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COUPLED PRECAMBRIAN CRUSTAL EVOLUTION AND
SUPERCONTINENT CYCLES: INSIGHTS FROM IN-SITU U-Pb, O- AND
Hf-ISOTOPES IN DETRITAL ZIRCON, NW INDIA
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ABSTRACT. Oxygen and hafnium isotopic compositions, measured in-situ on U-Pb
dated zircon grains from Paleoproterozoic to early Cambrian successions in NW India
have implication for regional crustal evolution and supercontinent cycles. Analyzed
zircon grains have high Th/U ratios (>0.1), display strongly fractionated REE pat-
terns, metamorphic overprint, and evidence of interaction with low temperature fluids.
Their positive Ce and negative Eu anomalies preclude any Pb loss after zircon
crystallization. The U-Pb age spectra (concordance between 90 and 110%) indicate
prominent peaks at 2.6 to 2.4 Ga, 1.9 to 1.7 Ga, 1.6 to 1.5 Ga, 1.2 to 1.0 Ga and 0.9 to
0.7 Ga that coincide with the assembly and breakup of Precambrian supercontinents.
The Hf model ages of zircon grains with mantle like 'O values reveal continuous
generation of the continental crust from 3.3 to 1.3 Ga in NW India with major episodes
during 3.3 to 2.7 Ga and 1.7 to 1.5 Ga. These ages correspond well with the 3.4 to 2.9
Ga and 2.2 to 1.6 Ga age peaks recognized in detrital zircon populations from eastern
Australia and North America, underlining the significance of these time brackets in
continental crust generation during the global continental evolution. Magmatic epi-
sodes at 1.9 to 1.7, 1.2 to 1.0 and 0.9 to 0.7 Ga are considered to represent crustal
reworking rather than juvenile addition and the former two phases correspond with
periods of supercontinent assembly. However, a progressive depletion in 130 from
supra-mantle to mantle values in the 1.7 to 1.5 Ga zircons, coupled with their
mantle-like €y, values, indicate at least some juvenile input. Moreover, the 1344 to
1120 Ma zircon grains with low 8'%0 (3.7-1.5%0) but high &4y (+8.1— +1.9 with one
exception of —2.5) values signify rapid reworking of mantle derived materials in an
extensional setting during this period. The 0.9 to 0.7 Ga peak, corresponding to the
fragmentation of Rodinia supercontinent, documents crustal reworking that is in
contradiction to the generally considered juvenile crustal addition in extensional
setting associated with supercontinent breakup.

Keywords: U-Pb-Hf-O-isotopes, detrital zircon ages, NW India, crustal evolution,
Supercontinent cycles

INTRODUCTION

The evolution of, and interactions between, Earth’s atmosphere, hydrosphere,
lithosphere and mantle are documented in the preserved rock record (Cawood and
others, 2013a). However, timing of continental crust generation and its evolutionary
history are not yet fully understood, resulting in first order uncertainties, both in the
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mechanism and extent of interactions, especially for the early Earth (Hawkesworth and
others, 2017). Secular variations in generation and reworking of continental crust are
known to be influenced by the supercontinent cycles (Campbell and Allen, 2008;
Hawkesworth and others, 2009; Nance and others, 2014). Whether the balance
between generation and destruction of continental crust during different superconti-
nent cycles is uniformly recorded in different continents, independent of their
paleoposition in supercontinent configurations (Roberts and Slagstad, 2015) or selec-
tively recorded (Spencer and others, 2013), remains controversial.

Zircon has become a major tool in modeling crustal evolution due to its resistance
to physico-chemical alteration during multiple cycles of sedimentation and low to
medium grade metamorphism, and the ability to measure multiple isotopic systems
and trace element compositions within an individual grain or part there of (Hawkes-
worth and others, 2010; Wang and others, 2011; Cawood and others, 2013a; Spencer
and others, 2017). Zircon U-Pb ages, in concert with in-situ Lu-Hf and O-isotopic
characteristics, can provide a record of crust generation events and preservation, thus
enabling ‘fingerprinting’ and reconstruction of tectonic histories of crustal segments
(Hawkesworth and Kemp, 2006; Kemp and others, 2006; Wang and others, 2009;
lizuka and others, 2013; Wang and others, 2013; Wan and others, 2015).

Zircons from well-preserved Proterozoic (Paleo- to Neoproterozoic) supracrustals
in Peninsular India, overlying an Archean tonalite-trondhjemite-granodiorite (TTG)
basement, can be used for modeling Precambrian crustal evolution of this crustal
segment. Studies based on limited detrital zircon U-Pb and Hf-isotopic data have
identified episodic juvenile crustal additions at 3.2 Ga, 2.9 Ga, 2.7 Ga, 2.5 Ga, and 1.87
to 1.80 Ga in NW India (Condie and others, 2005; Kaur and others, 2011, 2013).
However, zircon U-Pb ages and Lu-Hf isotopic characteristics are incapable of finger-
printing hybrid or real crust-mantle differentiation time. For a better resolution of
crustal growth history of NW India, we carried out U-Pb, Lu-Hf and O- isotopic analyses
of detrital zircons from five metasedimentary rock units representing Paleoproterozoic
to early Cambrian successions. The data have been interpreted in terms of discrimina-
tion of crust generation events, reworking and growth and their relationship to the
contemporary supercontinent cycles.

GEOLOGICAL BACKGROUND AND SAMPLING

Peninsular India is a collage of five Archean cratonic nuclei; the Banded Gneiss
Complex (BGC in Aravalli Mountain Region in NW India), Bundelkhand, Singhbhum,
Bastar and Dharwar cratons, thought to have stabilized during the late Archean (Meert
and Pandit, 2015 and references therein). The Aravalli-BGC constitutes a Paleo- to
Neoarchean cratonic nucleus (~3.3-2.5 Ga) with predominant TTG gneisses and
granitoids along with minor metavolanic rocks, mafic intrusions and metasedimentary
components (Wiedenbeck and Goswami, 1994; Roy and Kroner, 1996; Sinha Roy and
others, 1998) (figs. 1 and 2A). This basement complex is overlain by two Proterozoic
supracrustal successions, namely the Aravalli and Delhi supergroups, together consti-
tuting the >750 km long, NE - SW trending Aravalli-Delhi fold belt in Aravalli
Mountain Region in NW India. This belt, together with the BGC, is separated from the
Bundelkhand Craton by the Great Boundary Fault to the east and from the Bastar and
Singhbhum cratons by the Central India Tectonic zone to the south.

The Aravalli Supergroup is the older cover succession, unconformably deposited
over an Archean (BGC) basement. The Aravalli rocks are exposed in the southeastern
part of the Aravalli-Delhi Belt (fig. 1) showing best development around the type area
in the Udaipur valley (fig. 2B). Depositional age of Aravalli sedimentary rocks is not
clearly defined due to the lack of suitable datable material and is loosely constrained
between ~2.5 Ga (age of basement granites; Wiedenbeck and others, 1996) and ~1.6
Ga (age of the youngest detrital zircons; McKenzie and others, 2013; Wang and others,
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Fig. 1. (A) Framework of Peninsular India (after Roy and Jakhar, 2002); (B) Simplified geological map
showing distribution of major Precambrian geological units of the Aravalli-Delhi Belt (adapted from Roy and
Jakhar, 2002; Meert and Pandit, 2015; Wang and others, 2019). Age data source, (1) (Kaur and others, 2009,
2011, 2017b); (2) (Biju-Sekhar and others, 2003; Kaur and others, 2017a); (3) (Mukhopadhyay and others,
2000); (4) (Deb and others, 2002); (5) (Buick and others, 2006); (6) (Bhowmik and others, 2010); (7)
(Wiedenbeck and others, 1996; Roy and Kroner, 1996); (8) (Gopalan and others, 1990). Abbreviations:
ADFB-Aravalli Delhi Fold Belt, CITZ-Central Indian Tectonic Zone, MB-Marwar Block, NIB-North Indian
Block, SIB-South Indian Block.

2019). Detailed study has suggested that the rocks of the Aravalli Supergroup archive
the record for the development of an early Paleoproterozoic passive-margin platform,
followed by transition to continental arc and subsequently to an evolved rift basin-
passive margin setting (Wang and others, 2019). Delhi Supergroup rocks display a
diachronous depositional history and variation in the degree of deformation (figs. 2C
and 2D), and are divided into an older North Delhi Group (~1.7 Ga) and a younger
(>1.0 Ga) South Delhi Group (Kaur and others, 2011, 2013, 2017a; McKenzie and
others, 2013; Wang and others, 2017a). The South Delhi Group has a tectonized
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Fig. 2. Photographs showing outcrop features of TTG basement and overlying sedimentary sequences.
(A) Typical TTG gneiss of the BGC-, to the south of Udaipur city; (B) wavy bedding of the Udaipur
sandstone, middle Aravalli Supergroup; (C) straight ripple marks in the Alwar Group quartzite, Northern
Delhi Supergroup, showing truncation at right angles by sinuous ripple marks; (D) recumbent folding in
strongly deformed quartzite of the Kumbhalgarh Group, Southern Delhi Supergroup; (E) quartz sandstone
and gavel-bearing sandstone of the Nargaur Group, upper Marwar Supergroup; (F) upright fold in the
arkose at Argo Dam, Sindreth Group.

contact with Aravalli Group rocks (Heron, 1953; Sinha Roy and others, 1998; Roy and
Jakhar, 2002) however, both northern and southern Delhi groups unconformably
overlie Archean basement (Sinha Roy and others, 1998; Roy and Jakhar, 2002).
Neoproterozoic events in the NW Indian block begun with the ~1.0 Ga eastward
convergence and subsequent collision of the Marwar Block in the west and the Aravalli
- Delhi Belt in the east, resulting in emplacement of 968 =1 Ma calc-alkaline granitoids
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and associated mafic intrusions, and 990 = 6 Ma and 987 * 6.4 Ma rhyolites in the
Sendra — Ambaji arc terrane along the western margin of the Aravalli-Delhi fold belt
(Deb and others, 2001; Pandit and others, 2003). Several granitoid intrusions
occurred in the southern Delhi Fold Belt during 870 to 800 Ma, collectively designated
as the Erinpura Granite (Heron, 1953; Deb and others, 2001; Just and others, 2011;
Solanki, ms, 2011; Zhao and others, 2018). A younger, more extensive, largely
subaerial magmatic event, comprising visibly undeformed and unmetamorphosed
felsic (predominantly) rocks in the region further west, is termed the Malani Igneous
Suite (MIS; Pareek, 1981). Multiple episodes of MIS magmatism have been dated to
780 to 750 Ma with some minor ultrapotassic rhyolite at 680 Ma (Rathore and others,
1999; Torsvik and others, 2001b; Gregory and others, 2009; Meert and others, 2013;
Wang and others, 2017b, 2019; de Wall and others, 2018). More recent studies have
included bimodal volcaniclastic sequences in the linear Sindreth and Punagarh basins
(Van Lente and others, 2009; Dharma Rao and others, 2012; Wang and others, 2018)
and variably deformed Mt. Abu granitoids (de Wall and others, 2012; Ashwal and
others, 2013) and similar rocks of Nagar Parkar in SE Pakistan (de Wall and others,
2018; Jan and others, 2018) in the ambit of MIS. Unconformably overlying the Malani
Igneous Suite is the Marwar Supergroup, a late Neoproterozoic to Early Cambrian
undeformed sedimentary sequence (Pareek, 1984; Pandit and others 2001) deposited in a
NNE-SSW trending basin, attaining a cumulative thickness of over 2000 m (Pareek, 1984).
The Marwar Supergroup is subdivided (from oldest to youngest) into the Jodhpur
(arenaceous), Bilara (carbonate) and Nagaur (argillaceous/arenaceous) groups.

ANALYTICAL METHODS

For the present study five (meta)sandstone and conglomerate samples represent-
ing different stratigraphic units from Paleoproterozoic Aravalli Supergroup to Late
Neoproterozoic-Early Cambrian Marwar Supergroup were analyzed for isotopic stud-
ies. Details of analytical methods are discussed in the following sections.

Approximately 2 kg each of fresh sample was processed for zircon separation
using standard density and magnetic separation techniques and handpicking under
binocular microscope. The separated zircon grains, together with zircon standards
Pelsovice and Penglai, were mounted in epoxy resin and polished to expose the center
of the grains. Morphology and internal structure of zircon were determined using a Gatan
Mono CL 4+ attached to Carl Zeiss SUPRAB5SAPPHIR, housed at the Guangzhou
Institute of Geochemistry, Chinese Academy of Science. Cathodoluminescence (CL)
images were used to select grains suitable for in-situ analyses, avoiding inherited cores,
inclusions and fractures. During the in-situ analyses of U-Pb, Lu-Hf and O isotopes, zircon
grains were selected randomly, regardless of their morphology and grain size.

In-situ zircon oxygen isotopes were determined using the Cameca IMS-1280 SIMS
housed at Guangzhou Institute of Geochemistry, Chinese Academy of Science. The
primary Cs+ ion beam with an intensity of ~2 nA was accelerated at 10 kV to
bombard the grain surface. The spot size was about 20 wm in diameter, including ~10
pm area focused by Gaussian mode and rastered over a 10 pm area. The normal
incidence electron flood gun was used to compensate for sample charging. Negative
secondary ions were extracted with a —10 kV potential. Oxygen isotopes were deter-
mined using a multi-collection mode on two off-axis Faraday cups and the mass
resolution used to measure oxygen isotopes was ca. 2500. Total analytical time for each
spot was about 3.5 minutes, including 30 s of pre-sputtering, 120 s of automatic tuning
of the secondary beam, and 64 s of analysis. Measured '*0/'°O ratios were normalized
to Vienna Standard Mean Ocean Water compositions (VSMOW; 180,/1%0 = 0.0020052),
and then corrected for instrumental mass fractionation (IMF) using the Penglai zircon
standard [(SlsOVSMOW = 5.3%o0 (Liand others, 2010) ], which was analyzed once every
four unknowns, using sample-standard bracketing (SSB) method. The internal preci-
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sion of each analysis generally was better than 0.1 permil (1o) for the '*0/'°O ratio. As
discussed in Valley and Kita (2009), internal precision for a single spot (commonly
<0.1%o0, 1) is not a good index of analytical quality for stable isotope ratios measured
by SIMS. Therefore, the external precision, measured by the spot-to-spot reproducibil-
ity of repeated analyses of the Penglai standard, 0.32 permil (2SD, n = 41) was adopted
for data evaluation. Measurements of the Qinghu zircon standard as an unknown
sample during the course of this study yielded a weighted mean of 8'*0 = 5.47%0 *+
0.11%o0 (2SD), which is consistent, within error, with the reported value of 5.4%0 =+
0.2%o0 (Li and others, 2013). Detailed analytical methods are described in Li and
others (2010) and Yang and others (2018).

In situ zircon U-Pb isotope measurements were carried out using an Agilent 7500a
ICPMS coupled to a 193 nm ArF Excimer Laser ablation system (GeolLas 2005, Lambda
Physik) housed at State Key Laboratory of Geological Processes and Mineral Resources
(SKLGPM), China University of Geosciences, Wuhan. Abundances of Ti, Y, Nb, REEs,
Hf, Ta and Th were also determined concurrently with the U-Pb isotopic dating. The
ArF Excimer laser was initially homogenized by a set of beam delivery systems and then
focused on the zircon surface with the fluence of 10]/cm?. A spot diameter of 32 pm
with 5 Hz repetition rate was employed for 45 seconds as the ablation protocol. Helium
was used as a carrier gas to provide efficient aerosol transport to the ICP and to
minimize aerosol deposition around the ablation site and within the transport tube.
The carrier and make-up gas flows were optimized by monitoring ***U intensity during
ablating NIST610. In order to enhance the sensitivity of U, Th, and Pb isotopes, 2 to 4
mL/min of nitrogen was added to the central gas flow. A novel “wire” signal smoothing
device was applied to improve the signal stability. Ratios and absolute abundances of
U-Pb isotopes were measured relative to the 91500 zircon standard, while zircon
standard GJ-1 was analyzed as unknown sample for quality control. Trace element
compositions of zircons were externally calibrated against NIST SRM 610 with *'Zr as
the secondary standard. Raw data reduction was performed off-line by /ICPMSDataCal
(Liu and others, 2010a) and the results are reported with 20 errors level. Common Pb
correction was applied following the method of Andersen (2002) and the difference
between common Pb corrected and uncorrected ages was generally small. Data were
processed using the program ISOPLOT (Ludwig, 2003). Mean ages for pooled U/Pb
(and Pb/Pb) analyses are quoted with 95 percent confidence. Detailed metadata
related to the laboratory and sample preparation methods are summarized in table S1
(http://earthgeplogy.yale.edu/%7eajs/SupplementaryData/2018/Wang). The ob-
tained mean “°°Pb/?**U ages for reference materials GJ-lis 600.5=1.8 Ma (20,
MSWD = 0.6, n = 25) are consistent with the recommended value of 599.8 * 1.7
Ma(20) by Jackson and others (2004).

The zircon grains analyzed for U-Pb and O isotopes were also selected for in-situ
Lu-Hf isotopic analyses by Neptune Plus multi-collector (MC)-ICPMS, coupled to a
GeoLas2005 laser ablation system in SKLGPM. The Hf isotopes were analyzed with a
beam diameter of 44 wm, pulse rate of 10 Hz and energy density of 4 ]/ cm?. Helium
was used as the carrier gas within the ablation cell and was merged with argon (makeup
gas) after the ablation cell to enhance the signal intensity. Atomic masses 171 to 182
were simultaneously measured in a static-collection mode. The real time mass fraction-
ation of Yb (By;,) was directly obtained from the zircon sample itself. Instrumental mass
bias correction of Yb isotope ratios were normalized to 173Yb/”le of 1.85274
(Thirlwall and Anczkiewicz, 2004) and '7°Hf/'7"Hf ratios to '"°Hf/'""Hf of 0.7325
(Patchett and Tatsumoto, 1981) using an exponential law. Interference of '7°Yb
on'’®Hf was corrected by measuring the interference-free 175y isotope, using 176y /
173yb = 0.78696 (Thirlwall and Anczkiewicz, 2004) to calculate '7°Yb/!""Hf. Similarly,
the relatively minor interference of ""Lu on '""Hf was corrected by measuring the
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intensity of the interference-free '"’Lu isotope and using the recommended'”®Lu/
SLu = 0.02656 (Blichert-Toft and others, 1997) to calculate!”®Lu/!"’Hf. The mass
bias of Yb(By;,) was used to calculate the mass fractionation of Lu. Detailed procedures
are described in Liu and others (2010b). Zircon standards 91500 and GJ-1 were
measured along with unknown samples to ensure reliability of the analytical data. The
Hf model ages were calculated back to the time of juvenile continental crust with
average €, = +13.0 (lizuka and others, 2013), assuming that zircons crystallized from
magmas with Hf ratios similar to that of the bulk Precambrian continental crust (0.093:
Vervoort and Patchett, 1996). Detailed metadata related to the laboratory and sample
preparation methods are summarized in table SI (http://earth.geology.yale.edu/
%'Teajs/SupplementaryData/2018/Wang).

RESULTS

Zircon U-Pb, Hf- and O-isotopic data are presented in table 1 and detailed isotopic
compositions are shown in supplementary tables (http://earth.geology.yale.edu/
% 7eajs/SupplementaryData/2018/Wang).

U-Pb Ages

Representative Cl images of studied zircons are displayed in figure 3. All zircon
grains show variable degrees of rounding, with oscillatory zoning observed in most
grains (fig. 3). The U-Pb isotopic compositions are presented in table S2 (http://
earth.geology.yale.edu/ % 7eajs/SupplementaryData/2018/Wang) and illustrated as
Concordia diagrams (figs. 4A-4E) and histograms of U-Pb concordant age populations
(figs. 4F-4], with 90-110% concordance). Only the concordant U-Pb ages have been
used for further discussion and interpretation, unless otherwise specified.

Zircons from Aravalli Supergroup (DLWI1450) and northern Delhi Group
(DLW1412) show similar age distribution with a prominent age peak at 1.85 to 1.65 Ga
and a smaller one at ~2.5 Ga (figs. 4F and 4G). Zircons from sample DLW1473, from
the southern Delhi Supergroup, define 1.7 to 1.4 and 1.3 to 1.0 Ga age groupings (fig.
4H). Samples from the Sindreth Group (RJW1427) of the Malani Igneous Suite and
the Nagaur Group of the Marwar Supergroup (RJW14104) display similar zircon age
distributions, defined by a prominent age group at 0.9 to 0.7 Ga and minor broad
peaks at ~2.5 and 2.0 to 1.5 Ga (figs. 41 and 4]). The Neoproterozoic age peak in
sample RfJW14104 (~790 Ma) is slightly younger than that of RfW1427(~870 Ma). Two
zircon grains with 2°’Pb/?°°Ph ages of 3400=24 Ma (DLW1450-31) and 3257 +24
Ma(DLW143-64) represent the only two Paleoarchean ages in the analyzed samples.

Trace element data for zircons are presented in table S3 (http://earth.geology.
yale.edu/ %7eajs/SupplementaryData/2018/Wang) and plotted against U-Pb ages in
figure 5. Most zircon grains have SREE between 300 and 3000 ppm (table S3, fig. 5A),
similar to the values observed in zircons hosted in granite and significantly higher than
zircon from carbonatite and kimberlite (Hoskin and Schaltegger, 2003). All the zircon
grains show a wide range of trace element abundances, however, with similar patterns
in binary plots against U-Pb age (fig. 5B), except the stronger negative anomalies of Eu
observed since ~2.0 Ga. Nearly all the zircon grains exhibit similar REE patterns,
characterized by negative Eu and positive Ce anomalies, and prominent enrichment of
HREE over LREE and MREE, a feature typical of continental crustal zircons (Hoskin
and Ireland, 2000; Wu and Zheng, 2004) (figs. 5C and 5D). All the zircons have Th/U
ratios greater than 0.1 (majority with >0.2), typical of magmatic zircons (fig. 5E;
Hoskin and Ireland, 2000).

Lu-Hf Isotopes

In-situ Lu-Hf isotopic data are summarized in table S4 (http://earth.geology.
yale.edu/ %7eajs/SupplementaryData/2018/Wang) and plotted against their crystalli-
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TABLE 1

Synthesis of U-Pb-Hf-O isotopes for detrital zircons from NW India

Sample No. "0 eHf(t) Tom)'  Es Tom ac AeHfy®  U-Pb ages’
%0 +s +s Ga Ga +s € Ma lo
Sample DLW1450, a sandstone from the Aravalli Supergroup, N.24°33'05.2", E.73°41'13.0"
DLW1450-01 596 0.06 -33 04 262 002 237 0.02 -12.2 1742 33
DLW1450-02 823 0.08 04 05 241 0.02 220 0.02 -8.5 1762 46
DLW1450-03 5.67 0.08 0.6 0.6 260 002 241 0.02 -1.5 2021 44
DLWI1450-04 877 0.06 0.3 06 242 002 221 0.02 -8.5 1773 30
DLW1450-05 897 0.09 -22 04 255 0.02 232 0.02 -11.1 1744 30
DLWI1450-06 887 0.11 -14 06 253 002 230 0.02 -10.3 1770 34
DLWI1450-07 7.61 0.11 -1.8 06 258 002 235 0.02 -10.5 1809 23
DLW1450-08  6.69 0.10 -1.7 04 290 002 271 0.02 -9.2 2232 35
DLW1450-09  9.81 0.08 0.6 05 241 0.02 220 0.02 -8.2 1781 31
DLWI1450-10  6.53 0.07 -49 06 276 002 250 0.02 -13.7 1798 29
DLW1450-11 8.04 0.11 -22 07 259 003 236 0.03 -11.0 1795 31
DLWI1450-12 872 0.06 -2.7 04 262 002 239 0.02 -11.5 1794 26
DLW1450-13 994 0.11 -1.1 0.7 252 003 230 0.03 -9.9 1791 39
DLW1450-14 822 0.08 1.6 09 231 0.04 2.11 0.04 -1.4 1725 36
DLW1450-15 754 0.08 -45 07 274 003 248 0.03 -13.2 1800 32
DLW1450-16  8.87 0.14 nd n.d n.d n.d n.d n.d n.d 1933 32
DLW1450-17  5.60 0.08 -53 0.7 277 003 250 0.03 -14.1 1776 35
DLWI1450-18 7.75 0.11 -53 06 279 002 253 0.02 -14.0 1806 31
DLW1450-19 100 009 -03 07 248 0.03 227 0.03 -9.0 1800 33
DLW1450-20 920 0.06 -49 05 269 002 242 0.02 -13.9 1703 39
DLW1450-21 911 0.06 -22 05 256 0.02 232 0.02 -11.1 1746 31
DLWI1450-22 854 0.09 -2.1 0.7 253 003 229 0.03 -11.0 1724 31
DLW1450-23 1034 0.08 nd n.d n.d n.d n.d n.d n.d 1840 34
DLWI1450-24  9.70 0.08 2.5 07 285 0.03 273 0.03 -4.2 1870 35
DLW1450-25 7.50 0.08 nd n.d n.d n.d n.d n.d n.d 2508 32
DLW1450-26 895 0.07 nd n.d n.d n.d n.d n.d n.d 1761 34
DLWI1450-27 934 0.09 nd n.d n.d n.d n.d n.d n.d 1800 35
DLWI1450-28  7.89 0.08 -57 06 28I 0.02 254 0.02 -14.5 1794 31
DLW1450-29 830 0.09 -10.6 0.7 3.06 003 273 0.03 -19.5 1729 31
DLWI1450-30  9.04 0.06 -3.1 06 263 003 238 0.03 -11.9 1767 33
DLW1450-31 556 0.07 2.0 0.7 358 003 351 0.03 2.2 3400 24
DLW1450-32 857 0.08 nd n.d n.d n.d n.d n.d n.d 1833 79
DLW1450-33 9.05 o0.11 -21 07 255 003 231 0.03 -11.0 1746 39
DLWI1450-34 992 0.08 33 05 224 002 206 0.02 -5.5 1776 31
DLW1450-35 9.89 0.08 22 06 226 0.02 206 0.02 -6.8 1711 38
DLW1450-36 827 0.06 -10.0 0.7 3.05 003 274 0.03 -18.8 1777 29
DLW1450-37 105 009 -67 04 2838 0.02 2.60 0.02 -15.5 1800 31
DLW1450-38  6.00 0.07 7.3 08 203 0.03 190 0.03 -14 1828 28
DLW1450-39 889 006 -47 05 266 002 239 0.02 -13.7 1681 39
DLWI1450-40  9.18 0.06 -2.0 05 252 002 228 0.02 -11.0 1714 34
Sample DLW1412, a sandstone from the Alwar Group, North Delhi Supergroup, N.27°06'04.0" E.76°03'28.5
DLW1412-01 393 0.09 110 0S5 1.81 0.02 1.72 0.02 2.4 1844 37
DLWI1412-02 873 0.09 -57 05 283 002 257 0.02 -14.4 1828 30
DLW1412-03 7.67 0.07 -3.6 06 272 0.02 248 0.02 -12.2 1850 30
DLW1412-04 847 0.10 -83 0.5 3.03 002 274 0.02 -16.8 1876 25
DLW1412-05 6.81 0.07 -57 06 335 002 3.14 0.02 -12.4 2506 24
DLW1412-06  7.88 0.08 -62 0.6 293 002 2.67 0.02 -14.7 1909 7
DLW1412-07  9.65 0.08 -6.8 1.1 295  0.04 2.68 0.04 -15.2 1896 31
DLWI1412-08 559 0.08 52 0.6 227 0.02 213 0.02 -3.0 1972 37
DLW1412-09 621 009 -53 0.6 347 002 328 0.02 -11.5 2690 30
DLWI1412-10 823 0.09 0.1 05 250 0.02 230 0.02 -8.4 1861 32
DLW1412-11 825 0.06 -52 06 286 0.02 261 0.02 -13.6 1915 28
DLWI1412-12  7.84 009 -44 05 277 002 253 0.02 -13.0 1857 27
DLW1412-13 507 0.08 103 0.7 1.84  0.03 1.74 0.03 1.6 1828 32
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TABLE 1
(continued)
Sample No. 30 eHf(t) T +s Tom ac AeHf ¢ U-Pb ages*
%00 +s +s Ga Ga +s € Ma 1o
Sample DLW1412, a sandstone from the Alwar Group, North Delhi Supergroup, N.27°06'04.0" E.76°03'28.5"
DLWI1412-14  8.14 0.08 -04 07 245 003 223 0.03 9.2 1754 32
DLWI1412-15 10.1 010 -56 05 285 0.02 259 0.02 -14.2 1854 31
DLWI1412-16 993 0.07 -1.7 08 256 003 233 0.03 -10.5 1789 40
DLWI1412-17 741 0.07 34 0.7 226 003 2.09 0.03 -5.4 1809 34
DLWI1412-18 520 0.09 6.2 0.5 214 0.02 2.00 0.02 2.4 1872 35
DLWI1412-19 553 0.06 -19 06 313 002 296 0.02 -8.6 2517 30
DLW1412-20 10.1 009 -44 06 278 0.02 253 0.02 -12.9 1861 27
DLW1412-21 103 0.06 -53 05 280 0.02 254 0.02 -14.0 1817 28
DLWI1412-22 871 0.06 nd n.d n.d n.d n.d n.d n.d 1836 30
DLW1412-23 944 0.09 -20 05 253 002 229 0.02 -10.9 1728 33
DLWI1412-24 862 0.06 -3.1 05 269 002 246 0.02 -11.7 1854 42
DLW1412-25 8.65 0.07 nd n.d n.d n.d n.d n.d n.d 1894 37
DLWI1412-26 820 0.06 -2.1 04 264 002 242 0.02 -10.7 1865 35
DLWI1412-27 599 0.10 6.1 05 273 0.02 265 0.02 -0.2 2639 26
DLWI1412-28 796 0.10 -3.0 06 339 002 323 0.02 -9.0 2767 24
DLWI1412-29 833 0.06 -1.I 06 254 002 233 0.02 -9.8 1820 30
DLWI1412-30 855 0.08 -3.8 05 275 002 250 0.02 -12.3 1869 33
DLW1412-31 874 0.08 nd n.d n.d n.d n.d n.d n.d 1928 31
DLWI1412-32 876 0.08 1.0 0.6 249 002 230 0.02 -7.3 1924 33
DLW1412-33 719 0.08 -55 07 3.01 0.03 2.77 0.03 -13.4 2078 37
DLWI1412-34  6.61 0.07 1.4 05 250 002 232 0.02 -6.9 1967 29
DLW1412-35 9.78 0.08 -2.0 06 255 002 232 0.02 -10.9 1759 33
DLWI1412-36  8.11 0.06 53 08 216 0.03 2.00 0.03 -34 1828 29
DLW1412-37 577 0.13 0.2 0.6 249 002 228 0.02 -8.4 1848 28
DLWI1412-38 851 0.10 -2.6 07 265 003 241 0.03 -11.2 1835 26
DLW1412-39 10.1 0.07 -35 05 262 0.02 237 0.02 -12.4 1733 39
DLWI1412-40  8.65 0.06 -2.5 09 2.6l 0.03 237 0.03 -11.3 1791 30
Sample DLW1473, a sandstone from the Kumbhalgarh Group, South Delhi Supergroup, N.24°45'09.5"
E.73°21'31.9"

DLW1473-01 6.67 0.08 -92 04 255 0.02 219 0.02 -19.7 1172 33
DLWI1473-02 736 0.07 -1.6 05 243 002 219 0.02 -10.8 1628 35
DLW1473-03  2.18 0.12 3.0 0.5 176~ 0.02 1.53 0.02 -1.5 1140 44
DLW1473-04 234 009 19 0.4 1.83  0.02 158 0.02 -8.7 1131 43
DLW1473-05 7.04 0.08 nd n.d n.d n.d n.d n.d n.d 1161 33
DLWI1473-06 582 0.10 -23 05 204 002 174 0.02 -13.1 1059 31
DLW1473-07  6.59 0.08 6.7 0.6 1.68  0.03 1.50 0.03 -33 1329 34
DLW1473-08 1.52 010 5.1 0.7 1.62  0.03 141 0.03 -5.6 1120 44
DLW1473-09 2.78 0.10 54 0.4 1.69  0.02 149 0.02 -4.9 1233 50
DLW1473-10 192 008 -25 06 216 0.02 1.87 0.02 -12.9 1203 31
DLW1473-11 576 0.06 1.9 0.4 1.87  0.02 1.63 0.02 -8.6 1187 43
DLW1473-12 458 006 -7.1 04 240 002 2.06 0.02 -17.6 1155 37
DLW1473-13 7.61 0.10 11.0 0.5 140  0.02 126 0.02 0.8 1307 44
DLWI1473-14 596 0.07 1.2 0.4 1.94  0.02 1.69 0.02 9.2 1218 42
DLW1473-15 643 0.07 112 14 241 0.05 238 0.05 4.8 2627 26
DLW1473-16  9.19 0.08 nd n.d n.d n.d n.d n.d n.d 1648 34
DLWI1473-17  6.16 0.09 7.3 0.4 1.78  0.01 1.62 0.01 2.3 1503 44
DLW1473-18  2.11 0.06 4.9 0.5 1.68  0.02 147 0.02 -5.6 1176 36
DLWI1473-19 631 0.09 42 0.4 1.78  0.02 1.57 0.02 -6.1 1257 47
DLWI1473-20 596 0.06 11.8 0.7 125 003 1.11 0.03 1.3 1177 30
DLW1473-21 711 0.08 -98 04 255 002 217 0.02 -20.5 1120 44
DLW1473-22  6.53 0.09 4.0 05 203 0.02 185 0.02 -5.4 1567 36
DLW1473-23 7.78 0.10 6.0 0.6 1.89  0.02 1.72 0.02 3.4 1548 28
DLW1473-24  6.88 0.07 -114 05 269 002 230 0.02 -21.9 1172 33
DLW1473-25 771 011 -7.6 05 287 0.02 258 0.02 -16.5 1732 37
DLWI1473-26 774 0.08 8.1 0.5 1.75  0.02  1.60 0.02 -1.4 1531 37
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TABLE 1

(continued)

Sample No.

)
%o

+s

eHf(t)

+s

Toom)” +s
Ga

b
Tom) ac

Ga

+s

ASHfAMC
€ Ma

U-Pb ages’

lo

Sample DLW1473, a sandstone from the Kumbhalgarh Group, South Delhi Supergroup, N.24°45'09.5"

E.73°21'31.9"
DLW1473-27 7.10 0.06 5.5 0.5 1.61 0.02 140 0.02 -5.1 1131
DLW1473-28 6.59 0.09 nd n.d n.d n.d n.d n.d n.d 1174
DLW1473-29 811 0.07 -4.1 04 228 0.02 197 0.02 -14.5 1228
DLW1473-30 783 0.07 638 0.7 199 0.03 1.84 0.03 2.2 1731
DLW1473-31 584 0.06 -06 04 202 002 175 0.02 -11.1 1181
DLW1473-32 781 0.07 5.6 0.6 195  0.02 1.78 0.02 -3.7 1584
DLW1473-33 6.08 0.08 25 0.6 190 0.02 1.67 0.02 -7.8 1265
DLW1473-34 718 0.12 1.8 0.7 1.81 0.03 1.56 0.03 -8.9 1106
DLW1473-35 635 0.09 6.8 0.4 1.91 0.02 176 0.02 24 1631
DLW1473-36 6.67 0.10 0.1 04 208 0.02 1.83 0.02 -10.0 1314
DLW1473-37 455 0.10 -06 0.5 203 002 1.76 0.02 -11.0 1195
DLW1473-38 7.62 0.07 9.2 0.5 128 0.02 111 0.02 -1.7 1018
DLW1473-39 6.78 0.07 nd n.d n.d n.d n.d n.d n.d 1013
DLW1473-40 9.63 0.09 2.0 05 200 002 1.77 0.02 -1.9 1359
Sample RIW1427, a conglomerate from the Sindreth Group, N.24°50'01.7" E.72°47'16.4"
RIW1427-01 nd nd n.d nd 239 0.02 nd n.d n.d 907
RIW1427-02 897 0.06 -8.1 04 224 001 186 0.01 -19.5 852
RIW1427-03 987 0.08 13 05 293 0.02 280 0.02 -5.4 2515
RIW1427-04 556 0.07 62 0.5 1.81 0.02 1.64 0.02 -3.5 1456
RIW1427-05 548 0.08 -33 05 261 0.02 236 0.02 -12.2 1729
RIW1427-06 587 0.06 nd n.d n.d n.d n.d n.d n.d 2454
RIW1427-07 620 0.10 2.7 05 284 0.02 271 0.02 -4.0 2506
RIW1427-08 578 0.11 1.0 04 296 0.01 282 0.01 -5.7 2529
RIW1427-09 936 0.09 -48 06 208 0.02 1.74 0.02 -16.0 914
RIW1427-10 895 0.06 -70 06 219 0.02 182 0.02 -18.4 875
RIW1427-11 9.03 0.06 -86 04 228 0.02 1.89 0.02 -19.9 863
RIW1427-12 894 0.06 -33 05 196 0.02 1.63 0.02 -14.6 874
RIW1427-13 881 0.09 -55 06 2.1 0.02 1.76 0.02 -16.8 897
RIW1427-14 584 0.07 nd n.d n.d n.d n.d n.d n.d 2020
RIW1427-15 928 0.08 -27.0 04 344 0.02 284 0.02 -38.3 885
RIW1427-16 12,6 0.09 157 05 .53 0.02 149 0.02 7.1 1857
RIW1427-17 6.25 0.08 3.1 05 285 0.02 273 0.02 -3.5 2554
RIW1427-18 899 0.06 -7.6 04 224 002 1.86 0.02 -18.8 894
RIW1427-19 -3.67 0.07 0.0 04 3.17 0.01 3.03 0.01 -6.2 2714
RIW1427-20 690 0.10 -26 04 276 0.02 254 0.02 -10.9 1976
RIW1427-21 747 0.09 33 06 285 002 274 0.02 -3.3 2566
RIW1427-22 793 0.09 -33 04 266 002 241 0.02 -12.1 1791
RIW1427-23 936 0.06 -6.8 03 219 0.01 1.83 0.01 -18.0 896
RIW1427-24 6.05 0.13 -59 03 433 0.0l 3.56 0.01 -53.4 852
RIW1427-25 6.07 0.08 3.1 04 281 0.02  2.69 0.02 -3.6 2502
RIW1427-26 637 0.11 3.1 04  3.17 0.02 299 0.02 -9.9 2480
RIW1427-27 6.14 0.08 -22 06 312 0.02 295 0.02 -9.0 2484
RIW1427-28 9.19 0.08 nd n.d n.d n.d n.d n.d n.d 807
RIW1427-29 571 0.09 -55 04 330 0.0l 3.09 0.01 -12.3 2455
RIW1427-30 541 0.08 34 0.5 1.83  0.02 1.6l 0.02 -6.9 1255
RIW1427-31 937 0.09 -46 05 206 0.02 172 0.02 -15.8 907
RIW1427-32 6.04 0.09 -35 04 316 0.02 297 0.02 -10.4 2435
RIW1427-33 9.02 0.08 nd n.d n.d n.d n.d n.d n.d 900
RIW1427-34 551 0.07 6.7 1.0 256 0.04 247 0.04 -0.2 2457
RIW1427-35 3.67 0.07 8.1 0.6 1.61 0.02 144 0.02 -1.9 1344
RIW1427-36 789 0.08 -7.8 0.6 226 0.03 1.88 0.03 -19.0 903

5
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TABLE 1
(continued)
Sample No. 30 eHf(t) Tom)” +s Tom A’ AeHfan¢ U-Pb agesd
%0 +s +s Ga Ga +s € Ma lo
Sample RIW1427, a conglomerate from the Sindreth Group, N.24°50'01.7" E.72°47'16.4"

RIW1427-37 939 0.10 23 06 210 0.02 1.89 0.02 272 1517 30
RIW1427-38 9.10 0.09 nd n.d n.d n.d n.d n.d n.d 821 7
RIW1427-39 923 0.10 nd n.d n.d n.d n.d n.d n.d 928 6
RIW1427-40 757 0.08 -54 05 3.6l 0.02 344 0.02 -11.1 2872 15
RIW1427-41 7.04 0.08 -43 05 251 0.02 223 0.02 -13.8 1522 20
RIW1427-42 1.1 006 -62 06 212 003 1.75 0.03 -17.6 843 4
RIW1427-43 643 0.10 1.0 07 292 003 278 0.03 -5.9 2476 24
RIW1427-44 913 0.06 -05 05 241 0.02 2.54 0.02 -14.2 1692 10
RIW1427-45 845 0.08 -55 06 281 0.02 2.18 0.02 -9.5 1813 16
RIW1427-46 567 0.09 9.1 05 353 0.02 329 0.02 -16.0 2465 11
RIW1427-47 628 0.06 52 05 206 0.02 190 0.02 -3.8 1698 22
RIW1427-48 888 0.07 -59 05 209 002 1.73 0.02 -17.4 832 5
RIW1427-49 741 0.06 -0.7 0.6 251 0.02 230 0.02 9.4 1810 26
RIW1427-50 10.6 0.10 nd n.d n.d n.d n.d n.d n.d 612 7

Sample RIW14104 a sandstone from the Nagaur Formation, Marwar Group, N.27°03'54.6" E.73°34'37.4"
RIW14104-01 699 0.07 -84 04 224 002 1.84 0.02 -19.9 821 7
RIW14104-02 842 0.10 4.0 0.6 144 0.02 1.19 0.02 -7.6 795 6
RIW14104-03 743 0.08 1.6 06 287 0.02 273 0.02 -5.3 2461 33
RIW14104-04 872 0.10 nd n.d n.d n.d n.d n.d n.d 847 8
RIW14104-05 740 0.10 109 04 1.07  0.02 0.90 0.02 -0.5 873 7
RIW14104-06 6.64 0.09 1.7 07 286 003 272 0.03 -5.2 2452 24
RIW14104-07 635 0.11 nd n.d n.d n.d n.d n.d n.d 773 6
RIW14104-08 594 0.09 03 07 296 0.03 281 0.03 -6.5 2472 29
RIW14104-09 7.01 0.09 -72 06 284 0.02 2.55 0.02 -16.1 1722 39
RIW14104-10 8.53 0.07 19 06 233 002 214 0.02 -6.9 1783 30
RIW14104-11 738 0.07 nd n.d n.d n.d n.d n.d n.d 683 7
RIW14104-12 799 0.07 -52 06 270 0.02 243 0.02 -14.2 1694 44
RIW14104-13 776 0.08 4.4 0.6 1.41 0.02 1.16 0.02 -7.1 793 6

RIW14104-14 732 0.10 nd n.d n.d n.d n.d n.d n.d 898 2565

RIW14104-15 6.59 0.06 1.8 0.6 1.74  0.02 149 0.02 9.1 1017 31
RIW14104-16 7.04 0.07 44 0.5 139 0.02 1.14 0.02 272 771 7
RIW14104-17 8.10 0.08 nd n.d n.d n.d n.d n.d n.d 772 6
RIW14104-18 777 0.07 2.7 06 228 0.02 210 0.02 -6.1 1783 46
RIW14104-19 537 0.08 -95 08 325 0.03 297 0.03 -17.4 2078 29
RIW14104-20 573 0.10 23 0.6 1.60  0.02 1.33 0.02 -9.0 865 10
RIW14104-21 580 0.06 nd n.d n.d n.d n.d n.d n.d 795 9
RIW14104-22 851 0.08 nd n.d n.d n.d n.d n.d n.d 820 8
RIW14104-23 633 0.09 438 0.5 138 0.02 1.13 0.02 -6.8 777 6
RIW14104-24 748 0.07 -55 09 269 004 242 0.04 -14.6 1666 52
RIW14104-25 733 0.08 -126 0.7 3.68 0.03 3.40 0.03 -19.6 2394 46
RIW14104-26 720 0.07 4.9 0.5 138 0.02 1.14 0.02 -6.7 794 6
RIW14104-27 775 0.07 -0.7 0.6 1.88  0.02 1.59 0.02 -11.7 990 7
RIW14104-28 8.06 0.07 nd n.d n.d n.d n.d n.d n.d 813 7
RIW14104-29 7778 0.06 -44 09 267 003 241 0.03 -13.4 1721 40
RIW14104-30 797 0.10 4.1 0.9 143 0.04 1.18 0.04 -1.5 788 16
RIW14104-31 271 0.06 nd n.d n.d n.d n.d n.d n.d 818 7
RIW14104-32 897 0.06 -2.6 06 258 0.02 234 0.02 -11.5 1747 40
RIW14104-33 8.05 0.11 48 0.6 139  0.02 1.14 0.02 -6.8 789 7
RIW14104-34 7.14 0.07 28 08 224 0.03 205 0.03 -6.1 1737 37
RIW14104-35 821 0.08 42 1.6 144 0.06 1.19 0.06 -7.4 805 6
RIW14104-36 720 0.10 -8.6 0.6 238 0.02 2.01I 0.02 -19.6 996 8
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TABLE 1
(continued)

Sample No. 6180 SHf(t) T(DMz]a E= T(DM) Acb ASHfAMC U-Pb agesd
%0 +s +s Ga Ga +s € Ma lo

Sample RIW14104 a sandstone from the Nagaur Formation, Marwar Group, N.27°03'54.6" E.73°34'37.4"
RIW14104-37 824 0.10 -0.3 06 242 0.02 220 0.02 -9.2 1725 37
RIW14104-38 859 006 -02 06 247 002 225 0.02 -8.9 1792 30
RIW14104-39 640 006 95 1.1 1.08  0.04 0.88 0.04 -2.1 773 7
RIW14104-40 6.28 0.06 nd n.d n.d n.d n.d n.d n.d 1976 39
RIJW14104-41 7.77 0.09 nd n.d n.d n.d n.d n.d n.d 780 9
RIW14104-42 750 0.08 114 05 230  0.02 225 0.02 4.7 2494 21
RIW14104-43 751 0.08 5.6 0.9 146  0.04 1.24 0.04 -5.5 955 35
RIW14104-44 104 0.08 4.6 0.6 1.45 0.02 121 0.02 -6.7 864 6
RIW14104-45 102 0.08 -28 0.6 199 0.02 1.67 0.02 -13.9 953 7
RIW14104-46 647 007 146 22 068 0.09 0.54 0.09 2.7 679 5
RIW14104-47 838 0.10 -0.3 0.7 243 0.03 221 0.03 -9.2 1735 30
RIW14104-48 723 0.06 5.1 0.6 134 0.02 1.10 0.02 -6.5 765 6
RIW14104-49 744 009 -68 06 280 0.02 252 0.02 -15.8 1700 35
RJW14104-50  6.29 0.07 nd n.d n.d n.d n.d n.d n.d 894 9

2 Two stage model age in Billion years (Ga) are calculated using the measured '"°Lu/'7"Hf of each spot, a value
of 0.009 for the bulk Precambrian crust (Vervoort and Jonathan, 1996), and a depleted mantle '7°Lu/'"’Hf and
76H1/'7"Hf of 0.0384 and 0.28325, respectively (see Griffin and others, 2000 for details and references).

b Tomac is calculated assuming that new crust was extracted from the arc mantle (lizuki and others, 2017).

¢ The deviation of eHf{(t) between detrital zircons and the arc mantle.

4 U-Pb ages used for initial Hf calculation refers to 2°’Pb/>°°Pb age and >°°Pb/***U ages for zircon older and
younger than 1000Ma, respectively.

° n.d. means not determined.

zation ages in figure 6. Both Hf isotopic evolution of depleted mantle (DM) (Griffin
and others, 2000), new continental crust (Dhuime and others, 2011) and arc mantle
are also shown for reference (lizuka and others, 2013). Only a small fraction of zircon
grains (4% of total population) have the Hf isotopic compositions similar to depleted
mantle. About 23 percent of zircons plot in the field of arc mantle (fig. 6F). The oldest
zircon (**’Pb/?°°Pb age of 3400 =24 Ma) has €y Value of +2.0, slightly lower than
the depleted mantle values but within the range for arc mantle. Zircons within the
major age group display variable €, ranging from sub-chondritic to nearly depleted
mantle values (fig. 6F). However, the proportion of mantle-like (related to arc mantle)
€r(y Values vary significantly within each age group. For instance, only 10 percent of
zircons in the 1.93 to 1.62 Ga age range have mantle-like Hf isotopic composition as
compared to around 30 percent for zircons in both 1.36 to 0.99 Ga and < 0.99 Ga
groups. The deviation of ¢, among detrital zircon and the arc mantle values can be
represented by AeHf(t) o, (lizuka and others, 2013), which is a function of residence
time of the reworked continental crust. It is seen that 1.58 to 1.46 Ga and >2.23 Ga
zircons have coherent AeHf(t),,; generally less than —15¢ (table S4, http://
earth.geology.yale.edu/%7eajs/SupplementaryData/2018/Wang). In contrast, other
age group zircons define a wider range of AeHf(t) ,y,values that can be as low as —25¢
(table S4). Two Neoproterozoic zircon grains from sample RJW1427 have extremely
low AeHf(t) pvalues of —53¢ and —38g, corresponding to Hf model ages of 3.69 Ga
and 2.97 Ga, respectively.

O-Isotopic Data
O-isotopic data are summarized in table 1 and illustrated in the zircon crystalli-
zation age versus 8'%0 diagram (fig. 7). All the analyses have 3'®O values less than
11.1 permil, except for a single grain with 12.6 permil. The Archean and early
Paleoproterozoic (>1.9 Ga) zircon grains show relatively restricted range of 3'*O
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values of 8.0 to 5.4 permll excluding two extreme values of 9.9 permil and —3.7
permil. More variable 3'®0 values were observed in zircons younger than 1.9 Ga.
Zircon grains from the 1.93 to 1.62 Ga age group have sub-mantle to elevated 'O
values, with the majority having higher than mantle values. Similar variation is also
exhibited by the 0.9 to 0.7 Ga age group with only a few zircon %rams displaying mantle-like
O-isotopic compositions. A significant decrease in zircon 3'°O values since ~1.6 Ga is
observed, however, this trend ceases at ~1.1 Ga. About 25 percent of zircons in this group
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have sub-mantle 8'0 values, distinct from the U-Pb and HEO data on similar age detrital
zircons from other continents (Hawkesworth and Kemp, 2006; Wang and others, 2009;

lizuka and others, 2013).
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DISCUSSION

Preservation of Original Isotopic Signatures in Detrital Zircons

Identifying robust and meaningful isotopic data in detrital zircons is important,
given the possibility of ancient Pb loss, which would result in 2*’Pb/2°°Pb ages younger
than the true magmatic ages. This would result in disproportionately older Hf model
ages and low gy values (Kemp and others, 2009b; Vervoort and Kemp, 2016). All
analyzed zircon grains show clear oscillatory zoning and are free from cracks, inclu-
sions and metamict overprint (fig. 3), typical of igneous zircons with no Pb loss. The
chondrite normalized patterns for nearly all the zircon grains show rather steep LREE
to HREE slopes, positive Ce and negative Eu anomalies that together with their high
Th/U ratios, underline igneous origin and rule out any post-crystallization alteration
(Hoskin and Schaltegger, 2003; Wu and Zheng, 2004). The younger detrital zircon
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Fig. 6. Plots of €114y VETSUS U-Pb age for detrital zircon from (A) DLW1412, the North Delhi Group, (B)
DLW1450, the Aravalli Supergroup, (C) DLW1473, the South Delhi Group, (D) RJW1427, the Sindreth
Group, (E) RJW14104, the Marwar S}lgergroup and (F) initial '77Hf/'"°Hf ratios of all the analyzed samples.
One Neoproterozoic zircon (**°Pb/***U age = 852 Ma) from sample DLW1427 has extremely low &, of
—42, which is not shown to save space. The Hf isotopic compositions of arc mantle (lizuka and others, 2613)
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grains in the present study generally have higher initial '77Hf/'7Hf ratios, and no
clear horizontal trends that could be attributed to ancient Pb loss from a single
magmatic zircon component (fig. 6F) (Amelin and others, 2000; Gerdes and Zeh,
2009; Iizuka and others, 2009). Furthermore, the ancient Pb loss has not been
recognized in zircons from ~3.3 Ga migmatitic gneiss (BGC) and ~2.6 to 2.4 Ga
granitoids in the Aravalli-Delhi Fold Belt as the restricted U-Pb isotopic data underline
a single magmatic component (Wiedenbeck and Goswami, 1994; Roy and Kroéner,
1996; Wiedenbeck and others, 1996). Therefore, the single growth zone in analyzed
zircon domains together with the measured U-Pb ages can be assumed to represent the
true crystallization time of zircons, and thus the formation time of the zircon hosting
crustal components.
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The Timing of Major Continental Generation Episodes

The detrital zircons U-Pb ages exhibit peaks at 2.6 to 2.4, 1.9 to 1.7, 1.2 to 1.0 and
0.9 to 0.7 Ga, which, except for ages between 1.2 Ga and 1.0 Ga (fig. 8A), correlate well
with the widely exposed components in NW India (Meert and Pandit, 2015). The 2.6 to
2.4 Ga TTG-like, sanukitoid, and high-K granitoid suites are widely distributed in the
southern segment of the Aravalli-Delhi Fold Belt (Wiedenbeck and others, 1996;
Rahaman and Mondal, 2015). In contrast, the 1.9 to 1.7 Ga rocks are largely
represented by the 1.86 to 1.81 Ga subduction-related and 1.73 to 1.70 Ga extension-
related magmatic rocks in the northern segment of the Aravalli-Delhi Fold Belt
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(Biju-Sekhar and others, 2003; Dharma Rao and others, 2013; Kaur and others, 2011,
2013, 2017a, 2017b), although there is a ~1.90 Ga synkinematicaly emplaced Darwal
granite in the south of the belt (Choudhary and others, 1984). The 0.9 to 0.7 Ga rocks
are widely distributed along the boundary between the Marwar Block and the Aravalli-
Delhi Fold Belt, as represented by the 870 to 800 Ma Erinpura Granite (Deb and
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others, 2001; van Lenteand others, 2009; Singh and others, 2010; Pradhan and others,
2010; Just and others, 2011) and the 780 to 750 Ma Malani Igneous Suite (Torsvik and
others, 2001b; Gregory and others, 2009; Meert and others, 2013; Wang and others,
2017b, 2019; de Wall and others, 2018). Zircons with 1.2 to 1.0 Ga ages were, most
likely, sourced from pre-existing rocks that are no longer preserved/exposed in NW
India. The period 1.2 to 1.0 Ga corresponds with collisional assembly of Rodinia
supercontinent, with NW India located either along the periphery of, or on a separate
plate to, the supercontinent (Torsvik and others, 2001a; Li and others, 2008; Gregory
and others, 2009; Cawood and others, 2013b, 2017; Merdith and others, 2017). In
addition, detrital zircon grains of this age bracket are mostly euhedral to subhedral
(fig. 3C), suggesting a short-distance transport. Hence, it seems unlikely that the 1.2 to
1.0 Ga detritus were sourced from a terrane outboard of NW India during the
deposition of the South Delhi Group, and which was subsequently removed.

The prominent U-Pb age peaks indicate either episodic igneous events or selective
preservation of magmatic rocks in certain time period(s) (Condie, 1998; Rino and
others, 2004; Hawkesworth and others, 2010; Cawood and others, 2013a). Nearly all
the analyzed zircon grains have €y, values lower than the depleted mantle at any
given time and only 23 percent of the zircons plot within the range for juvenile crust Hf
isotopic composition, indicating crystallization of most zircons from recycled crustal
magma sources. For the analyzed age groups at >2.23 Ga, 1.93 to 1.62 Ga, 1.58 to 1.46
Ga, 1.36 to 0.99 Ga and < 0.99 Ga (fig. 9A), zircon grains with mantle-like Hf isotopic
compositions occupy 25 percent, 10 percent, 70 percent, 29 percent and 30 percent in
each group, respectively.

The Hf model ages of low 8'°0O (4.0-6.5%0) zircons may indicate periods of
juvenile crust generation as igneous source rocks for these zircon grains can be
correlated with specific continental crust forming events (lizuka and others, 2013).
Relatively continuous generation of continental crust from 3.3 to 1.3 Ga with two broad
peaksat 3.1 to 2.7 Gaand 1.7 to 1.5 Ga can be recognized in the histogram of Hf model
ages for zircon with 8'%0 0f 4.0 to 6.5 permil (fig. 8B). The broad peak at 3.3 to 2.7 Ga
is characterized by continuous formation of juvenile continental crust, which was
reworked at 2.6 to 2.4 Ga to generate magmas with evolved and heterogonous Hf
values but mantle like O-isotopic compositions (fig. 9). This event is likely recorded in
the generation of 2.6 to 2.4 Ga TTGlike, sanukitoid, and high-K granitoid suite by
remelting of the 3.3 to 2.9 Ga Banded Gneiss Complex rocks in the southern
Aravalli-Delhi Fold Belt (Rahaman and Mondal, 2015). In contrast, crustal generation
at 1.7 to 1.5 Ga was restricted to a relatively short time and this juvenile continental
crust was continuously reworked later to generate magmas with evolved and homog-
enous Hf- but mantle like O-isotopic signatures (fig. 9). This time interval is believed to
manifest the onset of post-collisional extension induced by slab breakoff in the
northern Aravalli-Delhi Fold Belt (Biju-Sekharand others, 2003; Kaur and others, 2011,
2017a), corresponding to the rapid continental crustal generation in a retreating
orogenic belt (Kemp and others, 2009a; Collins and others, 2011). These two age
peaks are comparable with juvenile detrital zircons from Eastern Australia and North
America (Kemp and others, 2009a; Wang and others, 2009; Glen and others, 2011)
(fig. 8B), underlining maior episodes of juvenile crustal addition.

Zircon grains with 8'*0>6.5 permil have Hf model ages that significantly differ
from the above age groups (fig. 9). These represent mixtures of materials that
separated from the depleted mantle during earlier events. The 1.9 to 1.7 Ga magmatic
episodes do not involve generation of new continental crust because these crystalliza-
tion ages are not consistent with the Hf crust formation ages (fig. 8B). The 1.9 to 1.7 Ga
zircon grains are inferred to contain significant contributions from sediments and
their Hf model ages may reflect mixing rather than specific continental crust forming
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events. Similar events are recognized for 1.2 to 1.0 and 0.9 to 0.7 Ga zircons, which
indicate that magmatism duringi these periods was dominated either by reworking of
igneous rocks with mantle like 8®O values or of sediments having elevated 3'%O values
(fig. 9). These peaks register magmatic episodes related to crustal reworking or



Insights from in-situ U-Pb, O- and Hf-isotopes in detrital zircon, NW India 1009

stabilization, rather than spikes in the rate of new continental crust generation.
Although many late Mesoproterozoic orogenic terranes related to Rodinia assembly
are thought to represent juvenile crustal additions (Stein and Hofmann, 1994; Condie,
1998), the present study demonstrates that remelting of older and supracrustal rocks
was regionally significant during this period, as has also been suggested for rocks of this
age in North America and southeast Australia (Valley and others, 2005; Kemp and
others, 2006).

Implications on Crustal Evolution and Supercontinent Cycle

A close correspondence between episodic zircon age peaks and the timing of
supercontinent assembly has been recognized in detrital zircon populations from
different regions of the world (Condie, 1998; Rino and others, 2004; Campbell and
Allen, 2008; O’Reilly and others, 2008; Hawkesworth and others, 2010; lizuka and
others, 2010; Cawood and Hawkesworth, 2015). The punctuated age distribution,
observed in this study, clearly underline correlation with the supercontinent cycles
(fig. 8A). The 1.9 to 1.7 Ga, 1.6 to 1.5 Ga and 1.3 to 1.0 age groups are consistent with
the assembly of Nuna and Rodinia supercontinents, respectively, whereas the peak at
0.9 to 0.7 Ga is consistent with the timing of fragmentation of Rodinia, although the
magmatic record of fragmentation is less likely to be preserved than that during
supercontinental assembly (Hawkesworth and others, 2010; Cawood and others,
2013a). The 2.6 to 2.4 Ga magmatic record corresponds with the ~2.5 Ga Sclavia/
Arctica supercontinent/supercraton that includes Laurentia’s Slave Craton and other
cratons that drifted from it (Bleeker, 2003; Rogers and Santosh, 2003). The role of
India in Sclavia is unclear. Pehrsson and others (2013) have tentatively considered
peninsular India as part of ‘Rae family’ that collided together at 2.55 to 2.45 Ga to form
the Nunavutia supercraton. However, NW India lacks 2.7 to 2.6 Ga juvenile continental
crust formation and the subsequent 2.45 to 2.20 Ga Arrowsmith event that are
common in Rae family cratons (Pehrsson and others, 2013). Moreover, most zircon
grains older than 2.23 Ga display mantle-like to slightly elevated 8'0O values (8.0-
5.4%0) and AeHIf(t) oy as low as —20¢ (fig. 10B), indicating that magmatism prior to
2.23 Ga was dominated by reworking of igneous rocks with evolved radiogenic isotopic
compositions over reworking of mature sedimentary rocks.

The Nuna supercontinent.— Record of Nuna assembly in NW India is well preserved
in the dominantly 1.9 to 1.7 Ga age detrital zircons, most of which show variably
sub-mantle €, and evolved 180 signatures (3'%0>7.5%o0), reflecting remelting of
dominant mature sedimentary rocks over the generation of juvenile igneous rocks
(Belousova and others, 2010; Condie and others, 2011; Voice and others, 2011;
Roberts, 2012). A distinct detrital age peak of 1.85 Ga and variable, but largely
subchrondritic €, values also suggest significant reworking of ancient continental
crust at that time (Kaur and others, 2013). Moreover, successive sedimentation,
metamorphism and subduction-related magmatic activities at ~1.86 to 1.81 Ga along
the entire northern Indian margin indicate a convergent margin setting in association
with the assembly of the Nuna supercontinent (Kaur and others, 2013, 2017b; Wang
and others, 2019). Subsequent, less voluminous but more juvenile, magmas since ~1.7
Ga likely reveal the early separation of NW India from the supercontinent, because
supercontinental fragmentation is accompanied by crust generation with low preserva-
tion potential (Hawkesworth and others, 2010; Roberts, 2012; Cawood and others,
2013a). This interpretation is also supported by the presence of abundant 1.73 to 1.70
Ga, A-type granitic rocks in the northern Aravalli-Delhi Fold Belt, which manifests
lithospheric extension in a post-collisional setting triggered by slab break-up in
response to the breakup phase of the Nuna supercontinent (Biju-Sekharand others,
2003; Kaur and others, 2011, 2017a). It seems that voluminous continental crust was
generated during the 1.58 to 1.46 Ga period in northwestern India, as suggested by
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mantle-like €y, values of zircons. The majority of zircon grains (75%) in this age
group also have elevated 8'%0 (>6.5%o0) value, indicating significant contribution of
high 8'®0 rocks; either young sediments with mantle-like €p11(y) OF carbonate and chert
with low Hf contents (compare, lizuka and others, 2013). The 1.58 to 1.46 Ga detrital
zircon grains, however, show trace element characteristics similar to other zircons,
such as variable Hf and REE contents, Th/U and Yb/Sm ratios and Ce and Eu
anomalies, hinting at insignificant carbonate material in the magma source. There-
fore, the mantle-like €,y but elevated 3'%0 signatures of 1.58 to 1.46 Ga zircon are
likely inherited from young igneous rocks, eroded during rapid uplift of mountain
ranges and deposition in basins during continent-continent collision associated with
the Nuna assembly at ~2.1 to 1.7 Ga.

The Rodinia supercontinent.—Dominance of 0.9 to 0.7 Ga age group over 1.3 to 1.0
Ga group is the most striking feature of the age distribution patterns in the analyzed
samples. This feature observed from northwestern India is in contradiction to the
global age compilations that show prominent late Mesoproterozoic (1.3-1.0 Ga)
records related to Rodinia assembly and subordinate 0.9 to 0.7 Ga ages related to
Rodinia breakup (Campbell and Allen, 2008; Condie and others, 2011; Voice and
others, 2011). Moreover, the 0.9 to 0.7 Ga zircon grains show juvenile signatures closely
comparable with 1.3 to 1.0 Ga zircons (figs. 9 and 10). These discrepancies underline
that peninsular India (assuming that it was unified by 1.0 Ga; Bhowmik and others,
2012) was not located in a position to be actively involved in Rodinia assembly but was
more actively involved in Rodinia breakup. —Zircon grains with 31%0 <5.3 permil, in
this study, are largely restricted to 1.34 to 1.12 Ga age group (table S4 (http://
earth.geology.yale.edu/ % 7eajs/SupplementaryData/2018 /Wang), fig. 11), correspond-
ing to a compressive tectonic regime during the collision between Marwar Block and
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Fig. 11. Plots of 8'%O versus U-Pb age for detrital zircons from Paleoproterozoic to Early Cambrian
sedimentary rocks in NW India. Evolution trends of zircon 8'%0 versus with time defined by previous studies
are also shown for comparison. Detrital zircon data from Greater Russian rivers (Wang and others, 2011),
African rivers (lizuka and others, 2013), Mississippi River from North America (Wang and others, 2009) and
Australia (Kemp and others, 2006) are also shown for comparison.

Aravalli - Delhi -BGC terrane, highlighted by the ~1.0 to 0.9 Ga metamorphism,
magmatism and tectonism in the Aravalli-Delhi Fold Belt (Pandit and others, 2003;
Buick and others, 2006, 2010; Bhowmik and others, 2010; Dharma Rao and others,
2013; Kaur and others, 2016; Ozha and others, 2016). One possible interpretation is
that these end Mesoproterozoic low-3'%0 but mantle-like eHf(t) zircons record local-
ized extensional conditions within an overall convergent tectonic setting. Addition of
new continental crustis characteristic of an external (accretionary) orogenic system, in
contrast to an internal/collision orogen (Collins and others, 2011). Extensional,
back-arc rifting episodes in an accretionary orogenic system (Kemp and others, 2009a)
would also facilitate water-rock interaction under high temperature. This interpreta-
tion on the detrital zircon isotopic signatures provides tacit support to the previous
considerations that peninsular India laid either along western periphery of Rodinia or
off the supercontinent (Torsvik and others, 2001a; Gregory and others, 2009; Cawood
and others, 2013b, 2017; Merdith and others, 2017).

CONCLUSIONS

Generation of continental crust continuously from 3.3 to 1.3 Ga with two broad
peaks at 3.3 to 2.7 Ga and 1.7 to 1.5 Ga constrained by Hf model ages of zircon with
mantle like 8'®O values is recognized in this study for the NW Indian block. These two
peaks represent an Indian example of the global juvenile crustal addition events also
recorded in eastern Australia and North America. Prominent U-Pb detrital zircon age
peaks in NW India at 1.9 to 1.7 Ga, 1.6 to 1.5 Ga, 1.2 to 1.0 Ga and 0.9 to 0.7 Ga,
coincide with the assembly and breakup of Proterozoic supercontinents, Nuna/
Columbia and Rodinia. The major magmatic episodes at 1.9 to 1.7 and 1.2 to 1.0 Ga
represent significant contributions from sediments rather than juvenile materials,
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consistent with major crustal remelting during supercontinent assembly. However, the
0.9 to 0.7 Ga peak, corresponding with fragmentation of Rodinia, documents a
magmatic episode of crustal reworking that is in contrast to the generally considered
juvenile crustal addition in extensional setting associated with supercontinent breakup.
In addition, continental crust generation also occurred during the assembly of Nuna
and Rodinia, recorded in the progressive 'O depletion from supra-mantle to mantle
values in the 1.7 to 1.5 Ga and 1.34 to 1.12 Ga zircon grains with low 3'%0 but high
€r(y values. This characteristic pattern of crustal evolution differs from the generally
accepted global balance between reworking and addition of continental crust, coupled
with supercontinent assembly and breakup, and may reflect distinct geodynamic
setting and paleoposition for the NW Indian block in the Precambrian superconti-
nents.
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