc in the south [39-41]; the boundary
between these two arcs is marked by the Kujibai-Hongguleleng ophiolitic mélange belt [35,42].
The Sawuer arc mainly includes Devonian to Carboniferous volcanic—sedimentary rocks and
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minor Ordovician volcanic rocks that are intruded by Carboniferous granitoids. The Xiemisitai
arc comprises Silurian volcanic rocks and Late Ordovician to Early Devonian granitoids, which
has been considered as the eastern extension of the Boshchekul-Chingiz arc. Southern West
Junggar is composed of ophiolitic mélanges, arc-related magmatic rocks, volcano-sedimentary
sequences, and high-pressure metamorphic rocks [28,31,42,43]. They represent an Early Pa-
leozoic intraoceanic arc—trench system, which has been collided to the north margin of the
Paleo-Kazakhstan Continent prior to the Early Devonian [28,43].

Central West Junggar is separated from the northern West Junggar domain by the
Chagantaolegai suture zone that contains Cambrian ophiolitic rocks with a mid-ocean
ridge feature [44]. This domain is dominated by Devonian to Carboniferous volcaniclas-
tic sedimentary rocks and two Late Paleozoic ophiolitic mélanges (named as the Darbut
ophiolitic mélange in the north and Karamay ophiolitic mélange in the south) [23,26,32,34],
intruded by Late Carboniferous-Early Permian magmatic rocks [45—-47]. The Carboniferous
volcaniclastic succession displays coherent turbidite sequences deposited during the Visean
to Moscovian [28]. They are subdivided into Xibeikulasi, Baogutu, Tailegula, and Hala’alate
formations from the bottom to top [48] and are dominantly composed of tuffaceous sand-
stone, tuff, and tuffaceous siltstone. The Darbut and Karamay ophiolitic mélanges occur as
northeast-trending discontinuous chaotic units, and they have high-angle right-lateral fault
contacts with the Carboniferous sequences [23]. The Late Carboniferous—Early Permian
magmatic rocks mainly consist of A- and I-type granitoids, adakites, and high-Mg mafic
dikes related to postcollision [47] or ridge subduction [46].

2.2. Brief Summary of the Darbut Ophiolitic Mélange

The Darbut ophiolitic mélange, situated along the northern side of the Darbut Fault
(Figure 2b), is a significant unit to study the subduction and accretion processes of the
Junggar Ocean. It is characterized by a typical “block-in-matrix” structure; tectonic blocks,
mainly including serpentinized peridotite, gabbro, rodingite, basalt, pillow lava, chert, and
sandstone, are surrounded by strong foliated serpentines (Figures 2a and 3a). Geochrono-
logical data suggest that the gabbro and basalt of the Darbut ophiolitic mélange mainly
formed in the Devonian [24,25]. Three generations of structures were recognized by [23]
and involved thrust-imbricated deformation (D), NE-SW-striking right-lateral shear zones
(Dy), and NE-SW-striking transcurrent left-lateral strike—slip faults (D3). D is locally
observed in some outcrops and likely associated with early-stage accretion of oceanic crust,
the D, structures are interpreted to represent the emplacement of the ophiolitic mélange,
and Dj is related to regional postcollisional deformation [23].

2.3. Field Relationships of the Rodingites

Rodingites are spatially associated with the serpentinized peridotite and mainly ex-
posed in the western segment of the Darbut ophiolitic mélange. Geological mapping shows
the structural relationships (Figure 2b). Serpentinites are highly sheared, with strong folia-
tions. In general, the foliation planes steeply dip to northwest with an average altitude of
315/82 (Figure 2a). The individual blocks of rodingites are surrounded by the serpentinite
foliations (Figure 3f—j). Rodingites are gray-white and vary in size, ranging from several
decimeters to several meters in length. They are generally ellipsoidal, and some change
to elongate, suggesting strong sheared deformation (Figure 3f,g,j). The axial surfaces of
the rodingite blocks have a preferred northwest-southeast orientation and are subparallel
to the serpentinite foliations (Figure 3f-j). Rodingitization decreases from the rim to the
core of the blocks, and some of the large blocks preserve relatively fresh gabbro in their
cores (Figure 3b—e). A reaction zone usually developed between the rodingite and serpenti-
nite (serpentinized peridotite) (Figure 3b—i). The reaction zones are black and have sharp
contacts with them, forming a "blackwall" wrapped around the rodingite. Blackwalls are
usually several decimeters in thickness; in most cases, they are not deformed or foliated
(Figure 3b-i).
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Figure 2. (a) Geological map of Darbut ophiolitic mélange (modified from [23]); (b) geological map
showing structural relationships of western segment of Darbut ophiolitic mélange. For regional
location, see Figure 1. Stereographic projections of structural data represent foliations in serpentines.

2.4. Sampling and Petrography

After completing the geological mapping, a suite of samples representing different
lithologic units identified in the field was collected for petrographic analyses, including
serpentinized peridotite, fresh gabbro, rodingite, and blackwall. Peridotites have suffered
variable degrees of serpentinization, which can be observed at the outcrop, handsample,
and thin-section scales. They are mostly harzburgite with minor amounts of lherzolite and
dunite [24,49,50]. Serpentinized peridotite is composed of serpentine, olivine, orthopyrox-
ene, clinopyroxene, and chrome-spinel (Figure 4a). Olivines display a typical mesh texture
and are enclosed by serpentinite and opaque minerals. Chrome-spinels usually occur as
isolated and highly fractured grains. Gabbros usually experienced greenschist-facies meta-
morphism. They locally preserve relict subophitic and ophitic textures at the handsample
scale and mainly consist of coarse-grained pyroxene and plagioclase (Figure 4b), with
minor chlorite and epidote. Plagioclase usually occurs as tabular subhedral to euhedral
laths. Clinopyroxene is subhedral to anhedral in shape and replaced by amphibole in some
cases. Secondary minerals mainly comprise chlorite, epidote, and prehnite. Rodingites
usually exhibit fine-grained porphyritic to aphanitic textures; they generally consist of
grossular, diopside, chlorite, and titanite (Figure 4c,d); and some samples contain relict
magmatic minerals, including plagioclase and clinopyroxene. Accessory minerals mainly
include apatite, magnetite, and ilmenite. Grossular and diopside generally occur as cloudy
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aggregates of anhedral. Blackwalls are dominated by chlorite; grossular, diopside, and
magnetite often present in the form of fine-grained aggregates of anhedral with the chloritic

matrix (Figure 4c,d).
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Figure 3. Field photographs showing field relationship of rodingites in ophiolitic mélange. (a) Out-
crop of Darbut ophiolitic mélange (yellow arrows indicate rodingite blocks); (b—j), and (j) rodingite
blocks within foliated serpentinite matrix; reaction zones (blackwalls) usually developed between
rodingite and serpentinite (yellow circles indicate sample locations in this study; red dotted lines
indicate foliation of serpentinite; yellow dotted lines indicate boundary of blackwalls); (h,i) rodingite
blocks were offset by small shearing faults and surrounded by unbroken blackwall (cartoons show

evolution of rodingite blocks).
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Figure 4. Photomicrographs showing mineral compositions and textures of rocks in Darbut ophiolitic
mélange. (a) Serpentinized peridotite with Opx, Ol, Sep, and Sp; (b) gabbro with Opx and PJ; (c) con-
tact zone of rodingite and blackwall; blackwall mainly consists of Chl, Grs, Di, and Mag; rodingite
mainly consists of Grs, Di, and Chl; (d) blackwall with Chl, Di, Grs, and Mag. Abbreviations for
different minerals: Opx—orthopyroxene; Ol—olivine; Sep—serpentine; Sp—spinel; Pl—plagioclase;
Chl—chlorite; Grs—grossular; Di—diopside; and Mag—magnetite.

3. Geochemistry
3.1. Analytical Methods

Samples for whole-rock major- and trace-element analyses were crushed, and fresh
chips were selected and washed in purified water. The cleaned chips were then powdered
in an agate mortar to less than 200 meshes. Major- and trace-element measurements were
carried out at the State Key Laboratory of Geological Processes and Mineral Resources
(GPMR), at CUG. Major oxides were analyzed using an X-ray fluorescence spectrometer,
with analytical precision better than 5%. Loss on ignition was measured after heating to
1000 °C. Trace elements were determined by inductively coupled plasma-mass spectrom-
etry (ICP-MS) using an Agilent 7700e system, with analytical precision better than 5%.
Detailed sample-digestion and analytical procedures for trace-element analyses are the
same as described by [51].

3.2. Results

Fifteen samples, including six pairs of adjacent rodingites and blackwalls and three
fresh gabbros, were analyzed for whole-rock major- and trace-element concentrations. The
analytical results are listed in Table 1.
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Table 1. Whole-rock analyses of selected samples from Darbut ophiolitic mélange.

Sample H9645-7-2 H9645-7-1 H9645-22-2 H9645-22-1 H9645-25-2 H9645-25-1 H9645-14-2
Rock Type  Rodingite Blackwall Rodingite Blackwall Rodingite Blackwall Rodingite
Si0, 39.80 30.30 43.60 27.55 36.99 31.01 35.45
TiO, 0.59 1.29 0.87 3.04 0.98 1.48 1.02
AlLO3 12.03 14.75 14.05 14.63 14.23 13.66 12.44
Fe, O3 9.42 14.69 8.58 21.85 9.57 12.35 13.01
MnO 0.17 0.55 0.15 1.28 0.20 0.95 0.42
MgO 5.14 26.62 7.61 21.22 6.29 28.29 14.49
CaO 29.85 0.32 21.36 0.98 27.99 0.27 16.87
NayO 0.04 0.04 0.18 0.01 0.06 0.02 0.04
KO 0.01 0.00 0.01 0.00 0.01 0.00 0.02
P,05 0.10 0.11 0.09 0.20 0.11 0.10 0.09
LOI 2.06 10.80 3.27 9.26 3.37 11.40 5.76
SUM 99.22 99.48 99.76 100.00 99.79 99.53 99.60
Li 3.99 10.3 19.3 18.2 6.63 13.3 18.6
Be 0.26 0.011 0.37 0.017 0.29 0.017 0.13
Sc 31.9 37.5 32.8 49.0 35.3 28.8 48.8
\% 294 386 217 600 293 352 321
Cr 14.0 263 264 119 404 53.1 297
Co 31.0 80.2 37.3 101 31.8 84.9 51.9
Ni 19.5 114 96.3 90.7 30.5 40.9 98.8
Cu 74.9 5.10 36.3 151 55.6 5.33 24.7
Zn 58.6 97.3 57.5 116 69.9 122 96.1
Ga 10.0 5.72 11.1 6.63 12.2 6.72 4.65
Rb 0.11 0.18 0.12 0.11 0.12 0.13 0.15
Sr 11.5 3.82 285 21.7 13.3 2.90 12.2

Y 16.9 22.8 23.0 58.8 27.2 21.3 25.6
Zr 37.6 85.2 66.4 196 69.6 89.7 60.7
Nb 0.74 1.54 1.15 2.85 0.92 1.20 0.79
Sn 0.32 0.030 0.56 0.18 0.62 0.055 0.16
Cs 0.010 0.016 0.039 0.062 0.10 0.060 0.13
Ba 3.93 1.29 16.1 1.60 3.87 1.57 212
La 3.29 2.02 2.24 3.77 2.18 1.62 2.15
Ce 8.33 6.45 6.94 14.5 7.13 5.64 6.56
Pr 1.34 1.20 1.23 2.92 1.27 1.08 1.14
Nd 6.83 7.34 6.66 17.2 7.27 6.48 6.48
Sm 2.07 2.94 2.42 6.60 2.63 2.37 2.53
Eu 0.73 0.18 0.79 0.77 1.05 0.25 1.45
Gd 2.57 412 3.26 8.58 3.79 3.52 3.53
Tb 0.45 0.74 0.60 1.57 0.67 0.60 0.63
Dy 2.84 4.87 4.04 10.6 4.58 4.12 4.38
Ho 0.59 0.99 0.86 2.23 1.00 0.88 0.92
Er 1.70 2.70 2.49 6.28 2.86 2.47 2.61
Tm 0.28 0.41 0.38 0.98 0.45 0.37 0.41
Yb 1.74 2.39 2.34 5.80 2.94 2.26 2.60
Lu 0.28 0.36 0.36 0.88 0.44 0.35 0.41
Hf 1.18 227 1.80 5.40 2.02 2.45 1.79
Ta 0.054 0.12 0.088 0.20 0.077 0.090 0.070
Tl 0.0049 0.0058 0.0048 0.0058 0.0047 0.0027 0.0052
Pb 0.16 0.065 0.39 0.094 0.61 0.19 0.30
Th 0.29 0.23 0.081 0.33 0.087 0.093 0.076

U 0.17 0.12 0.035 0.18 0.049 0.052 0.041
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Table 1. Cont.

Sample H9645-14-1 H9645-13-2 H9645-13-1 H9645-12-2 H9645-12-1 H9645-7-3 H9645-22-3 H9645-20

A N Fresh Fresh Fresh
Rock Type  Blackwall Rodingite Blackwall Rodingite Blackwall Gabbro Gabbro Gabbro

Si0, 30.98 43.84 31.54 31.30 29.27 48.18 48.74 50.88
TiO, 0.98 1.12 1.26 0.76 1.36 121 0.79 0.74

AlL,O3 14.60 12.91 13.78 14.15 14.33 15.33 15.90 15.23

Fey O3 13.48 10.85 11.73 16.28 19.01 10.95 7.96 10.17
MnO 0.51 0.16 0.81 0.59 0.79 0.18 0.14 0.17
MgO 27.13 4.00 28.79 11.38 24.30 7.13 7.94 5.92
CaO 0.23 23.51 0.27 17.97 0.39 9.73 11.97 9.15
Na,O 0.02 0.25 0.02 0.04 0.01 3.54 3.13 444
KO 0.00 0.06 0.00 0.01 0.00 1.23 0.62 1.13
P,0s5 0.07 0.15 0.10 0.15 0.17 0.10 0.10 0.09
LOI 11.12 2.46 11.37 6.40 10.17 2.18 2.76 1.36

SUM 99.12 99.30 99.67 99.02 99.79 99.76 100.05 99.28
Li 27.7 7.48 159 9.06 7.99 28.6 25.7 12.0
Be 0.0091 0.46 0.017 0.12 0.0055 0.28 0.29 0.23
Sc 21.9 25.7 23.2 50.4 43.3 43.4 39.3 41.0
A% 262 274 330 407 594 304 184 324
Cr 270 2.94 55.9 27.6 47.1 158 138 153
Co 87.5 32.5 96.1 54.9 120 41.6 31.4 30.3
Ni 190 9.56 65.3 27.2 55.0 49.7 63.7 57.9
Cu 6.41 53.8 3.44 24.0 45.0 35.6 97.9 112
Zn 106 84.8 122 126 104 77.5 53.5 75.0
Ga 5.63 14.7 5.21 4.96 10.1 14.3 13.3 15.2
Rb 0.18 1.49 0.13 0.075 0.085 25.9 18.4 18.2
Sr 4.35 420 6.43 6.12 8.95 671 1448 700
Y 9.79 343 16.2 23.0 17.4 29.9 18.6 18.1
Zr 58.5 96.3 85.2 50.2 779 69.1 60.6 36.3
Nb 0.82 1.61 1.36 1.11 1.59 0.93 1.07 0.67
Sn 0.053 0.78 0.053 0.23 0.040 0.44 0.71 0.28
Cs 0.15 0.15 0.014 0.021 0.022 1.26 0.96 1.09
Ba 117 11.1 1.97 1.61 1.52 604 523 139
La 0.99 3.97 2.15 8.30 3.78 2.10 291 2.82
Ce 3.41 11.2 5.94 18.0 9.76 6.78 8.32 7.30
Pr 0.63 1.89 1.01 2.57 1.54 1.27 1.41 1.20
Nd 3.71 10.1 5.68 11.3 8.64 7.34 7.28 6.14
Sm 1.24 3.41 2.06 3.13 2.60 2.70 2.29 1.89
Eu 0.15 1.56 0.18 1.80 0.20 1.10 0.85 0.76
Gd 1.67 4.66 2.76 3.57 3.39 4.08 2.90 2.49
Tb 0.30 0.84 0.48 0.61 0.52 0.74 0.50 0.44
Dy 1.86 5.53 3.14 3.84 3.33 4.85 3.24 3.00
Ho 0.41 1.17 0.68 0.85 0.70 1.07 0.63 0.62
Er 1.16 3.32 1.87 2.32 2.06 3.05 1.88 1.86
Tm 0.17 0.53 0.28 0.37 0.28 0.47 0.28 0.29
Yb 1.04 3.38 1.67 2.39 1.77 2.98 1.80 1.94
Lu 0.17 0.51 0.26 0.38 0.30 0.48 0.26 0.28
Hf 1.40 2.57 2.17 1.57 2.18 2.02 1.61 1.13
Ta 0.063 0.10 0.10 0.071 0.11 0.068 0.069 0.044
Tl 0.0044 0.016 0.010 0.0048 0.0034 0.14 0.13 0.10
Pb 0.16 0.78 0.23 0.34 0.12 0.32 0.59 0.54
Th 0.081 0.25 0.18 0.49 0.69 0.10 0.19 0.28
8] 0.035 0.14 0.096 0.31 0.37 0.045 0.090 0.15

Fresh Gabbros: Fresh gabbros have small variations of SiO, (48.18-50.88 wt.%), Al,O3
(15.23-15.90 wt.%), and total alkalis (Nay,O + K,O = 3.75-5.57 wt.%) and have low TiO,
(0.74-1.21 wt.%) and moderate CaO (9.15-11.97 wt.%) contents. The MgO contents range
from 5.92 to 7.94 wt.%, and the FeOT contents vary from 7.17 to 9.86 wt.%, with the
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Mg number ranging from 54 to 66 (calculated as Mg/(Mg + Fe) in molecular). On the
chondrite-normalized diagram (Figure 5e), they show slightly depleted LREE patterns
(La/Smen = 0.50-0.96; La/Yby = 0.50-1.16; cn—chondprite normalized) with no Eu anoma-
lies (Eu/Eu* = 1.01-1.07). On the primitive mantle-normalized diagram (Figure 5f), all
samples display anomalies of negative high-field-strength elements (HFSEs such as Th, Nb,
Ta, and Ti) and positive large-ion lithophile elements (LILEs such as Rb, Ba, and Sr).
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Figure 5. Chondrite- and primitive mantle-normalized diagrams for studied samples. Normalization
values from [52]. N-MORB—normal-MORB; E-MORB—enriched-MORB; OIB—ocean island basalt.

Rodingites: Rodingites are characterized by low SiO, (31.30-43.84 wt.%) and total alkalis
(NapO + K>0 =0.05-0.31 wt.%) and significantly high Cao (16.87-29.85 wt.%). They have moderate
variations in TiO, (0.59-1.12 wt.%), Al,O3 (12.03-14.23 wt.%), MgO (4.00-14.49 wt.%), and FeOT
(8.58-14.65 wt.%), with the Mg number ranging from 42 to 69. On the chondrite-normalized
diagram (Figure 5a), they are characterized by slightly depleted to enrichment in LREE (La/Smep,
=0.55-1.71; La/Ybe, = 0.53-2.49) without marked Eu anomalies (Eu/Eu* = 0.86-1.65). On the
primitive mantle-normalized diagram (Figure 5b), they display negative Nb, Ta, and Ti anomalies
with variable Sr anomalies (Sr/Sr* = 0.03-2.89).

Blackwalls: Blackwalls are characterized by low contents of SiO; (29.27-31.54 wt.%),
CaO (0.23-0.39 wt.%), and total alkalis (Nap;O + KO = 0.01-0.04 wt.%). They possess
high contents of MgO (24.30-29.54 wt.%) and FeO (9.44-17.11 wt.%) with the Mg number
ranging from 72 to 85. On the chondrite-normalized diagram (Figure 5c), they show slightly
depleted LREE patterns (La/Smc, = 0.44-0.94; La/Yb, = 0.51-1.53), with significantly
negative Eu anomalies (Eu/Eu* = 0.16-0.31). On the primitive mantle-normalized diagram
(Figure 5d), they display anomalies of negative large-ion lithophile elements (LILEs such
as Rb, Ba, and Sr) and slightly negative Nb and Ta anomalies.
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3.3. Isocon Analysis

Isocon analysis has been widely used to determine chemical gains and losses during
mass transfer (e.g., [10,18]). According to [53], the immobile elements should lie on a
straight line (isocon), and the slope of the isocon represents the overall change in mass
relative to protolith. Elements plotting above the immobility isocon are added into the rock
during mineralization and alteration. Elements plotting below the immobility isocon are
removed from the rock. In this study, we relatively compared rodingites and blackwalls
with fresh gabbros using this method to estimate the compositional variations. Al, Zr,
and Ti are usually considered as immobile elements during metasomatism [54]. In this
study, Zr and Ti were utilized to generate immobility isocon because of their high positive
correlations among each other.

The isocon line for rodingites has a lope of 1.15, indicating an average mass loss of
about 13%. Most major elements in rodingites were variably mobile (Figure 6a). There were
slight increases in Mn and strong increases in Ca, whereas total alkalis (Na, K) and Si were
obviously depleted. Fe, Mg, and P plot near the isocon line, which implies insignificant
modification. Regarding the trace elements (Figure 6c), REEs, HFSEs (e.g., Nb, Ta, Th, U,
and Hf), and V appear to be relatively immobile since they plot very close to the isocon
line. In contrast, most LILEs (e.g., Rb, Ba, Sr, and Pb) were extracted from the protolith
during rodingitization. The isocon line for the blackwall has a lope of 1.78, indicating an
average mass loss of about 44%. CaO, total alkalis (Na, K), and Si contents have been
significantly depleted; Al, P, and Fe are also slightly decreased; while MgO and MnO are
highly enriched (Figure 6d). For the trace elements (Figure 6e,f), HFSEs (e.g., Nb, Ta, Th, U,
Hf) and V are relatively immobile; LILEs (e.g., Rb, Ba, Sr, and Pb) and REEs, especially Eu,
display clear depletion.
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4. Discussions
4.1. Rodingite Protolith

Many geochronological, geochemical, and structural studies have been carried out to
decipher the formation process of the Darbut ophiolitic mélange [23,26]. However, there
has never been any attention about the rodingites that are widespread throughout the
ophiolitic mélange. Recent studies have reached a consensus that rodingites were formed
through metasomatism of mafic to felsic rocks [5-8]. In the Darbut ophiolitic mélange,
rodingites exhibit geochemical compositions similar to the fresh gabbros, and they all
plot in the basalt field on the Nb/Y-Zr/Ti diagram [55] (Figure 7a). Sometimes, gabbro
relicts were preserved in the center of some large rodingite blocks. These lines of evidence
indicate that gabbros should be the protolith of rodingites. The author of [3] suggested that
blackwalls associated with rodingites formed from the meta-peridotite by the metasomatic
addition of aluminum. In this study, blackwalls were characterized by low contents of SiO,
but high contents of MgO similar to the serpentinized peridotite. However, they plot in the
basalt field on the Nb/Y-Zr/Ti diagram (Figure 7a) and share very similar REE and HFSE
patterns with fresh gabbros and rodingites. Thus, the protoliths of blackwalls were also
gabbros rather than peridotites.
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Figure 7. (a) Zr/Ti versus Nb/Y diagram adopted from [55]; (b) Y-La—Nb ternary discrimination
diagram adopted from [56]; (c) Th/Yb versus Nb/Yb diagram adopted from [57]; (d) V-Ti diagram
adopted from [58]. N-MORB—normal-MORB; E-MORB—enriched-MORB; OIB—ocean island basalt;
IAT—island-arc tholeiite; BABB—back-arc basin basalt.

In this study, REEs, except Eu in blackwalls, and HFSEs (e.g., Th, Nb, Zr, and Ti)
showed consistent distribution patterns on the chondrite- and primitive mantle-normalized
diagrams (Figure 5), and isocon analysis documents limited mobility of these elements
during rodingitization (Figure 6). Accordingly, these immobile elements can be used for
interpreting the petrogenetic signatures of gabbroic protoliths. Fresh gabbros and rodingites
are characterized by slightly depleted to enrichment LREE patterns on the chondrite-
normalized diagram, which are indistinguishable from N-MORB patterns. However, they
show slightly negative Nb and Ta anomalies on the primitive mantle-normalized diagram.
On Y/15-Nb/8-La/10 (Figure 7b), they plot in the mix fields of IAT and MORB [56]. Most of
them have low Ti/V ratios, also plotting in the mixed fields of IAT and MORB on the V-Ti
diagram [58] (Figure 7d), and they have relatively high Th/Yb ratios, plotting in the MORB-
OIB array to the subduction-related field on the Th/Yb-Nb/Yb diagram [57] (Figure 7c).
These lines of evidence indicated that their magma source was influenced by subduction
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inputs [59,60]. Therefore, (meta-) gabbros were considered to have formed in a subduction-
related tectonic setting. This conclusion is consistent with previous studies [23,26,28,36]
that suggested that the Darbut ophiolite was formed in a back-arc ocean basin during
the Devonian.

4.2. Metasomatic Process and Element Mobility

Based on the above petrology and geochemistry of these metasomatic rocks, two
stages of metasomatic processes, namely rodingitization and derodingitization, were recog-
nized [18,61]. The first metasomatic stage (stage 1) corresponds to rodingitization processes.
In all occurrences, rodingites are spatially associated with serpentinites and located at the
juxtapositions of ultramafic and mafic rocks. Given the close proximity of the two rock types
and their chemical contrasts, it has been assumed that rodingites form by the reaction with
Ca released during the serpentinization of the ultramafic host rocks [7,20,62-64]. Generally,
Ca-rich serpentinizing fluids are attributable to the breakdown of primary clinopyroxene
during serpentinization [65]. However, in the Darbut ophiolitic mélange, ultramafic rocks
mainly consist of harzburgite with only minor amounts of lherzolite [24,49,50]. Consid-
ering that orthopyroxene also contains small amounts of calcium, the dissolution of the
orthopyroxene during serpentinization likely plays an important role in the formation
of Ca-rich fluids in this study. The reactions describing the above are given through the
following equations [65].

Clinopyroxene + Fluid — Serpentine + Ca** + H,O + Si**

Orthopyroxene + Fluid — Serpentine + Talc + Ca**

The mobilized Ca is transported from the serpentinite to the gabbro layers, where it
leads to the crystallization of Ca-rich phases such as grossular and diopside and, hence, the
formation of rodingites. It is evidently observed that rodingites are characterized by signifi-
cant Ca enrichments. This stage can be described by the following mineral reactions [65]:

Anorthite + Clinopyroxene + Ca®* + H,O — Grossular + Chlorite + Si**

Plagioclase + Clinopyroxene + HyO — Grossular + Chlorite + Diopside

This process was accompanied by the release of Si, alkalis, and other fluid mobile
elements, such as LILEs (e.g., Rb, Ba, Sr, and Pb), leading to the remarkable loss of these
elements in rodingites. Therefore, the rodingitization process in the Darbut ophiolitic
mélange was characterized by the input of Ca and the release of Si, K, Na, and LILEs.

The second metasomatic stage (stage 2) corresponds to derodingitization processes,
forming the chlorite marginal zones (blackwalls). Derodingitization is commonly attributed
to the breakdown of the previously formed rodingitization-related mineral phases. Grossu-
lar and diopside were consumed and replaced by chlorite, which can be explained by the
following reaction [8].

Grossular + Diopside + H,O — Chlorite + Si** + Ca®"

The results of the isocon analysis indicated that most major and trace elements of
blackwalls were modified during the derodingitization process [18,61]. The replacement of
Ca-rich minerals by chlorite would have led to the Mg increase and Ca depletions. In addi-
tion, blackwalls display significant REE depletions compared with rodingites. Generally,
REE mobilization is related to the composition of hydrous fluids; high water—rock ratios
and CO,-fluid phases can promote the mobility of the REE [10,66,67].

4.3. Implications for the Tectonic Setting

It has been assumed that rodingites can form in a wide temperature and pressure con-
dition [14-18]. In the Darbut ophiolitic mélange, rodingites usually occur as sheared bodies
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within the foliated serpentinites. Our geological mapping indicated that the preferred
orientation of the axial surfaces of theses rodingite blocks is subparallel to the serpentinite
foliations, indicating a strong sheared deformation. In some cases, rodingite blocks were off-
set by small shear zones. The authors of [23] suggested that the Darbut ophiolitic mélange
was extruded into the Carboniferous strata through NE-striking subvertical right-lateral
shear zones during the Late Carboniferous. Therefore, the rodingitization process was
likely related to the diapiric emplacement of the Darbut ophiolitic mélange. In contrast, the
blackwalls around the rodingite bodies only suffered weathering without any sheared de-
formation. The above observation reflects the fact that blackwalls were generated after the
diapiric emplacement of the Darbut ophiolitic mélange. Listwaenites extensively outcrop in
the Darbut ophiolitic mélange and have been considered to be transformed by the reaction
between serpentinite and CO,-rich fluid during the Early Permian (296-302 Ma) [49,68].
The inferred REE mobility of blackwalls also suggests a high water—rock ratio and high
amounts of CO,. Thus, we suggested that the derodingitization process of rodingites may
have occurred in this stage.

Finally, we attempted here to reconstruct the process of formation and evolution of
the Darbut rodingite. In the Devonian, slab rollback of the Junggar Ocean formed a back-
arc basin in the central West Junggar area, forming the SSZ-type Darbut ophiolite [26,36]
(Figure 8a). In this setting, the gabbroic protoliths of rodingites were derived from a de-
pleted mantle source that had been metasomatized by slab-derived fluids. The back-arc
oceanic basin began to shrink and progressively evolved into a remnant oceanic basin in
response to the successive bending of the Kazakhstan Orocline in the Early Carbonifer-
ous [23,30,32,69], and numerous volcaniclastic and tuffaceous materials derived from the
Carboniferous arc-related rocks were quickly deposited in the remnant basin (Figure 8b).
Regional convergence of the southwestern Altaids in the Late Carboniferous led to the
extensive deformation in the central West Junggar area and to the tectonic extrusion of
the Darbut ophiolitic mélange accompanied by strong dismemberment and shearing of
the previous SSZ-type ophiolite (Figure 8c) [23]. In this stage, the diapiric emplacement
of the Darbut ophiolitic mélange also resulted in the extensive serpentinization of ultra-
mafic rocks, inducing the intensive rodingitization of gabbro blocks (Figure 8d). In the
Early Permian, postcollision volcanism likely released a mass of metasomatic fluids with a
high water—rock ratio and high CO, content [49,68], resulting in the derodingitization of
rodingites (Figure 8d).
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Figure 8. Geological model for geodynamic evolution of Darbut rodingite.
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5. Conclusions

(1) The protoliths of rodingites and blackwalls in the Darbut ophiolitic mélange are gab-
bros; they were derived from a depleted mantle source that had been metasomatized
by slab-derived fluids.

(2) Two stages of metasomatic processes (i.e., rodingitization and derodingitization) were
recognized. Rodingitization of gabbroic protolith was characterized by the input of
Ca and the release of Si, K, Na, and LILEs. Derodingitization of rodingites led to
the replacement of Ca-rich minerals by chlorite and to the Mg increase and Ca and
REE depletions.

(3) The rodingitization process was related to the diapiric emplacement of the Darbut
ophiolitic mélange in the Late Carboniferous; the derodingitization process occurred
in the Early Permian and was likely associated with regional postcollision volcanism.
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