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31

32 Abstract The Khetri Copper Belt (KCB) in northwestern India contains a number of
33  economically important [OCG-like Cu-(Au) deposits hosted in Proterozoic
34  meta-sedimentary rocks. They comprise massive, vein-type and disseminated
35 replacement ores with monazite-(Ce) locally present. In this study, in-situ U-Pb ages
36 and Sm-Nd isotopic compositions of monazite-(Ce) were obtained, in order to
37  constrain the timing of mineralization, and to trace the sources of the ore metals.

38 Monazite-(Ce) crystals were identified in two representative deposits in the KCB,
39  Madhan-Kudhan and Kolihan. In the Madhan-Kudhan deposit, monazite-(Ce) crystals
40 from both ores and ore-hosting rocks are intimately intergrown or texturally
41  associated with hydrothermal minerals (e.g., pyrrhotite, chalcopyrite and biotite), and
42 are interpreted to have a hydrothermal origin. The hydrothermal monazite-(Ce)
43  crystals have U-Pb ages of 833 + 5 to 837 + 6 Ma, which represent the timing of the
44  mineralization in the Madhan-Kudhan deposit. Two types of monazite-(Ce) crystals
45  were observed in the sample of the Kolihan deposit. Type 1 monazite-(Ce) crystals
46 occur in close spatial association with sulfide minerals, indicating a hydrothermal
47  origin. Uranium-lead dating of these monazite-(Ce) crystals yielded an age of 840 + 6
48  Ma, which is indistinguishable from the U-Pb ages of hydrothermal monazite-(Ce)
49  from the Madhan-Kudhan deposit. Type 2 monazite-(Ce) crystals are enclosed by
50 sulfide minerals, and commonly show concentric zonation with respect to ThO2 (0.45
51  to 13.59 wt.%). They yielded a weighted average 2°’Pb/?%Pb age of 1362 + 29 Ma and
52 an upper concordia intercept age of 1357 = 30 Ma, which may record a pre-ore
53 metamorphic event in the KCB. Hydrothermal monazite-(Ce) crystals have
54  end(t=835Ma) values ranging from -4.3 to -16.8, indicating the incorporation in the
55  ore-forming systems of a range of upper crustal materials with different isotopic
56  signatures.

57 The mineralization ages of the Cu-(Au) deposits in the KCB fall within the
58  overall age-ranges of the regional post-collisional igneous activity (~800 to ~880 Ma)
59 and Ca-Na metasomatism (~830 to ~850 Ma). Combining this temporal association
60  with related geochemical and isotopic data, we propose that the Neoproterozoic
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61  post-collisional magmatism induced large scale circulation of non-magmatic
62  hydrothermal fluids in the upper crust, which produced widespread Ca-Na
63  metasomatism and led to the mobilization and concentration of certain ore-metals
64 (e.g., REE, and partial Cu).

65

66  Key words: Monazite-(Ce), U-Pb dating, Sm-Nd isotopes, Neoproterozoic, Khetri
67  Copper Belt

68

69 1. Introduction

70

71 Several Cu £ Au + Fe = REE + U deposits are hosted in late Paleoproterozoic
72 meta-sedimentary rocks of Aravalli-Delhi Fold Belt, northwestern India, which is also
73 referred as the Khetri Copper Belt (KCB). These deposits host ~140 Mt ore @ 1.1 to
74 1.7 wt.% Cu and 0.5 g/t Au, making the KCB one of the largest Cu metallogenic
75  provinces in India (Knight, 2002). An early model proposed a syngenetic origin for
76  the deposits, in which the ores were formed during sedimentation or diagenesis and
77  were subsequently metamorphosed (Sarkar and Dasgupta, 1980). Another early model,
78  which still has adherents, proposed that the mineralization formed epigenetically, and
79  was possibly associated genetically with regional magmatism (e.g., Das Gupta, 1974;
80  Kaur et al., 2014). Recent studies, however, have emphasized the Iron Oxide Copper
81  Gold (IOCG)-like affinity of the deposits (Knight 2002; Baidya et al., 2017).

82 Establishing the timing of mineralization in the KCB is key to understanding the
83  ore genesis. A mean fission track age of 897 &+ 125 Ma was reported for garnet from a
84  representative deposit in the KCB (Knight 2002 and reference therein), and has been
85 proposed to represent the timing of Cu mineralization. However, gamet is a
86  metamorphic mineral rather than an ore-related hydrothermal mineral in the deposit,
87  and thus its fission track age could not represent the age of ore formation. Moreover,
88  the large uncertainty in the age determination makes it of questionable use even in
89  constraining the age of the metamorphism. In order to properly constrain the
90 ore-forming age, it is necessary to select ore-related minerals and to use robust
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91 isotopic methods that will yield age determinations with relatively small uncertainty.
92 It is well established that monazite can form during hydrothermal ore-forming
93  processes (e.g., VMS-type deposits, Davis et al., 1994; Sn-porphyry deposits, Kempe
94 et al., 2008; orogenic gold deposits, Rasmussen et al., 2006, Vielreicher et al., 2015;
95  magmatic-hydrothermal REE deposits, Pandur et al., 2016). Hydrothermal monazite
96 commonly contains high U and/or Th concentrations, but negligible common Pb, and
97 its U-Th-Pb systems have closure temperatures greater than 700 °C (Williams et al.,
98  2007; Chiaradia et al., 2013). Thus, it is an ideal phase for determining the
99  mineralization age of hydrothermal deposits.
100 Monazite is excellent not only for U-Th-Pb dating but also for Sm-Nd isotopic
101  analysis due to its high concentrations of Sm and Nd. Advances in microanalysis now
102  permit submineral-scale determination of Sm-Nd isotopic compositions (e.g., Fisher
103 et al., 2011; Liu et al., 2012; Goudie et al., 2014). Importantly, the micro-analysis of
104  Sm-Nd isotopes may reveal isotopic heterogeneities within and between single grains
105  (e.g., Gregory et al., 2009a; Fisher et al., 2017), which were obscured by conventional
106  whole-rock isotopic analysis.
107 In this study, we report textural features and compositions of monazite-(Ce) from
108  two representative deposits in the KCB, and demonstrate that monazite-(Ce) is an
109  ore-related hydrothermal mineral. In-situ U-Pb and Sm-Nd isotopic analyses were
110  conducted on the hydrothermal monazite-(Ce). The new dataset provides direct
111  constraints on the timing of the Cu mineralization and the sources of REE in the ores,
112 and hence a better understanding of the origin of the Cu mineralization in the KCB.
113
114 2. Regional Geology
115
116 The Aravalli-Delhi Fold Belt represents a major NE-SW tectonic lineament in
117  the northwestern part of the Indian subcontinent (Fig. 1a). The oldest rock unit of this
118  belt is the Banded Gneissic Complex (BGC), which has been divided into two
119  disconnected terranes, namely the BGC-I in the southern Aravalli mountains and
120 BGC-II in the central Aravalli mountains (Fig. 1b; Heron, 1953). The BGC-I unit is
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121  dominated by a tonalite-trondhjemite-granodiorite suite of Archean age (3.30 to 2.50
122 Ga; Wiedenbeck and Goswami, 1994; Roy and Kroner, 1996; Wiedenbeck et al.,
123 1996), whereas the BGC-II unit mainly comprises Archean to Paleoproterozoic (2.75
124  to 1.72 Ga) granitoids and Paleoproterozoic supra-crustal rocks (Buick et al., 2006;
125  Dharma Rao et al., 2011).

126 The BGC is in tectonic contact with, or unconformably overlain by two
127  Proterozoic supracrustal sequences, namely the Aravalli and Delhi Supergroups. Both
128  supracrustal sequences were deposited during episodes of continental rifting (e.g.,
129  Singh, 1988; Bhattacharya and Bull, 2010). The Aravalli Supergroup is widely
130  distributed in the eastern and southeastern segments of the Aravalli-Delhi Fold Belt
131 along a NE-SW trending basin (Fig. 1b). This supergroup consists mainly of
132 greenschist- to amphibolites-facies siliciclastic rocks and carbonates, with mafic
133 volcanic rocks, phosphorite and VMS-type Pb-Zn deposits distributed locally
134  (Sinha-Roy et al., 1998). Previous geochronological studies indicate that the Aravalli
135  sedimentation spanned the time interval from ~2.3 to ~1.6 Ga (Ahmad et al., 2008;
136  McKenzie et al., 2013).

137 The Delhi Supergroup forms the dominant lithostratigraphic unit of the Aravalli
138  mountains. This supergroup has been divided into two sub-belts, namely the North
139  Delhi Fold Belt, and the South Delhi Fold Belt (Fig. 1b). The North Delhi Fold Belt
140 hosts a succession of amphibolite-facies meta-sediments, comprising the
141  quartzite-dominated Alwar Group and the schist-dominated Ajabgarh Group. These
142 sedimentary rocks were deposited at < 1.71 Ga (Deb and Sarkar, 1990; Kaur et al.,
143  2011a, 2013). The South Delhi Fold Belt consists of quartzite, schist,
144  meta-conglomerate, carbonates and minor meta-volcanic rocks, which have been
145  tightly folded into a regional synclinorium and metamorphosed up to amphibolite
146  facies (Heron, 1953; Gupta 1998). The depositional age of these rocks is estimated at
147  1.2to 1.0 Ga (Deb et al., 2001; McKenzie et al., 2013).

148 Closure of the Delhi basin is marked by the ~1.0 to ~0.9 Ga collision between
149  the Marwar Craton in the west and the Bundelkhand Craton in the east (Vijaya Rao et
150 al., 2000; Bhowmik et al., 2010; Fig. la). This event is recorded by evidence of
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151  metamorphism in the central and northern domains of the Aravalli-Delhi Fold Belt
152 (e.g., Pant et al., 2008; Bhowmik et al., 2010; Hazarika et al., 2013; Ozha, 2016), and
153 localized magmatism in the southern domain of this Fold Belt (e.g., Deb et al., 2001;
154  Pandit et al., 2003, 2011). Post-collisional intrusions, termed “Erinpura Granites”,
155  occur widely in the southern segment of the Aravalli-Delhi Fold Belt (Fig. 1b; Heron,
156  1953). The Erinpura Granites include variably deformed felsic intrusions composed of
157  granite, tonalite, diorite and granitic gneisses.

158 To the northwest of the Erinpura Granites lies the ~770 to ~750 Ma Malani
159  Igneous Suite, which consists dominantly of unmetamorphosed rhyolitic and
160 rhyodacitic volcanic rocks, with minor basalts and granitic intrusions (Torsvik et al.,
161 2001; Gregory et al., 2009b; Fig. 1b). The Malani Igneous Suite has been interpreted
162  as having formed in an Andean-type arc setting (e.g., Ashwal et al., 2002; Meert et al.,
163  2013), or an extensional setting (e.g., active rifting or mantle plume; Eby and Kochbhar,
164  1990; Li et al., 1999; Sharma, 2004).

165

166 3. The Khetri Copper Belt

167

168 The NE-SW oriented KCB is located in the northernmost part of the
169  Aravalli-Delhi Fold Belt (Fig. 1b). Large Cu-(Au) deposits occur near the Towns of
170  Khetri and Gothra, including from northeast to southwest the Banwas,
171 Madhan-Kudhan, Kolihan, Chandmari Intervening Block and Chandmari deposits
172 (Fig. 2a). It is estimated that the Banwas deposit contains 30 Mt ore @ 1.7 Cu and 0.3
173 to 3 g/t Au, the Madan-Kudan deposit contains 66 Mt ore @ 1.12 to 1.71 wt.% Cu and
174 0.2 to 2 g/t Au, the Kolihan-Chandmari deposit contains 40 Mt ore @ 1.14 to 1.62 wt.%
175  Cu and 0.2 g/t Au, and the Chandmari Intervening Block contains 12.10 Mt ore @
176  1.03 wt.% Cu (Knight et al. 2002; Bhardwaj et al., 2014). The Madan-Kudan and
177 Kolihan deposits are currently being mined.

178 The KCB mineral deposits are hosted in meta-sedimentary rocks of the Alwar
179  and Ajabgarh Groups. They occur over a >10 km curvilinear NE-strike length, which
180 is generally parallel to a boundary marking the transition from the meta-sedimentary
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181  rocks (dominantly amphibole-bearing quartzite and feldspathic quartzite; Figs. 3a and
182 b)) of the Alwar Group to the east, to rocks (dominantly garnet-chlorite schist,
183  andalusite-/biotite-schist, phyllite and garnet-bearing quartzite; Fig. 3c) of the
184  Ajabgarh Group to the west. Sedimentary structures in the Alwar and Ajabgarh
185  Groups have been interpreted to reflect shelf/shallow marine to fluvial environments
186  (Singh, 1988; Deb and Sarkar, 1990). A  regionally-continuous,
187  stratigraphically-conformable breccia horizon occurs at the contact between the Alwar
188 and Ajabgarh Groups (Fig. 3d). The breccias are interpreted to have formed by
189  evaporate dissolution (Knight et al., 2002 and references therein). The
190  meta-sedimentary rocks of the Alwar and Ajabgarh Groups have experienced at least
191  two phases of regional metamorphism; the peak metamorphic conditions were 500 to
192 600 °C and < 5.5 kb (Sarkar and Dasgupta, 1980; Kaur et al., 2016). The last
193  metamorphic event has been interpreted to have taken place at 975 to 945 Ma using
194  chemical dating of monazite (Pant et al., 2008; Kaur et al., 2016). A number of
195  granitic intrusions are present in the KCB, including the ~1.82 Ga subduction-related
196  granites and 1.72 to 1.70 Ga rift-related A-type granites (Kaur et al., 2007, 2009b,
197  2011b; Fig. 2a).

198 Sedimentary rocks of the KCB have experienced widespread calc-silicate
199 alteration and/or albite-hematite alteration (Knight et al., 2002; Kaur et al., 2016). The
200 calc-silicate alteration comprises assemblages of amphibole, clinopyroxene, scapolite,
201 albite and calcite, with variable epidote, apatite, titanite and iron oxides.
202  Albite-hematite alteration was characterized by the formation of mainly albite,
203 amphibole, magnetite and hematite, and is responsible for the red color of the altered
204  rocks. In addition to the meta-sedimentary rocks, the 1.72 to 1.70 Ga A-type granites
205 also experienced variable degrees of albite alteration, during which hydrothermal
206  fluids converted plagioclase and K-feldspar into nearly pure albite (Kaur et al., 2012;
207 2014).

208 Two main phases of deformation have been identified in the KCB, namely earlier
209  ductile deformation and later brittle or brittle-ductile deformation (Knight et al., 2002).
210  Rocks in this belt commonly display a sub-vertical, NE-striking foliation, defined by
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211  peak metamorphic minerals, and steeply plunging mineral lineations. The foliation is
212 axial-planar to NE-trending on a regional-scale. Doubly-plunging folds are observed.
213 These early structures were cross-cut by NE- and NW-striking brittle faults or shear
214  zones. The Cu-(Au) ores occur mainly along the NE-striking, west-dipping fault
215  zones or shear zones, forming a series of discontinuous, sub-parallel lenses (Figs. 2b
216  and c). In places, orebodies also occur at the intersections of NE- and NW-striking
217  faults, forming subvertical cylindrically-shaped bodies, or in the hinges of small-scale
218  fault-related folds (Roy Chowdhury and Das Gupta, 1965).

219 Sulfide mineralization occurs in the form of massive bodies (Figs. 3e and f),
220  veins (Fig. 3g), and disseminations (Fig. 3h). Sulfide-rich masses are preferentially
221 developed in the main orebodies, whereas sulfide-bearing veins and sulfide
222 disseminations are more abundant in the hanging wall and footwall alteration zones.
223 Chalcopyrite and pyrrhotite are the dominant sulfide minerals within the main
224 orebodies, and are accompanied by subordinate pyrite (Figs. 4a and b). Magnetite is
225  the dominant iron oxide phase (Figs. 4a). Minor proportions of uraninite, huttonite
226  and REE-rich phases (e.g., allanite-(Ce), monazite-(Ce) and xenotime-(Y)) are also
227  present (Fig. 4c). The ore-related gangue minerals are amphibole, marialitic scapolite,
228  biotite, chlorite and quartz (Figs. 4d to e), with subordinate albite, tourmaline, apatite
229  and carbonate minerals. Both ore and gangue minerals show little evidence of
230  deformation (Figs. 4a to e). Sulfide-bearing veins generally cross-cut the peak
231  metamorphic fabric or foliation of the ore-hosting rocks (Fig. 3g). Thus, the
232 mineralization is interpreted to have postdated the main phases of regional
233  metamorphism and deformation, consistent with the conclusions of previous studies
234 (Knight et al., 2002).

235 Wallrock alteration is well developed on the orebody-scale, with amphibole,
236  Dbiotite, chlorite, quartz and carbonate minerals as the most common alteration phases.
237  The amphibole alteration typically extends for hundreds of meters away from the
238  orebodies. Amphibole in the alteration zone has variable major element compositions,
239  and mainly includes cummingtonite, hastingsite, sadanagaite, and tschermakite. For
240  simplicity, the latter three are referred to as Ca-group amphibole. Cummingtonite

8

Li, Xiao-Chun, Mei-Fu Zhou, A. E. Williams-Jones, Yue-Heng Yang, and Jian-Feng Gao.
"Timing and Genesis of Cu—(Au) Mineralization in the Khetri Copper Belt, Northwestern India: Constraints from in Situ U-Pb Ages and Sm—-Nd Isotopes of Monazite-(Ce)."
Mineralium Deposita (July 26 2018). http://dx.doi.org/10.1007/s00126-018-0823-3.



241 commonly occurs as randomly oriented crystals cross-cutting the peak metamorphic
242  fabric (Fig. 4f). The Ca-group amphibole is paragenetically later than the
243  cummingtonite, and occurs as randomly oriented crystals, patches or layers in the
244 ore-hosting rocks (Fig. 4g). Biotite and chlorite alteration is developed adjacent to the
245  main orebodies (usually tens of meters away). These minerals occur generally along
246  fractures or grain boundaries, and may define the schistosity of the ore-hosting rocks
247  (Figs. 4h and 1). Quartz occurs either as patches overprinting the meta-sedimentary
248  rocks, or as veins cutting through or paralleling the metamorphic fabric. The
249  silicification may extend for hundreds of meters away from the main ore bodies.
250  Carbonate minerals commonly occur as veins cutting through the metamorphic fabric.
251 Although the above-mentioned alteration may have resulted from the hydrothermal
252 fluids responsible for mineralization, it is not invariably accompanied by sulfide
253  minerals.

254

255 4. Sample description

256

257 In this study, monazite-(Ce) from four samples was investigated in detail. Three
258  samples (In-123, In-125 and In-103) were collected from the Madhan-Kudhan deposit,
259  and one (In-192) was from the Kolihan deposit.

260

261 4.1 Sample In-123

262

263 Sample In-123 is a massive ore that was collected from the 0 meter level of the
264  Madhan-Kudhan mine (Fig. 5). This sample mainly contains cummingtonite (10
265  vol.%), magnetite (30 vol.%), sulfide minerals (chalcopyrite and pyrrhotite; 30 vol.%)
266  and biotite (25 vol.%), with minor relict quartzite masses. Cummingtonite was the
267  earliest mineral to crystallize, and commonly forms aggregates unevenly distributed
268  through the sample (Fig. 6a). The later magnetite occurs either as irregularly shaped
269  crystals overprinting cummingtonite, or as large independent crystals/aggregates up to
270 5 mm in length (Figs. 6a to c). Sulfide minerals are closely associated with biotite.
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271 The sulfide-biotite assemblage commonly forms the matrix to the large magnetite
272 crystals/aggregates (Figs. 6b and c).

273 Monazite-(Ce) mostly occurs in clusters with more than 10 grains (Fig. 6d).
274  Locally, it is isolated. In both cases, monazite-(Ce) shows a close spatial association
275  with sulfide minerals and biotite. Dark pleochroic halos were observed at the contacts
276  between monazite-(Ce) and biotite. Individual monazite-(Ce) crystals are euhedral to
277  subhedral in shape, and relatively uniform in size (100 to 200 um in length) (Figs. 6e
278  and f). Sulfide minerals may occur as inclusions in some monazite-(Ce) crystals (Figs.
279  6eand f).

280

281 4.2 Sample In-125

282

283 Sample In-125 is a massive ore that was collected from the -60 meter level of the
284  Madhan-Kudhan mine. It consists mainly of cummingtonite (15 vol.%), magnetite (20
285  vol.%), tourmaline (10 vol.%), sulfide minerals (chalcopyrite and pyrrhotite; 30 vol.%)
286 and biotite (20 vol.%), with minor relict quartz. The earliest cummingtonite
287 commonly occurs as randomly oriented tabular crystals. Magnetite is present as
288  irregularly-shaped crystals that overprint cummingtonite (Fig. 7a), as euhedral to
289  subhedral inclusions in tourmaline (Figs. 7b and c), and as independent crystals of
290  variable size (Fig. 7d). Tourmaline commonly appears as large (> 150 pm in length),
291  disseminated crystals that are closely associated with magnetite (Fig. 7b). Sulfide
292  minerals are intimately intergrown with biotite. They were the latest minerals to form,
293  and overprint cummingtonite, magnetite and tourmaline (Fig. 7c¢).

294 Monazite-(Ce) crystals are euhedral to subhedral in shape, and vary widely in
295  grain size (100 pm to 600 pm in length) (Figs. 7d to f). They are generally
296  disseminated and occur in close spatial association with sulfide minerals and biotite,
297 i.e., they are in planar to irregular contact with sulfide minerals and/or biotite, and
298 may contain inclusions of sulfide mineral and/or biotite (Figs. 7d to f). Where
299  monazite-(Ce) is in contact with biotite, dark pleochroic halos can be observed around
300 the monazite-(Ce) crystals. Locally, monazite-(Ce) occurs in contact with magnetite,

10

Li, Xiao-Chun, Mei-Fu Zhou, A. E. Williams-Jones, Yue-Heng Yang, and Jian-Feng Gao.
"Timing and Genesis of Cu—(Au) Mineralization in the Khetri Copper Belt, Northwestern India: Constraints from in Situ U-Pb Ages and Sm—-Nd Isotopes of Monazite-(Ce)."
Mineralium Deposita (July 26 2018). http://dx.doi.org/10.1007/s00126-018-0823-3.



301  tourmaline and zircon (Figs. 7d and f).

302

303 4.3 Sample In-103

304

305 Sample In-103 is a sedimentary rock that hosts ore, and was collected at the 0
306 meter level of the Madhan-Kudhan mine (Fig. 5). This sample has experienced
307 intensive biotite alteration, during which the primary rock-forming minerals and
308  textures were almost totally obliterated (Fig. 8). In addition to biotite, this sample also
309 contains minor tourmaline, apatite and allanite-(Ce), which form relatively large,
310 disseminated crystals in the biotite matrix (Fig. 8a). Sulfide disseminations and
311 veinlets are observed locally (Fig. 8a).

312 Monazite-(Ce) commonly occurs in clusters of 5 to 10 crystals within the biotite
313  matrix; the crystals vary greatly in size (< 10 um to > 100 pm in length) even within
314  the same cluster (Figs. 8b and c). Dark pleochroic halos are developed at the contacts
315  between monazite-(Ce) and biotite. Some monazite-(Ce) crystals contain inclusions of
316  xenotime-(Y) or sulfide minerals (Fig. 8d).

317

318 4.4 Sample In-192

319

320 Sample In-192 is a massive ore that was collected from an ore pile at the Kolihan
321  mine. This sample mainly comprises magnetite (30 vol.%), sulfide minerals
322 (pyrrhotite and minor chalcopyrite; 40 vol.%) and chlorite (25 vol.%), which are
323  accompanied by subordinate scapolite, apatite and relict quartz. Magnetite is present
324  either as single crystals or aggregates, and was overprinted by later-stage sulfide
325  minerals and chlorite (Fig. 9a). Scapolite and apatite occur as disseminated grains in
326  association with either early magnetite or late sulfide minerals and chlorite (Fig. 9b).
327 Two types of monazite-(Ce) crystals were observed in this sample. Type 1
328 monazite-(Ce) crystals have planar to irregular contacts with sulfide minerals and
329  chlorite, and they usually contain inclusions of sulfide minerals, chlorite and/or tiny
330  Th-rich phases (Figs. 9c to e). They commonly have irregular shapes, and their grain
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331  sizes is variable (30 to 80 um in length). In BSE images, they appear homogeneous.
332 Type 2 monazite-(Ce) occurs as inclusions in sulfide minerals (Figs. 9f to h). They are
333  typically rounded to sub-rounded, and relatively uniform in size (40 to 60 pm in
334  length). In contrast to Type 1 crystals, they do not contain sulfide mineral or chlorite
335 inclusions, but may host some quartz inclusions. The above observations suggest that
336 Type 2 crystals pre-dated Type 1 crystals.

337

338 5. Analytical methods

339

340 5.1 Electron microprobe analyses

341

342 The composition of monazite-(Ce) was analyzed using a JEOL JXA-8100
343 electron microprobe at The University of Hong Kong. The analyses were performed
344  using a 20 kV accelerating voltage and a 20 nA beam current. The beam spot diameter
345  was set at 1 um. The analyzing crystals were PET (P, U, Th, Y, Ca and CI), LIF (La,
346 Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu), LDEI (F), and TAP (Si and
347 Na). The Ka line was chosen for the analyses of P, Si, Ca, Na, F and Cl. The Lq line
348  was chosen for La, Ce and Y, the Lg line for Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
349  Yb and Lu, and the Me line for Th and U. The counting times of peaks were 8 s for F,
350 Cl and Na, 30 s for P, La, Ce, Pr and Nd, and 60 s for other elements. Background
351 intensities were measured on both sides of the peak for half of the peak counting time.
352  The standards were apatite for P, uraninite for U, huttonite for Th, hornblende for Si
353 and Ca, monazite for La, Ce, Pr, Nd and Sm, synthesized EuFs for Eu, synthesized
354  REE metals for Gd, Tb Dy, Ho, Er, Tm Yb and Y, and albite for Na, topaz for F, and
355  tugtupite for Cl. All data were corrected using standard ZAF correction procedures.
356 The EMPA data are summarized in Table 1, and the whole dataset can be found in
357  Supplemental Material.

358

359 5.2 Monazite-(Ce) U-Pb isotopic determinations

360
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361 Monazite-(Ce) U-Pb isotopic determinations were made using an Agilent
362  ICP-MS, equipped with a Geolas 193 nm excimer laser ablation system at the Institute
363  of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS). The analytical
364  procedure follows that described by Liu et al. (2012). The monazite-(Ce) grains were
365 analyzed in thin sections. Before analysis, transmitted and reflected photomicrographs,
366  and BSE images were used to check for inclusions, cracks, and zoning. Analyses were
367 performed with a spot size of 32 um and a repetition rate of 5 Hz. Helium was used as
368  the carrier gas and was mixed with argon prior to entering the ICP torch. Each spot
369  analysis involved approximately 20 s of background data acquisition and 50 s of
370 sample data acquisition. The external standard 44069 (*°’Pb/?%°Pb = 0.05532,
371 27Pb/2BU = 0.5195 and 2°°Pb/>8U = 0.06811; Aleinikoff et al., 2006) was used to
372 correct for the U/Pb fractionation and the instrumental mass discrimination for
373  monazite-(Ce) in samples In-123 and In-192. In the case of samples In-103 and
374  In-125, the external standard was M4 (?°’Pb/2%Pb = 0.05794, 2°7Pb/?>*U = 0.6671 and
375  206pp/238U = 0.08384; Liu et al., 2012). The raw count of ***Pb was nearly zero, so
376  common Pb corrections were not made. The data reduction was carried out using the
377  software package ICPMSDataCal (Liu et al., 2008). The Namaqua-1 monazite was
378 used as an external standard to monitor the accuracy of the analytical procedure.
379  Seven spots yielded a weighted mean 2°Pb/?*8U age of 527 £ 5 Ma (20), which is
380  consistent, within uncertainty, with the reported value of 523 + 4 Ma (Liu et al., 2012).
381  The U-Pb age data are listed in Table 2.

382

383 5.3 In-situ Sm-Nd isotopic analysis

384

385 Monazite-(Ce) crystals from the Kolihan deposit are commonly small (< 50 pm
386 in length), so after LA-ICP-MS U-Pb age determination, they were not suitable for
387 Sm-Nd isotopic analyses. Consequently, these analyses were only conducted on
388  monazite-(Ce) from the Madhan-Kudhan deposit. The analyses were performed using
389  a Neptune multi-collector (MC) ICP-MS, equipped with a Geolas 193 nm excimer
390 laser ablation system at IGGCAS. The details of the analytical procedures were
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391  described by Liu et al. (2012) and Yang et al. (2014). The analyses were conducted on
392  thin sections, with a spot size of 20 um and a repetition rate of 4 Hz. Each spot
393  analysis involved ~20 s of background data acquisition and ~40 s of data acquisition
394  from the sample. After analyses of eight samples, two Namaqua monazite standards
395  were measured for external calibration, utilizing the reference values: 'YSm/!4Nd:
396 0.0977 + 0.0002; Nd/'"*Nd: 0.511896 + 0.000032 (Liu et al., 2012). The isobaric
397 interference of '**Sm on !*/Nd is significant. In order to correct for this interference,
398  we used the measured '¥7Sm/'*°Sm ratio to calculate the Sm fractionation factor, and
399  then used the measured '¥’Sm intensity and the natural '¥’Sm/!'44Sm ratio to estimate
400  the Sm interference on mass 144. The interference-corrected “*Nd/'**Nd ratio was
401 then used to calculate the Nd fractionation factor. Finally, the '**Nd/'*Nd and
402 'YNd/'*Nd ratios were normalized using the exponential law. The '*’Sm/!*Nd ratio
403  was calculated after correcting for the isobaric interference of **Sm on !4/Nd as
404  described above, and then was externally calibrated against the '*’Sm/!*Nd ratio of
405  the Namaqua reference monazite. The raw data were exported offline and the whole
406  data-reduction procedure was performed using an in-house Excel VBA (Visual Basic
407  for Applications) macro program. The monazite standard 44069 was measured as an
408  external standard to monitor the accuracy of the analytical procedure, yielding
409  weighted mean 'YSm/!'**Nd and '“Nd/'*Nd ratios of 0.1168 £ 0.0022 of 0.51217 +
410  0.00001, respectively. These values are consistent, within uncertainty, with the
411 reported values of 0.1159 + 0.0064 and 0.512175 £ 0.000040, respectively (Liu et al.,
412 2012). The in-situ Sm-Nd isotopic data are listed in Table 3.

413

414 6. Analytical results

415

416 6.1 Composition of monazite-(Ce)

417

418 Monazite-(Ce) from sample In-103, In-125 and Type 1 monazite-(Ce) crystals
419  from sample In-192 are generally homogeneous in composition. They are rich in
420 LREE, with Ce predominant, and are predictably depleted in HREE. They have a
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421 ThO2 content ranging from 0.16 to 3.42 wt.%, but mostly lower than 2 wt. %, and
422  contain minor proportions of CaO (< 0.74 wt.%) and SiO2 (0.09 to 0.63 wt.%). Thus,
423 there are minor huttonite (ThSiO4) and brabantite (CaTh(PO4)2) components in these
424  crystals.

425 Monazite-(Ce) crystals from sample In-123 are compositionally heterogeneous,
426  especially with respect to Lax03(11.27 to 19.46 wt.%), Nd203(10.42 to 17.77 wt.%)
427  and Sm203(1.19 to 5.43 wt.%). In addition to the LREE2Os3, they also contain minor
428  proportions of ThO2 (0.06 to 2.72 wt.%), CaO (0.11 to 0.63 wt.%), and SiO2(< 0.15
429  wt.%).

430 Type 2 monazite-(Ce) crystals from sample In-192 show large ranges in P20s
431 (26.01 to 30.71 wt.%), La2O3 (12.08 to 18.10 wt.%), Ce203 (22.33 to 28.74 wt.%),
432 ThO2(0.45 to 13.59 wt.%) and SiO2 (0.04 to 2.55 wt.%). It is notable that there is a
433  positive correlation between (Th + U + Si) (a.p.f.u.) and (REE + Y + P) (a.p.f.u.) (Fig.
434  10a), indicating that Th*" is charge-balanced through the coupled substitutions of Th**
435  +Ca?" =2(REE+Y)*" and Th*" +Si*" = P3" + (REE+Y)*".

436

437 6.2 Monazite-(Ce) U-Pb ages

438

439 Twenty-two analyses were conducted on sixteen monazite-(Ce) crystals from
440  sample In-123. All the measured ratios plot on or near concordia, and yielded a
441  weighted average 2°Pb/?*8U age of 833 = 5 Ma (MSWD = 3.2) (Fig. 11a).

442 A similar number of analyses (twenty-four on fifteen monazite-(Ce) crystals)
443  were carried out for sample In-125. All the analyses yielded
444  concordant/sub-concordant ages, which form a coherent cluster on concordia (with a
445  weighted average 2°Pb/?*3U age of 836 + 7 Ma; MSWD = 3.9) (Fig. 11b).

446 Twenty analyses were conducted on seventeen monazite-(Ce) crystals from
447  sample In-103. Nineteen of the analyses yielded concordant/sub-concordant results
448  with a coherent cluster on concordia, corresponding to a weighted average 2°°Pb/>3U
449  age of 837 £ 6 Ma (MSWD = 2.6) (Fig. 11c). One analysis (In-103-20) yielded an
450  obviously discordant age, and was not considered in the age calculation (Fig. 11c).
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451 For sample In-192, nine spots were analyzed on nine Type 1 monazite-(Ce)
452  crystals. Eight concordant analyses clustered tightly on concordia, and yielded a
453  weighted average 2°°Pb/>8U age of 840 + 6 Ma (MSWD = 0.85) (Fig. 11d). One
454  analysis was obviously discordant, and yielded an older 2°’Pb/2%Pb age (Fig. 11d).
455  This analysis was probably conducted on an older monazite-(Ce) crystal that had
456  experienced Pb-loss. We also conducted ten analyses on ten Type 2 monazite-(Ce)
457  crystals. These analyses yielded a wide range of apparent Pb/U ages, with 2°’Pb/?*U
458  ages varying from 1304 to 1441 Ma, and °°Pb/>38U ages from 1288 to 1496 Ma.
459  However, the 27Pb/2%Pb ages form a tight cluster, yielding a weighted average value
460  of 1362 + 29 Ma (MSWD = 0.21). These analyses define a regression line with an
461  upper concordia intercept at 1357 = 30 Ma (MSWD = 0.21) (Fig. 11e). This age
462  distribution suggests that the different Type 2 monazite-(Ce) crystals may have
463  formed at approximately the same time (~1360 Ma), but experienced variable degrees
464  of post-crystallization Pb-loss and/or U-loss (Williams, 1998).

465

466 6.3 In-situ Sm-Nd isotopic composition

467

468 Monazite-(Ce) crystals from sample In-123 have large ranges in '*’Sm/!*Nd
469  (0.1343 to 0.1946) and '¥Nd/'"*Nd (0.51173 to 0.51239) ratios. In comparison, the
470  crystals from sample In-125 have smaller ranges in '¥’Sm/'"*Nd (0.1337 to 0.1561)
471 and '"Nd/'*Nd (0.51182 to 0.51200); the corresponding ratios for In-103 are
472 relatively uniform (0.1117 to 0.1185 and 0.51132 to 0.51136, respectively). Overall,
473 "Sm/'*Nd correlates positively with 3Nd/'*Nd (Fig. 12a).

474

475 7. Discussion

476

477 7.1 The hydrothermal origin of monazite-(Ce) and timing of Cu-(Au) mineralization
478

479 The U-Pb isotopic age determinations reported above indicate that, except for
480  one sample, all the monazite-(Ce) crystals analyzed formed between 833 + 5 Ma and
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481 840 £ 6 Ma. The exception is sample In-192 from the Kolihan deposit, which, in
482  addition to monazite-(Ce) crystals in this age range, contains a second, texturally
483 earlier, population (Type 2) that yielded a weighted average 2°’Pb/?°Pb age of 1362 +
484 29 Ma and an upper concordia intercept age of 1357 = 30 Ma. These ages are within
485  the age range (1.37 to 1.33 Ga) recently reported for a metamorphic event in the
486  central part of the Aravalli-Delhi Fold Belt (Hazarika et al., 2013; Ozha et al., 2016).
487  We therefore propose that the Type 2 monazite-(Ce) crystals in sample In-192 may be
488  of metamorphic origin, and record a pre-mineralization metamorphic event in the
489  northern part of this belt.

490 In contrast to Type 2 monazite-(Ce) crystals, Type 1 monazite-(Ce) crystals in
491  sample In-192 and monazite-(Ce) in the other samples occur in contact with, and/or
492  contain inclusions of sulfide minerals, biotite and/or chlorite, indicating that
493  monazite-(Ce) grew synchronously with and/or slightly post-dated these minerals
494  (there is no evidence that they grew along healed fractures). As sulfides, biotite and
495  chlorite are major constituents of the ores, it therefore follows that the monazite-(Ce)
496  crystals formed hydrothermally and the corresponding U-Pb ages record the timing of
497  Cu-(Au) mineralization.

498 Our U-Pb data show that hydrothermal monazite-(Ce) crystals from the
499  Madhan-Kudhan and Kolihan deposits have indistinguishable U-Pb ages (833 £ 5 to
500 837 + 7 Ma; and 840 Ma = 6 Ma, respectively), indicating that Cu-(Au)
501 mineralization in the two deposits was coeval. Considering that the other deposits in
502 the KCB have very similar structural, alteration and mineralization styles to the
503 Madhan-Kudhan and Kolihan deposits, we propose that all the deposits in the belt
504  have the same age, i.e., they formed at ~835 Ma.

505

506 7.2 Sources of REE

507

508 At the time of mineralization, the end(t) values of hydrothermal monazite-(Ce)
509  varied from -4.3 to -16.8, with an average value of -9.6 (Fig. 12b). These values
510 indicate that the REE in the ores were predominantly of crustal origin. Possible crustal
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511  sources for the REE include syn-ore crustally-derived magmas, meta-sedimentary
512 rocks of the Alwar and Ajabgarh Groups and Paleoproterozoic felsic intrusions. No
513  syn-ore crustally-derived intrusions were found in the mining areas, but sparse
514  granitic intrusions that are broadly coeval with the Cu-(Au) mineralization have been
515  reported from northern domain of the Aravalli-Delhi Fold Belt, including the 820 Ma
516  Jhunjhunu intrusion and the 818 to 817 Ma Tosham intrusions (Kaur et al., 2013 and
517  references therein). Thus, it is possible that there are some hidden syn-ore intrusions
518  beneath the deposits. Unfortunately, there are no Sm-Nd isotopic data available for the
519  intrusions broadly coeval with the mineralization, so it is uncertain if REE, or some of
520 them, were derived from syn-ore magmas. It should be noted that the time-evolved
521  eNd array of the Paleoproterozoic intrusions in the region generally overlaps with the
522 ¢Nd range of the monazite-(Ce) at the time of mineralization (Fig. 12b). This overlap
523 is consistent with an input of REE from certain altered Paleoproterozoic intrusions.
524  There are no Sm-Nd isotopic data available for the meta-sedimentary rocks in the
525  region, but the meta-sedimentary rocks predictably maintain evolved Nd isotopic
526  compositions. As such, it is possible that the metasedimentary rocks were also
527  important sources of the REE. It is also necessary to note that the Nd isotopic
528  compositions of hydrothermal monazite-(Ce) are highly heterogeneous between or
529  within single samples. Such heterogeneity may reflect involvement and mixing of a
530 range of crustal materials with different isotopic signatures.

531

532 7.3 A possible genetic linkage between Cu-(Au) mineralization and regional
533  magmatism and metasomatism

534

535 As mentioned above, some granitic intrusions that are broadly coeval with the
536  Cu-(Au) mineralization occur in the northern domain of the Aravalli-Delhi Fold Belt.
537  This Neoproterozoic magmatic event is more firmly established in the southern
538  domain of the Aravalli-Delhi Fold Belt, represented by the post-collisional Erinpura
539  Granites (Fig. 1). Rubidium-strontium isochrones initially established the age of the
540  Erinpura Granites as being in the range of 830 to 820 Ma (Choudhary et al., 1984).
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541  More precise zircon and monazite U-Pb ages, however, have extended the age range
542 from 873 to 800 Ma (Fig. 13). Significantly, the KCB was subjected to regional
543  Ca-Na metasomatism within this time interval, as evidenced by a titanite U-Pb age of
544 847 + 8 Ma for a metasomatic rock containing an assemblage of
545  albite-hematite-amphibole-calcite-titanite, and a whole-rock-mineral Sm-Nd isochron
546  age of 831 + 15 Ma for an altered mafic rock (Fig. 13). It had been assumed that there
547 was a broad synchronicity between regional metasomatism and Cu-(Au)
548  mineralization in the KCB (Knight et al., 2002; Kaur et al., 2014), but there has been
549 no convincing evidence to support it. The geochronological data presented in this
550  study demonstrate that the Cu-(Au) mineralization was indeed temporally associated
551  with regional Ca-Na metasomatism, as well as the post-collisional magmatism.

552 The temporal association between Cu-(Au) mineralization and regional
553 magmatism and metasomatism may imply a genetic linkage between them.
554  Magmatism usually plays an important role in the formation of iron oxide-bearing
555  Cu-Au deposits. It may provide ore-forming fluids and ore metals for the
556  mineralization directly (e.g., Sillitoe, 2003; Baker et al., 2008; Rieger et al., 2010),
557  and/or act as heat engines to drive non-magmatic fluids (e.g., basinal brines, seawater
558  and meteoric water) involved in the ore-forming process (Barton and Johnson, 1996;
559  Xavier et al., 2008; Williams et al., 2010). Baidya et al. (2017) reported that the
560 ore-related amphibole from the Kolihan deposit has high content of Cl (2.4 to 6.2
561  wt.%). Although the content of Cl in amphibole is controlled by many factors, such
562  high Cl-contents can only be explained by equilibration of the amphibole with a
563  hydrothermal fluid having high CI activity (Kullerud and Erambert, 1999; Xiao et al.,
564  2005; Liu et al. 2009). This is consistent with the common occurrence of marialitic
565  scapolite in ores and the presence of high salinity fluid inclusions (~50 wt.% NaCl
566  equivalent; Jaireth, 1984) in ore-related quartz. Fluids with high chlorinity may be of
567 magmatic origin and/or result from the dissolution of evaporites. Sulfide minerals,
568 including pyrrhotite, chalcopyrite and pyrite, from Madhan-Kudhan and Kolihan
569  deposits have 8**Svcpr values ranging from +7.1 to +13.1%o, with an average value of
570  +10.4%0 (our unpublished data). The presence of pyrrhotite in the ore indicates that
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571  oxygen fugacity was low, and that H2S was the dominant dissolved sulfur species. The
572 &%S values of the bulk fluid were therefore calculated assuming that the sulfur is
573  present as HaS. These values were calculated from the sulfur isotopic compositions of
574  the ore minerals to be +7.0 to +12.9%o, assuming a temperature of 375 °C (a common
575 temperature for the deposition of chalcopyrite in magmatic hydrothermal systems;
576  Hezarkhani et al., 1999; Landtwing et al., 2005). These values are higher than those of
577  typical magma-derived sulfur, but are similar to those of sulfur from many
578  sedimentary rocks (Ohmoto and Rye, 1979; Seal, 2006). Thus, we speculate that the
579  ore-forming fluids were, at least in part, derived from the dissolution of evaporite or
580  represent bittern basinal brines. Similar fluid sources have been proposed by Baidya
581 etal. (2017), based on the composition of ore-related amphibole. As Cl is an effective
582  ligand for the mobilization of metals like Cu, Au (at high temperature) and the REE
583  (Williams-Jones and Migdisov, 2014 and references therein), circulation of
584  chloride-rich fluids would have led to extensive leaching of these metals and their
585  transport into the ore-forming system. Indeed, geochemical analyses have
586  demonstrated that sodic metasomatism of the 1.72 to 1.70 Ga A-type granites was
587  accompanied by considerable leaching of Fe, U and REE from the granites due to the
588  breakdown of the mafic and accessory phases (Kaur et al., 2014). Our Sm-Nd isotopic
589  data also imply that the Paleoproterozoic igneous intrusions and/or meta-sedimentary
590  rocks could have been important contributors of REE to the ores.

591 Based on the above-mentioned lines of evidence, we propose that
592  Neoproterozoic magmatism induced circulation of non-magmatic Cl-rich fluids in the
593  upper crust (e.g., evaporate-derived fluids and/or bittern basinal brines). Interaction of
594  these fluids with meta-igneous and meta-sedimentary rocks would have produced
595  widespread Ca-Na metasomatism, and at the same time leached considerable amounts
596  of ore metals from the altered rocks. Some of the Cu and Au may have gone to form
597  Cu-(Au) ores. It is unclear whether magmatic-hydrothermal fluids were also involved
598 in the ore-forming process, and, if so, what their roles were in the mineralization.
599  Further geochemical and isotopic studies are needed to resolve these issues.

600
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601 8. Conclusions

602

603 (1) The Madhan-Kudhan and Kolihan deposits of the KCB contain syn-ore
604  hydrothermal monazite-(Ce). Hydrothermal monazite-(Ce) from the two deposits
605 yielded U-Pb ages of 833 £ 5 to 840 = 6 Ma, interpreted to represent the timing of
606  Cu-(Au) mineralization in the KCB.

607  (2) The Kolihan deposit also contains a subset of monazite-(Ce) crystals with an age
608 of ~1.36 Ga. They may record a previously unidentified metamorphic event in the
609 KCB.

610  (3) REE and, by inference, other metals in the ores may have been derived, at least in
611  part, from a range of upper crustal rock units with different isotopic signatures.

612  (4) The Cu-(Au) mineralization in the KCB was broadly coeval with regional
613  post-collisional magmatism and Ca-Na metasomatism. The magmatism may have
614 been an important source of energy for the mineralization. Regional-scale
615 metasomatism may lead to the mobilization of certain ore metals in the upper crust,
616  and facilitated the formation of the Cu-(Au) ores.
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873  Figure captions

874

875  Fig. 1 (a) Major tectonic units of India. (b) A simplified geological map of the
876  Aravalli-Delhi Fold Belt, showing the major Precambrian lithotectonic units
877  (modified after Kaur et al., 2014).

878

879  Fig. 2 (a) A simplified geological map of the Khetri Copper Belt (KCB), showing the
880  distribution of Cu-(Au) deposits (modified after Chen et al., 2015); (b) and (c)
881  Cross-sections of the Madhan-Kudhan and Kolihan deposits, respectively, showing
882  the relationships between orebodies and host rocks (modified after Knight et al.,
883  2002).

884

885  Fig. 3 Field (a to d) and hand specimen (e and h) photographs of selected rock types
886  from the KCB. (a) Quartzite of the Alwar Group. Note that the quartzite has been
887  altered to a reddish color. (b) Banded quartzite of the Alwar Group. The dark colored
888  band is composed mainly of amphibole, whereas the light colored band is composed
889  mainly of quartz. (c) Garnet-bearing quartzite of the Ajabgarh Group. Note that the
890  garnet has been stretched and help to define the gneissosity of the rock. (d) Breccias
891  between the Alwar and Ajabgarh Groups. (e) A sample of massive ore from the
892  Madan-Kudan deposit, which mainly contains chalcopyrite, Ca-group amphibole and
893  biotite. (f) A sample of massive ore from the Madan-Kudan deposit, which mainly
894  contains pyrrhotite and Ca-group amphibole. (g) A sulfide-bearing vein cutting
895  through the foliation of the quartzite. (h) Sulfide patches and disseminations in the
896  quartzite distal to the main ore lenses.

897

898  Fig. 4 Photomicrographs of ores and altered host rocks from the KCB. (a) Magnetite
899  and chalcopyrite from a massive ore sample. The chalcopyrite is interstitial to and
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900 thus paragenetically later than the magnetite. (b) Sulfide veinlets following garnet
901  grain boundaries. (c¢) Sulfide-allanite veins overprinting cummingtonite and Ca-group
902  amphibole. (d) Scapolite crystals surrounded by sulfide minerals and biotite. (e)
903  Sulfide-biotite-chlorite veins passing through the quartzite hosting the ore. (f)
904  Randomly oriented cummingtonite crystals in garnet-bearing quartzite. (g) Randomly
905 oriented cummingtonite and Ca-group amphibole in quartzite. Note that some
906  cummingtonite crystals have been partially replaced by Ca-group amphibole. (h)
907  Quartzite partially replaced by biotite. (i) Quartzite partially replaced by chlorite.

908  Abbreviations:  Aln-allanite, =~ Amp-amphibole, Bt-biotite, = Ccp-chalcopyrite,
909  Chl-chlorite, Cum-cummingtonite, Grt-garnet, Mgt-magnetite, Po-pyrrhotite,
910  Qz-quartz, Scp-Scapolite.

911

912  Fig. 5 A sketch map showing the locations of two monazite-(Ce)-bearing samples
913  from the 0 meter level of the Madhan-Kudhan mine.

914

915  Fig. 6 Photomicrographs (a to d) and BSE images (e and f) of minerals from sample
916  In-123. (a) Cummingtonite overprinted by later-stage magnetite. (b) and (c) The same
917  area under transmitted light and reflected light, respectively, showing that magnetite
918 was overprinted by later-stage sulfide minerals and biotite. (d) A cluster of
919  monazite-(Ce) crystals in association with sulfide minerals and biotite. (e) and (f)
920  Euhedral to subhedral monazite-(Ce) crystals. Note that some sulfide minerals occur
921  as inclusions in monazite-(Ce).

922  Abbreviation: Mnz-monazite-(Ce). Others are the same as in Fig. 4.

923

924  Fig. 7 Photomicrographs (a to d) and BSE images (e and f) of minerals from sample
925 In-125. (a) Cummingtonite crystals overprinted by later-stage magnetite. (b) and (¢)
926 The same area under transmitted light and reflected light, respectively. The two
927  figures show that tourmaline contains many euhedral to subhedral magnetite
928 inclusions, and tourmaline and magnetite were overprinted by later-stage sulfide
929  minerals and biotite. (d) A subhedral monazite-(Ce) crystal occurs in contact with
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930 biotite and, locally, magnetite. Some subheral biotite crystals occur as inclusions in
931 monazite-(Ce). (e) Subhedral monazite-(Ce) crystals in contact with chalcopyrite,
932  biotite and quartz. (f) A large, euhedral monazite-(Ce) crystal in contact with
933  chalcopyrite, biotite, quartz and, locally, zircon. This crystal hosts some inclusions of
934  chalcopyrite and thorite.

935  Abbreviations: Thr-thorite, Tur-tourmaline, Zrn-zircon. Others are the same as in Figs.
936 4 and6.

937

938  Fig. 8 Photomicrographs (a to ¢) and BSE image (d) of minerals from sample In-103.
939  (a) A subhedral tourmaline crystal in a biotite matrix. Some sulfide minerals occur in
940  association with tourmaline. (b) and (¢) Monazite-(Ce) clusters in the biotite matrix.
941  Note that the monazite-(Ce) crystals have highly variable sizes and shapes within
942  individual clusters. (d) A subhedral monazite-(Ce) crystal containing an inclusion of
943  pyrrhotite.

944  Abbreviations are the same as in Figs. 4 and 6.

945

946  Fig. 9 Photomicrographs (a to ¢) and BSE image (d) of minerals from sample In-192.
947  (a) Magnetite overprinted by later-stage sulfide minerals and chlorite. (b) Scapolite
948  crystals in contact with magnetite and pyrrhotite. (c¢) A monazite-(Ce) crystal in
949  contact with chlorite and pyrrhotite. The monazite-(Ce) crystal contains an inclusion
950  of pyrrhotite. (d) A large, irregularly shaped monazite-(Ce) crystal and several tiny
951  monazite-(Ce) crystals in association with chlorite, pyrrhotite and quartz. Several
952  pyrrhotite grains occur as inclusions in the large monazite-(Ce) crystal. (e) An
953 irregularly shaped monazite-(Ce) crystal in contact with sulfide minerals, quartz and
954  chlorite. This crystal has been partially replaced by pyrrhotite and some unidentified
955 silicate minerals. (f) A rounded monazite-(Ce) crystal enclosed by pyrrhotite. (g) A
956  sub-rounded monazite-(Ce) crystal enclosed by pyrrhotite. Note that this crystal has a
957  discontinuous bright film near the grain margin. Quartz occurs as inclusion in
958  monazite-(Ce). (h) A sub-rounded monazite-(Ce) crystal enclosed by pyrrhotite. This
959  crystal also has a bright film near the grain margin.
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960  Abbreviations are the same as in Figs. 4 and 6.

961

962 Fig. 10 (a) A plot of the composition of monazite-(Ce) in terms of the parameters
963  4*(Th + U + Si) and 4*(REE + Y + P). The labeled dashed lines illustrate the effects
964  on the composition of the substitution of brabantite Ca(Th, U)REE-2 vs. huttonite (Th,
965  U)SIiREE-1P-1 into the structure. (b) A histogram showing the content of ThO2 in
966  monazite-(Ce) from samples In-123, In-125, In-103 and Type 1 and 2 Monazite-(Ce)
967 from sample In-192. Also shown are data for the composition of metamorphic
968  monazite-(Ce) from the southern part of Aravalli-Delhi Fole Belt are also shown for
969  comparison (the data are from Bhowmik et al., 2010; Just et al., 2011 and Ozha et al.,
970  2016).

971

972 Fig. 11 U-Pb concordia diagrams for (a) monazite-(Ce) from sample In-123; (b)
973  monazite-(Ce) from sample In-125; (c) monazite-(Ce) from sample In-103; (d) Type 1
974  monazite-(Ce) from sample In-192; and (e) Type 2 monazite-(Ce) from sample In-192.
975  Note that the gray ellipses in (c) and (d) were not included in the age calculation. See
976  text for detailed explanations.

977

978  Fig. 12 (a) A plot of "7Sm/"*Nd vs. '*Nd/'*Nd for monazite-(Ce) from samples
979  In-123, In-125, In-103 and Type 1 monazite-(Ce) from sample In-192. (b) Histograms
980 showing end(t=835Ma) values for the monazite-(Ce) in a. The ranges of end values at
981 835 Ma for regional Paleoproterozoic intrusions are also shown for comparison (light
982  grey areas). The Sm-Nd isotopic data for the regional Paleoproterozoic intrusions are
983  from Kaur et al., 2007, 2009, 2011b, 2012, 2013.

984

985 Fig. 13 An event-time chart summarizing isotopic ages for collision-related
986 metamorphism, post-collisional magmatism, regional metasomatism and Cu-(Au)
987  mineralization in the Aravalli-Delhi Fold Belt. The following were the sources for the
988  data: 1. Ozha et al., 2016; 2. Hazarika et al., 2013; 3. Bhowmik et al., 2010; 4. Pant et
989 al., 2008; 5. van Lente et al., 2009; 6. Just et al., 2011; 7. Singh et al., 2010; 8. Deb et
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990 al., 2001; 9. Knight et al., 2002; 10. Kaur et al., 2013; 11. this study.
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