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Figure 8. CL images of igneous zircons from samples SM11-028 (granite-granodiorite gneiss) and SM10-026 (biotite augen
gneiss). Solid circles represent position of U-Pb laser spot with 207pp/206pp, ages and 1o error. Dashed circles represent
position of Lu-Hf laser spot with initial 784t/' 77 Hf calculated using Pb-Pb age obtained from the same spot.

uncertainty and round up to the nearest 10 Ma to obtain circa 1800 Ma as the maximum depositional age
of the Berinag Formation quartzite from the klippe. Including standardization errors yields a similar circa
1800 Ma maximum depositional age.

5.2. Zircon Hf Isotopes

78Hf/'77Hf(T) values of circa 1850 Ma zircon from granite-granodiorite gneiss sample SM11-028 (see Table
S2) range from 0.281457 to 0.281563, with an average of 0.281525, and ¢Hf(T) values range from —5.5 to
—1.2, with an average (n=12) of —2.7. "7®Hf/"’7Hf(T) values of circa 1850 Ma zircon from augen gneiss
sample SM11-009 (south of the Almora klippe; Figure 1) range from 0.280865 to 0.281538, with an
average of 0.281403, and ¢Hf(T) values range from —4.8 to —2.2, with an average (n=7) of —4.0.
One inherited core with a crystallization age of 2193 +58 (93% concordance) yields an ¢Hf(T) value of
—18.3. Thus, overall igneous crystallization '7®Hf/'””Hf(T) values for zircon are consistently albeit slightly
subchrondritic,

V78Hf/"77HE(T) values of detrital circa 1850 Ma zircon from Berinag Formation quartzite sample SM10-021
(see Table S2) range from 0.280969 to 0.281562, with an average of 0.281360, and ¢Hf values range from
—9.6 to —1.1, with an average of —4.5. ¢Hf(T) values of circa 2500 Ma zircon range from —7.3 to +4.9, with
an average of —3.8. '7°Hf/'”7Hf(T) values of circa 1850 Ma detrital zircon from Rautgara Formation
quartzite sample SM10-022 (see Table S2) range from 0.280838 to 0.28942, with an average of 0.281462,
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Figure 9. (a) U-Pb Concordia plot of sample SM11-028 Alkali granite-
granodiorite gneiss from the central part of the klippe. (b) Weighted
average age of the same sample defining a crystallization age for this
granite-granodiorite gneiss of 1856.6 = 1.0 Ma (19 Ma, including
calibration errors).

and ¢Hf (T=1850Ma) values range
from —15.1 to +7.6, with an average of
—2.9. ¢Hf of approximately 2500 zircon
range from —12.1 to +6.1. Thus, overall
detrital zircon ®Hf/"77Hf(T) values
scatter widely (subchrondritic to super-
chondritic) with slightly subchondritic
average values, similar to zircon from
coeval igneous rocks.

5.3. Trace Element Geochemistry

Granitoids and the metapelite show rela-
tive enrichment in light REE (LREE) with
(La/Yb)y values of 11.3 to 19.0 (Figure 12
a and Table 2), suggesting a continental
crustal source. All samples exhibit nega-
tive Eu anomalies [(Eu/Eu*)y=0.18-
0.82], indicating either residual plagio-
clase during fractional melting or plagio-
clase fractionation during crystallization.
Partial melting should enrich incompati-
ble large-ion lithophile elements (LILE),
like K, Ba, Rb, Sr, and Eu, in the melt, while
the compatible high field-strength ele-
ments (HFSE), like Th, U, Ce, Zr, Ti, Nb,

and Ta, become depleted in the melt. Pronounced negative Ti, Nb, Sr, and Zr anomalies and high
LILE/HFSE ratios (Figure 12b) suggest that granitoids and source rocks of the metasedimentary rock formed
in a continental arc, possibly through remelting of preexisting continental crust.
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Figure 10. (a) U-Pb Concordia plot for sample SM10-026 (biotite-augen
gneiss), the host rock for mineralization. (b) Weighted average age plots
for the same sample. The crystallization age, 1878 + 2.4 Ma (+19 Ma,
including calibration errors), corresponds to the age of existing conti-
nental arc material on the northern margin of NIB.

6. Discussion

6.1. Stratigraphic Affinity and
Structure of the Askot Klippe

Pronounced differences in depositional
ages and spatial association with circa
1850 Ma versus circa 500 Ma granitoids
can discriminate Paleoproterozoic lower
LH rocks from Neoproterozoic to
Cambrian GH and upper LH rocks
[Ahmad et al., 2000; DeCelles et al., 2000;
Richards et al., 2005; Tobgay et al., 2010;
McKenzie et al., 2011; Long et al., 2011;
Khanal et al., 2015]. The preferred crystal-
lization ages of 1857+19 and 1878
+19Ma for orthogneisses in the Askot
klippe correspond well with circa
1850 Ma granite-granodiorite  plutons
and volcanic rocks associated with the
lower LH [Kohn et al, 2010, and refer-
ences therein]. In sample SM10-026,
abundant quartz eyes (phenocrysts?
Figure 6¢c) and prismatic zircon grains
with distinct oscillatory zoning suggest
that it may be a metamorphosed felsic
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50T i volcanic or volcaniclastic rock. The
i Age ranges (Ma) Berinag Formation quartzite (SM10-021)
ol 9% =1900 - 1750 yields Paleoproterozoic ages with no
2300 - 1900 grains younger than 1771 Ma and a pre-
=2500 - 2300 [@ : L
5 2 ferred maximum depositional age of
2 : =>2500 - 2500 |3 ) Lo
£ i ! S circa 1800Ma, indistinguishable from
= 1 [ =l .
z | ; 3 quartzite ages reported from lower LH
1 1
201 i i g rocks elsewhere along the Himalayan
3 i 15 arc [DeCelles et al., 2000; Richards et al.,
| i 2005; Célérier et al,, 2009; McKenzie et al.,
101 i i 2011; Long et al, 2011; Spencer et al.,
: i 2012; Khanal et al., 2014]. These age char-
1 1
0 A Ari .~ ,ﬂ_m acteristics indicate that the Askot klippe
1500 2000 2500 is the southern continuation of the

Age
Paleoproterozoic Munsiari Formation
Figure 11. Relative age probability plot and pie chart distribution of the  (i.e., basal LH) [Valdiya, 1980], certainly

sample SM10-021, Berinag Formation quartzite from the klippe, showing not GH rocks. Thus, the Askot Klippe can-

a dominant peak at 1850-1900 Ma and no zircons younger than ~1770 Ma. not be correlated with the Almora klippe

to the south, because the latter is asso-
ciated with characteristic GH rocks: Cambro-Ordovician granite, Neoproterozoic metasedimentary rocks, and Nd
isotopic and U-Pb zircon signatures of the GH [Mandal et al,, 2015a].

The presence of 1857 £ 19 Ma granite-granodiorite gneiss (SM11-028) atop <1800 Ma quartzite (SM10-021)
implies a thrust beneath the gneiss that projects to the north beneath granite-granodiorite gneisses of the
Chiplakot klippe (Figure 4), which are

10006 also Paleoproterozoic in age [Mandal,

(a) ——-SM11.009 2014]. The biotite augen orthogneiss

& eSS (SM10-026) crystallized at 1878+ 19Ma

\\\ and structurally overlies younger circa
SM11-027 K : X

100 - 1800Ma Berinag Formation quartzite.

SHESMLL028 This age inversion (older rocks over

younger rocks) suggests a possible
structural inversion. We further infer an
out-of-sequence thrust on the northern
side of the klippe; the younger Mandhali
Formation dips northward beneath
the older Deoban Formation, and to the

1 northwest, the inferred thrust cuts the

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1000 ' Berinag thrust, part of the regional RMT
roof thrust [Mandal et al, 2015b]. This
out-of-sequence thrust cuts both the
Berinag Formation and overlying thrusts
that contain granite-granodiorite gneiss

10

100 -+

10 (Figure 4).
——SM11-009 6.2. Origin and Stratigraphic
1+ -®-SM10-026 Development of the Paleoproterozoic
; SMIL1=027 Lower Lesser Himalayan Rocks
—5¢-SM11-028 o
0.1 S —— Trace element tectonic discrimination dia-

Sr Rb Ba Th Nb La Ce Nd Zr Hf Sm Ti Tb Y Yb grams (Figures 13a and 13b) show that

. . L . the 1857+19Ma granite-granodiorite
Figure 12. (a) Normalized REE plot of granitoids and metasedimentary . . L.
rock showing LREE enrichment, Eu anomaly, and flat HREE pattern. (b) gneiss of the Askot klippe plots within vol-
Normalized trace element (spider) diagram showing pronounced nega-  €anic arc or syncollisional field, similar to
tive Ti, Nb, Sr, and Zr anomalies and high LIL/HFSE ratios. other Askot gneiss samples [Rao and
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Table 2. Whole Rock REE and Trace Element Compositions Sharma, 2009]. This rock is strikingly simi-
Analyte SM11-009 SM10-026 SM11-027 SM11-028 lar to the Debguru porphyry (SM11-009,
Rb 12142 141.89 21148 52025 Figure 1), a granodiorite gneiss in the
Y 32.99 27.10 37.90 19.16 Ramgarh-Munsiari thrust hanging wall,
Zr 13.28 5.97 229 0.80 south of the Almora klippe, with a crys-
Nb 18.60 11.40 13.86 12.44 tallization age of 1852+ 19 Ma [Mandal
e A uEad AR Lz et al., 2015a); (error includes calibration
Ce 121.46 81.21 94.57 33.56 v oY Ie A

Pr 13.75 9.16 13.12 376 uncertainties). Zircon from both rocks
Ce 121.98 83.11 94.69 33.62 has ¢Hf 850 ma Values between approxi-
Nd 49.39 33.24 48.10 13.18 mately —2 and —5 and both plot within
Eu 1.12 0.94 1.67 018 the volcanic arc or syn-collisional field
sm 907 6.07 8.72 340 in  tectonic discrimination diagrams
Eu 114 0.96 170 0.19 _ grar
Gd 364 2.90 436 247 (Figures 13a and 13b). Several studies
Tb 0.94 0.72 0.97 0.62 emphasize characteristic calcalkaline
Dy 6.36 4.97 6.84 391 trace element patterns for these rocks,
Ho 1.20 0.97 1.36 063 including LILE enrichments and HFSE
Er 299 2.54 368 145 depletions (e.g., Figure 13), consistent
Tm 044 038 0.55 0.19 -P A '

Yb 250 224 333 1.02 with an arc origin [see Rao and Sharma,
Lu 033 0.30 0.44 0.11 2009, 2011]. Following others [Rao and
Th 31.63 22.05 16.69 19.56 Sharma, 2009, 2011; Kohn et al., 2010;
U 940 4.65 348 769 Kaur et al., 2013; Sen et al., 2013], we gen-
Hf 057 0.27 0.09 0.05 erally interpret these rocks as havin
Nb 17.80 13.54 13.64 11.46 Y Interpre 9
(Eu/Eu®)N 0.59 0.68 0.82 0.18 formed in a circa 1850 Ma arc.

(La/Yb)n 19.03 14.16 14.31 11.39

More regionally, ¢Hf values of circa
1850 Ma zircon from our sample of
Berinag Formation quartzite (—9.6 to
—1.1, with an average of —4.5) overlap with the ¢Hf value of the granite-granodiorite gneiss of the
Askot klippe (SM11-028; eHf=—5.5 to —1.2; average =—2.7), the Debguru porphyry granodiorite gneiss
(SM11-009; eHf = —4.8 to —2.2; average = —4.0), and the 1850-1900 Ma Wangtu orthogneiss (—0.9 to —2.8)
and Rampur Formation metasedimentary rock (—1.5 to —3.7) [Richards et al., 2005] from the Sutlej Valley,
approximately 500 km to the northwest, and confirm the correlation of the Askot klippe with lower LH rocks.
Isotopic consistency, the presence of a tuffaceous (sericitic) schist, and similar calcalkaline trace element
trends among the gneisses and metapelite that is interbedded with the quartzite, further support a proximal
arc source of the Berinag Formation quartzite (Figure 12). Older zircon grains (circa 2500 Ma) from a Berinag
Formation quartzite (SM11-021) have eHf values ranging from —7.3 to —2.1 (supporting information Table S2)
and suggest derivation from reworked Archean NIB, which experienced major crustal reworking and copious
granite magmatism at circa 2500 Ma [Mondal et al., 2002].
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Figure 13. Trace element discrimination diagrams [Pearce et al., 1984], showing syncollisional/arc-related source of these samples.
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Figure 14. Composite U-Pb detrital zircon normalized age spectra of various Paleoproterozoic lower Lesser Himalayan
rocks in NW India [McKenzie et al., 2011; Spencer et al., 2012; Mandal et al., 2015a, this study]. The number (n) indicates
the total number of zircon grains analyzed. The strong peak at circa 1850 Ma corresponds to continental arc related
magmatism to the northern margin of NIB.

Overall, we interpret that geographically widespread approximately 1850 granitoid plutons as forming the
base of the Berinag, Munsiari, and Ramgarh Formations and these orothogneisses are all genetically equiva-
lent, just currently residing on different thrust sheets—the Ramgarh-Munsiari thrust and the Berinag thrust.
Paleoproterozoic granitoids were once part of the NIB's northern margin continental arc, which is now
dissected because of Cenozoic Himalayan thrusting. These gneisses probably formed as shallow plutons that
intruded the base of the NIB’s northern margin Paleoproterozoic cover sequence. The profuse circa 1850 Ma
felsic magmatic event links to the amalgamation of the Paleo-Mesoproterozoic supercontinent “Columbia”
[Rogers and Santosh, 2002, 2009; Zhao et al., 2004; Hou et al., 2008; Kohn et al., 2010]. However, we argue that
the granite-granodiorite gneiss is not a part of the NIB's basement [Célérier et al., 2009] in a strict sense, which
instead consists of tonalite-trondjhemite-granodiorite with an age of > circa 2.5 Ga [Mondal et al., 2002].

6.3. Implication for Paleoproterozoic Crustal Evolution of the Northern Margin of the NIB

Zircon U-Pb data alone are not capable of distinguishing grains with similar ages derived from different
sources nor do they provide any information on whether the crust is juvenile or reworked. In this study,
combined U-Pb zircon ages (Figure 14) and Lu-Hf data (Figures 15a and 15b) help to establish the
Paleoproterozoic evolution of the NIB's northern and western margins (lower LH and Delhi-Aravalli orogenic
belt, respectively). Using U-Pb ages and Lu-Hf isotope compositions from Delhi-Aravalli orogen and lower LH,
Kaur et al. [2013] suggested that a contiguous circa 1850 Ma subduction system bounded the northern and
western margins of the NIB. However, their work was based on one sample of the Munsiari Formation that has
no pre-1900 Ma grains [Spencer et al., 2012]. A composite normalized-probability age plot of lower LH detrital
zircon (Figure 14) yields a strong peak at approximately 1850, suggesting that the Berinag Formation (this
study) [McKenzie et al., 2011], Munsiari Formation [Spencer et al, 2012], and a Paleoproterozoic quartzite
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02825 1< (a) [Mandal et al., 2015a] received detritus
4 b from proximal approximately 1850 volca-
~ \.4? nic or plutonic sources. Only the Munsiari
0.2820 ~~§?/(/ k = iS00t Formation in Garhwal is devoid of any
'~ﬁf X ol 2013 pre-1900 Ma grains, suggesting that using
= s . e the Munsiari Formation alone for crustal
E\_ MRS evolution correlation studies may misre-
.\2: = present age and isotopic signals. A wide
- range of negative ¢Hf values from approxi-
. . mately 1850 detrital zircon (SM11-022,
0.2810 % \\ —15.0 to —1.6 and SM10-021, —9.1 to
k . ‘\\ —1.1) suggests a heterogeneous crustal
\*.‘ e source. This more comprehensive Hf
e isotopic dataset for circa 1850 Ma lower

0.2805 >

LH rocks (Berinag/Munsiari Formation)
and Aravalli quartzite (Figure 15b) supports
previous inferences of heterogeneous
crustal sources [Kaur et al, 2011, 2013].
Highly negative ¢Hf values for zircon
from the Munsiari Formation and circa
1850 Ma granitoid plutons (Figure 15b)
suggest that preexisting crust underwent
crustal reworking at circa 1850 Ma.

cHf

Positive and negative ¢Hf values of circa
2500 Ma zircon from lower LH and Aravalli
rocks are consistent with shared, heteroge-
neous sources, including contributions of
juvenile and reworked material (Figure 15
2000 3s00 D). Younger (circa 1600 Ma) zircon from
the Paleoproterozoic Rautgara Formation

quartzite (SM11-022) also show positive
Figure 15. (a and b) Plot of 1764/ 77Hf and eHf versus U-Pb ages of to negative eHf (—17.2 to +7.5; Figure 15
zircons for the lower LH metasedimentary rock and granitoids and '
metasedimentary rock from the Aravalli Supergroup [Kaur et al., 2013],
showing a range that is bounded by depleted mantle and reworked
crustal sources (176Lu/177Hftoday= 0.0113).

1000 1500 2000 2500
207ph/2%Ph Age (Ma)

b), again suggesting juvenile and reworked
components. Overall, circa 1850 Ma zircon
is consistent with reworking of preexisting
crust along both the northern and western
margins of the NIB, whereas older and younger zircon suggests additional juvenile mantle contributions,
possibly under a different tectonic regime.

6.4. Askot Volcanogenic Massive Sulphide Deposit

Mineral deposits help to determine tectonic setting, environmental conditions, and changes in Earth’s ther-
mal history. Supercontinent cycles can be correlated using the distribution of ore deposits because tectonic
settings of ore deposits are tied to plate margin processes [Cawood and Hawkesworth, 2013]. The Askot VMS
sulphide deposit is hosted within the upper part of a supracrustal sequence (i.e., chlorite-biotite-muscovite
schist, tuffaceous (sericitic) schist, and granitic orthogneiss). The trace element composition of the gneiss is
consistent with formation in a volcanic arc or syncollisional tectonic setting (Figure 13). Similar REE trends
and trace element ratios in granitoids, augen gneiss (felsic volcanic rocks), and metapelite (Figures 11 and
12) suggest proximal sources for Paleoproterozoic metasedimentary rock of the basal unit of the lower LH
rocks. Given these lithologies and geochemical characteristics, we rule out a mid-ocean ridge as a tectonic
environment for the formation of this deposit and consider other tectonic scenarios.

The biotite-augen gneiss (SM10-026), one of the mineralized host rocks, yields a preferred crystallization age of
1878+ 19 Ma, suggesting that it was coeval/comagmatic with the Askot granite-granodiorite gneiss (1857
+19Ma). This biotite augen gneiss probably has an altered volcanic and/or volcaniclastic precursor, as is
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Figure 16. Schematic diagrams showing different stages of Paleoproterozoic tectonic evolution of the NIB's northern
margin (present-day Himalaya) and formation of the volcanogenic massive sulphide deposit. (a) Margin at circa 1850 Ma
and (b) margin at circa 1800 Ma.

evident from (1) presence of abundant quartz eyes (Figure 6) and (2) well-developed prismatic zircon grains
with oscillatory zoning (Figure 8) and igneous Th/U ratios (0.16 to 0.49, with one grain 0.07) [Hoskin and
Schaltegger, 2003]. Extensive sericitic alteration of feldspars may indicate later hydrothermal activity. We infer
that the age of the Askot deposit is younger than 1878 + 19 Ma and probably synchronous with the extensional
event at 1800 + 13 Ma [Miller et al., 2000] that is marked by abundant mafic sills within Berinag Formation.

Elsewhere in the Himalaya, Paleoproterozoic deposits occur at Gorubathan (Darjeeling, West Bengal, and
India) and Rangpo (east Sikkim) and are hosted within the siliciclastic-mafic dominated Paleoproterozoic
basal unit of the lower LH, with model ages of 1800 Ma [Sarkar et al., 2000]. The Rangpo deposit is hosted
within the Gorubathan subgroup of Paleoproterozoic Daling Formation, the lower unit of the Daling-
Shumar Group [McQuarrie et al., 2008]. Host rocks of Rangpo mineralization include chlorite-quartz schist,
phyllite, quartz-sericite schist, sericitic quartz schist, and quartzite [Sarkar et al., 2000], similar to the arc-
derived sedimentary rock of the Askot klippe. In addition, the Rangpo and Gorubathan deposits are spatially
associated with Lingtse gneiss, dated at circa 1850 Ma [Mottram et al., 2014; Bhattacharyya et al., 2015]. The
Rangpo deposit is interpreted to be of sedimentary diagenetic origin; however, its strong resemblance in
lithology and spatial association of circa 1850 Ma arc related granitoids as is found in the Askot klippe leads
us to reinterpret the Askot, Rangpo, and Gorubathan deposits as similar kinds of volcanogenic/volcanic-
hosted sulphide deposits that formed at circa 1800 Ma in an extensional setting.
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6.5. Paleoproterozoic Tectonic Model of the NIB’s Northern Margin

Our preferred tectonic model begins with a well-established, circa 1850 Ma arc on 2.5 Ga rocks along the
northern margin of the NIB (Figure 16a) [Kohn et al., 2010], followed by extension beginning circa 1800 Ma.
This extension may have developed in response to a switch in tectonic styles (e.g., termination of subduction)
or slab roll back at ~1800 Ma (Figure 16b), as indicated by 1800 + 13 Ma mafic sills [Miller et al., 2000], which
are abundant within the Berinag Formation and equivalent siliciclastic rocks along the arc. Although Kohn
et al.[2010] argue for arc activity until 1780 Ma, typical minimum age uncertainties of 1-2% allow termination
of felsic arc magmatism as early as 1800 Ma. Age of the extension-related Askot VMS deposit can be
bracketed as circa 1800 Ma (including standardization error) when arc-related late stage plutons served as
possible heat source for the VMS-forming hydrothermal system. The fining-up sequence of the Askot supra-
crustal metasedimentary rock indicates the Lesser Himalayan basin deepened progressively, culminating in
the deposition of the circa 1600 Ma Rautgara Formation turbidite [McKenzie et al., 2011; Mandal et al.,
2015a] toward the southern fringe of the extensional (back-arc?) basin.

7. Conclusions

Integrated U-Pb geochronologic data, Hf isotopic data, and whole rock trace element geochemical studies
coupled with mapping of the Askot klippe rocks lead to following conclusions.

1. The Askot klippe consists of an 1857 + 19 Ma granite-granodiorite gneiss, coeval 1878+ 19 Ma felsic
volcanic rock, and circa 1800 Ma quartzite and is a small vestige of a Paleoproterozoic continental arc that
formed on the northern margin of the northern Indian cratonic block as a part of the Paleo-
Mesoproterozoic supercontinent, “Columbia”. Overlapping 1850 Ma ages and ¢Hfgs¢ ma Values suggest
Askot klippe rocks correlate with Munsiari Formation rocks to the north. These same rocks are exposed
farther south underneath the Almora klippe as the Ramgarh-Munsiari thrust sheet.

2. The Paleoproterozoic crustal evolution of the north Indian cratonic block’s northern margin in
Paleoproterozoic and Archean time is strikingly similar to that reported from Delhi-Aravalli orogen along
the western margin of the north Indian cratonic block, evident from a preponderance of circa 1850 Ma
ages and similar ranges of ¢Hf values. These data suggest that a much older 2.5 Ga crust was reworked
at circa 1850 Ma.

3. An extensional event initiating as early as 1800 Ma is recorded in abundant mafic sills and dikes intruding
upper Berinag Formation quartzite. This event could reflect a tectonic switch from subduction to exten-
sion or continued subduction with regional back-arc extension.

4. The Neoarchean and Paleoproterozoic northern Indian margin had very heterogeneous crustal assem-
blages as is evident from the large range of ¢Hf values (+7.5 to —18.1).
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