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Abstract. Zircon grains preserve records of crystallization, growth, and/or deformation that can be envisaged
from their internal structures and through the U-Pb isotope analysis. Electron backscatter diffraction (EBSD) is a
non-destructive method for visualizing undeformed domains to differentiate them from those that are plastically
deformed. In this study, we report EBSD analyses conducted on zircon grains, in thin sections with available
textural information, from Himalayan eclogites. The studied eclogite samples show no petrographic evidence
of shearing or mylonitization. However, several zircon grains preserve plastically deformed domains. These
deformed domains display several degrees of misorientation relative to the undeformed domain and yielded
geologically reset ages when analysed for U-Pb isotope ratios using nanoscale secondary ion mass spectrometry
(NanoSIMS), in contrast to most undeformed domains which retained the protolith age. The degree of resetting is
positively correlated with the extent of misorientation. These pieces of evidence indicate that plastic deformation
in zircon grains, equilibrated at higher pressure—temperature conditions, affected the primary geochemical and
geochronological records. Based on these observations, we assume that not only regional shearing/mylonitization
in metamorphic rocks affects the geochemical records, but also that zircon grains in apparently unsheared high-
grade metamorphic rocks behave plastically. The micro-scale intra-grain plastically deformed domains can easily
be identified through EBSD analysis in the form of crystallographic misorientations. To extract meaningful
geochronological results, it is necessary to identify undisturbed domains in zircon grains before applying any
destructive analytical method.

1 Study background

Zircon, a common accessory mineral of igneous and meta-
morphic rocks, is highly resistant to alteration and preserves
geochemical and geochronological records of its magmatic
crystallization and growth or recrystallization during meta-
morphic events (Belousova et al., 2002; Cherniak and Wat-
son, 2003). Backscattered electron (BSE) and cathodolu-

minescence (CL) images followed by direct isotopic mea-
surements and trace-element analyses on polished surfaces
of zircon grains have allowed the majority of earth scien-
tists to understand the magma source of igneous rocks from
which the zircon grains crystallized and to elucidate the ther-
mal and deformational regimes of the metamorphic rocks
in which the metamorphic domains of zircons overgrew or
recrystallized. However, the existence of tiny (micro-scale)
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deformed or geochemically reset domains is sometimes im-
possible to identify through the commonly used methods
(e.g. optical microscopy, BSE, and CL imaging). Several
studies have reported crystal plastic deformation in zircon
grains in highly sheared metamorphic rocks (e.g. Reddy et
al., 2006, 2007, 2009; Kusiak et al., 2013; Kovaleva and
Klotzli, 2017; Kovaleva et al., 2021). Such shearing or defor-
mation events in the host rocks reset the geochemical (redis-
tribution of trace elements and isotopes) and geochronologi-
cal records in zircon grains. Investigating such zircon grains
using the electron backscatter diffraction (EBSD) method
has proved that strain at low-angle boundaries, tilt disloca-
tion, and rotation axis were the common mechanisms of de-
formation that disturbed the geochemical and geochronolog-
ical records in zircon grains (e.g. Piazolo et al., 2012; Ko-
valeva et al., 2017, 2018). Some of the above-mentioned
authors found plastically deformed zircon grains in shear
zones or strongly foliated metamorphic rocks such as am-
phibolites, which were identified through EBSD analysis or
transmission electron microscopy (TEM). However, little or
no information exists on the strain regime of plastically de-
formed zircon in high-pressure metamorphic rocks such as
eclogites. Focusing on eclogite, the aim of this study is to
identify undeformed zircon domains retaining pristine in-
formation (from their protolith-related magmatic crystalliza-
tion) and to compare them to micro-scale plastically de-
formed ones (growth/recrystallization or reset during their
metamorphism and exhumation). The studied zircon grains
were identified within thin sections, with available textu-
ral information, from Himalayan eclogites exposed in the
Kaghan Valley, Pakistan. The target grains were investigated
through optical microscopy, followed by BSE and CL imag-
ing to identify deformation structures like fractures, resorp-
tion, bending, and presence of inclusions. Following those
procedures, several selected grains were then investigated via
EBSD for internal micro-textures at single-grain scale. Vari-
ous domains were then analysed for multiple spots of U-Pb
isotopic measurements using nanoscale secondary-ion mass
spectrometry (NanoSIMS). The purpose was to elucidate the
effect of plastic deformation on the U-Pb isotope system in
zircon grains in eclogite. The data reveal several plastically
deformed domains in the investigated zircon grains and that
the geochronological record of these domains is affected, in
contrast to the undeformed domains.

2 Geological description

Himalayan eclogites from the Kaghan Valley, Pakistan
(Fig. 1), were investigated in this study. A previous study
(Rehman et al., 2008) classified the Himalayan eclogites
into high-pressure (HP) termed as Group I eclogites (with
no coesite reported) and ultrahigh-pressure (UHP) termed
as Group II eclogites (coesite-bearing). Protoliths of both
groups were regarded as the Panjal Trap basalts (according
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to the concordant U-Pb age values of ca. 267.1 + 2.4 Ma ob-
tained from igneous zircon), which extruded widely along
the northern margin of the Indian Plate and within the
Tethys Ocean during the Permian time (Spencer et al., 1995;
Rehman et al., 2013a, 2016). Later, during the India—Asia
collision and subsequent subduction of the Indian Plate,
the subducted continental crust, including the mafic Panjal
Traps, formed HP and UHP eclogites in the Eocene (accord-
ing to the concordant U-Pb age values of ca. 44.9 +1.2Ma
obtained from coesite-bearing metamorphic zircon; O’Brien
et al., 2001; Kaneko et al., 2003; Rehman et al., 2013a,
2017).

Petrographically, both Group I and II eclogites show
omphacite—garnet—quartz/coesite—rutile with rare phengite
as the typical eclogite-facies assemblage and hornblende—
epidote—titanite and quartz—diopside—albite symplectites as
retrogression-related assemblages (Fig. 2). Extensive re-
search work on the Kaghan Valley eclogites (e.g. field fea-
tures, petrographic evidence, whole-rock and mineral geo-
chemistry, conventional geothermobarometry based on ele-
mental exchange in main mineral assemblages, and some
trace-element thermometry) has been reported by, for exam-
ple, Spencer et al. (1995), O’Brien et al. (2001), Kaneko et
al. (2003), Wilke et al. (2010), Rehman (2019), and Rehman
et al. (2007, 2008, 2018, 2019). Therefore, only brief infor-
mation relevant to this study is presented here. Conventional
geothermobarometry data revealed pressure—temperature
(P-T) conditions of 2.33 4+ 0.40 GPa and 766 + 107 °C from
Group 1 eclogites, 2.86+£0.04 GPa and 762 £46°C from
Group II eclogites (Rehman et al., 2007, 2013b), and
2.7 GPa at around 700 °C from coesite-bearing UHP gneisses
(Kaneko et al., 2003). Trace-element thermometry (Ti-in-
zircon and Zr-in-rutile) also yielded comparable tempera-
tures of metamorphic equilibration for the Himalayan eclog-
ites (Rehman et al., 2016, 2019).

3 Description of zircon grains

In this study, five zircon grains from two thin sections of
Group I (HP) eclogites were investigated. Zircon grains in
Group I eclogites exhibit irregular shapes (Fig. 2), are com-
paratively large, are optically pink, and range in size from
100 to 250 um (some reach 500 um), with rare oscillatory
zoning, but the majority of grains lack specific zoning pattern
when observed under CL spectroscopy (Fig. 3). In contrast,
zircon grains in Group II eclogites are relatively small, white
or colourless, mostly oval or euhedral, and preserve sector or
fir tree zoning, typical for metamorphic zircon (details on the
two zircon groups are reported in Rehman et al., 2013a). Past
geochronological work on zircon grains in Group I eclog-
ites revealed 2> U-2""Pb age values in the range 276 + 1 Ma
to 244 + 11 Ma (see Rehman et al., 2013a). Most of those
zircons were interpreted as magmatic, based on their rel-
atively high Th/U ratios (> 0.3) and oscillatory zoning in
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H. U. Rehman et al.: EBSD analysis combined with NanoSIMS U-Pb isotope data

| ¥ T
(a)wE Asian Plate __,is
E /

Fig. 1b
Indian Plate
| 20N
500 km
35N

Karakoram Batholith &

Metamorphic Complex -
—A_A_A_Main Karakoram Thrust (MKT) "

.j Kohistan-Ladakh arc

—A_A__A_ Vain Mantle Thrust (MMT)

E Tibetan Tethys Unit

=N/ Zanskar Shear Zone (ZSZ)
r,/‘ Higher Himalayan Crystalline

—A_A_A_\ain Mantle Thrust (MCT)

Lesser Himalayan Sequence

—A—A_A_\ain Boundary Thrust (MBT) . . TR

E Siwalik molasse
* Eclogites locations

Islamabed. "

Kohistan'Arc

[l Amphibolites ["i
\

Ultramafics
Higher Himalayan Crystalline

"] upper cover
Lower cover

I:' Basement Group Il (UHP) eclogites

- Granitic mylonites Group | (HP)
Lesser Himalaya eclogites (this stdudy)

[ ]salkhala unit

-Salkhala Unit marbles
\ Rivers and streams

o
74IOOE

o ‘
3515N |

1081

Figure 1. (a) Regional sketch showing the main tectonic units along the Himalayan region. (b) Enlarged portion of the area in western
Himalaya displaying southern part of the Eurasian Plate in the north, Kohistan—Ladakh arcs in the middle, and Indian Plate lithologies in the
south. (¢) Simplified geological map of the Kaghan Valley, where the eclogites are exposed. White star represents HP eclogites from which
zircon grains were investigated in this study. Also, the UHP eclogite (red star enclosed in a yellow circle) locality has been marked (map

modified after Rehman et al., 2017, with references).

several grains (details on their magmatic origin are reported metamorphic recrystallization/growth age during the India—
in Rehman et al., 2013a, 2016, 2018). In contrast, zircon Asia collision-related subduction and eclogite-facies meta-
grains in Group II eclogites yielded 3> U-207Pb age values in morphism, on the basis of lower Th/U ratios (< 0.05), the
the range 47.0 & 11 Ma to 39.7 & 8.7 Ma, with a concordant presence of inclusions of garnet, omphacite, rare coesite, and
age of 44.9 + 1.2 Ma (Rehman et al., 2013a), interpreted as rutile, and the preservation of sector or fir tree zoning (de-
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Figure 2. Photomicrographs of selected Himalayan Group I eclog-
ite samples investigated here (images on the left are taken under
plane-polarized light, those on the right under cross-polarized light),
displaying textural features and occurrence of zircon grains. The
dark elliptical holes on zircon grains represent the spots of previ-
ous HR-SIMS U-Pb isotope analyses. Abbreviations used are after
Whitney and Evans (2010) except Sym, which stands for symplec-
tites.

tails on their metamorphic origin are reported in Rehman et
al., 2013a, 2016, 2018). These data were consistent with the
results reported by Spencer and Gebauer (1996) and Kaneko
et al. (2003). It is interesting that the majority of zircon
grains in Group I eclogites yielded concordant ages around
276 + 2.4 Ma (see Fig. 10 in Rehman et al., 2013a) with sev-
eral grains or domains within zircon grains that yielded age
values of ca. 244 4+ 11, 187 £10, 170 & 19, and 139 + 6 Ma.
None of the analysed spots in zircon grains from Group
I eclogites produce age data that could be linked to the
Himalayan orogeny associated with the subduction-related
eclogite-facies event. In addition, none of the metamorphic
zircon grains from Group II eclogites provided protolith-
related magmatic ages (Rehman et al., 2013a).

Eur. J. Mineral., 35, 1079-1090, 2023
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Figure 3. Secondary electron (left column), backscattered electron
(middle column), and cathodoluminescence (right column) images
of the studied zircon crystals. Elliptical holes in zircon grains show
the spots of previous HR-SIMS U-Pb analyses, and relatively small
and circular holes represent spots of trace-element analyses. Digits
indicate U-Pb age (in Ma) with errors; “disc” means discordant.

The current study is an extension of the past work, con-
ducted in order to investigate in detail the internal structures
of several selected zircon grains in Group I eclogites that
were already analysed for U-Pb ages in our earlier studies.
Those grains were analysed for their crystallographic orien-
tation at micrometre scale using the EBSD technique, in or-
der to visualize the internally deformed and undeformed do-
mains. Following that, the crystallographically distinct do-
mains were analysed via NanoSIMS for 238U-20°Pb ages
to find the effect of deformation on the geochronological
record.

https://doi.org/10.5194/ejm-35-1079-2023
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4 Methods

Analytical methods regarding thin-section preparation, pol-
ishing, petrography, and EBSD procedures are the same as
those reported in Rehman et al. (2023). Five zircon grains
from two polished thin sections from Group I eclogites were
investigated for EBSD study, combined with NanoSIMS U-
Pb isotope ages. After petrographical study and observations
through BSE and CL imaging using scanning electron mi-
croscopy (SEM), the samples were analysed for EBSD with
a scanning step size of 1-2um under an accelerating volt-
age of 17kV and at a working distance of 25 mm. CamScan
XS500FE Crystal Probe at Géosciences Montpellier, Univer-
sité de Montpellier, France, was used for the EBSD analyses.
The data were obtained and cleaned using the HKL Aztec
and Channel 5 software programs and processed with the
MTEX 5.7.0, a MATLAB toolbox for quantitative textural
analysis (Hielscher and Schaeben, 2008, available a: https:
//mtex-toolbox.github.io, last access: 23 September 2023).
Band contrast images, EBSD phase maps, crystallographic
orientation maps, orientation distribution function (ODF),
and misorientations within single grains were reproduced via
the MTEX toolbox, following the methods reported else-
where (Bunge, 1982; Mainprice et al., 2011, 2015). Multi-
spot analyses (38 spots on five selected zircon grains) of
238U-205pp isotopes were conducted at the Atmosphere and
Ocean Research Institute (AORI), The University of Tokyo,
using the NanoSIMS 50. Spot size of individual analysis was
about 10 um in diameter. Analysis time for individual spot
was 300s, and during single analysis a set of ratios were
measured. During analysis, geochemical standards used were
NIST 610 glass and two zircon standards (zircon 91500 of
crystallization age of 1065Ma and zircon QGNG of crys-
tallization age of 1850 Ma). Analytical results, isotope ra-
tios, and 20 errors are shown in Table 1. Common Pb cor-
rections were made using the maximum age of crystalliza-
tion obtained from each zircon grain, the 204Pb/206Pb ra-
tios measured in each spot, divided by the value 0.0590
(calculated from the 2%Pb/?%Pb ratios obtained from the
NIST610 standard glass and zircon 91500 during the ana-
lytical session, shown as f-com in Table 1). Uncertainties
of the age data (shown in Table 1) were obtained from the
instrumental calibration and are shown in absolute values.
The 238U-2%Pb age was calculated using the equation r =
1/4238 In((2%°Pb* /238U) + 1), where 29°Pb* /238U was calcu-
lated as (1 — f-com) x 29Pb/?38U. Relatively higher values
of f-com observed in several spots (data shown in bold in Ta-
ble 1) suggest the presence of common Pb in those domains;
hence the U-Pb age data for those spots are of low validity
or indicate Pb loss. Other spots had low common Pb values
that have an insignificant effect on U-Pb age.

https://doi.org/10.5194/ejm-35-1079-2023

5 Results

Details on individual zircon grains from the Himalayan
eclogites are presented below.

5.1 Sample Ph380D_Zircon grain A

Zircon grain, labelled “A” in sample Ph-380D, is euhedral,
surrounded predominantly by the symplectitic domain at one
edge, and shares other edges with quartz, amphibole, and
partly with garnet (Fig. 2). The grain is about 500 um long
and about 250 um wide (Fig. 3). The BSE and CL images
(Fig. 3) show homogeneous internal structure with no ob-
vious zoning in the grain. Moreover, it contains numerous
micro-inclusions of plagioclase, quartz, and apatite, suggest-
ing its magmatic nature is still preserved. The EBSD phase
map portrays ¢ axis of the grain along the elongation di-
rection, with local intra-grain misorientation up to 3° along
the outer domain from the central domain (Fig. 4), and up
to 15° to the mean orientation in the mapped area (Fig. 4).
For this study, eight spots were analysed within this grain
using NanoSIMS, and are shown as small circles with anal-
yses nos. 19-26 (Fig. 4). Among those spots three spots
(spot no. 20, no. 21, and no. 22; see Table 1) yielded 238
206ph isotope ages of 256.74 +51.59, 266.53 +35.15, and
291.28 £37.86 Ma, respectively. Two other spots (no. 24
and no. 25) showed age values of 237.594+34.03 and
236.39 £ 38.41 Ma, and spot no. 26, located on the edge of
the grain, yielded an age value of 145.49 +36.73 Ma. In ad-
dition, spot no. 19, located on the misoriented zone, yielded a
significantly younger age value of 52.12 +4.47 Ma (Table 1).

5.2 Sample Ph380D_Zircon grain B

Zircon grain, labelled “B” in sample Ph-380D, is subhe-
dral with some resorbed edges, also surrounded by sym-
plectitic domain, and shares other edges with garnet, amphi-
bole, and omphacite. This grain is about 400 um long and
about 200 um wide (Fig. 3). The SEM, BSE, and CL im-
ages show homogeneous appearance, lack of internal zon-
ing, and traces of several healed fractures which are visible
on the CL image. The EBSD phase map (Fig. 4) portrays ¢
axis of this grain also oriented along the elongation direc-
tion. Local intra-grain misorientation, up to 3°, is observed
at several domains (Fig. 4), and misorientation to the mean
orientation in the mapped area may reach 5° (Fig. 4). Three
NanoSIMS-analysed spots on differently oriented domains in
this grain give 233U—2%Pb isotope ages of 119.67 +34.82,
161.81 £46.06, and 179.52 £43.73 Ma from spots no. 11,
no. 12, and no. 13, respectively (Fig. 4 and Table 1).

5.3 Sample Ph380D_Zircon grain C

Zircon grain, labelled “C” in sample Ph-380D, displays fea-
tures more or less similar to those observed in grain B; how-
ever, this grain shows much obvious misorientation at the

Eur. J. Mineral., 35, 1079-1090, 2023
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Table 1. NanoSIMS U-Pb isotope results of the analysed zircon grains.

Sequence  Sample & 204py, / 206pp, Error  206pp / 28y f.com 206pp* / 238y Error 238U-206ph  Error

grain ID (abs) (abs) age (Ma)  (abs)
0829_19 PH380D_A1 0.0512  0.0067 0.1240  0.9345 0.0081  0.0007 52.12 4.47
0829_20  PH380D_A2 0.0000 0.0021 0.0405  0.0000 0.0405 0.0083 25574  51.59
0829_21 PH380D_A3 0.0000  0.0008 0.0422  0.0000 0.0422  0.0057 266.53 35.15
0829_22  PH380D_A4 0.0019  0.0017 0.0479  0.0355 0.0462  0.0061 291.29 37.86
0829 23  PH380D_AS 0.0067 0.0035 0.0353 0.1224 0.0310 0.0052 196.89 32.50
0829_24  PH380D_A6 0.0016  0.0014 0.0387  0.0293 0.0375  0.0055 237.59 34.03
0829_25  PH380D_A7 0.0024  0.0025 0.0390 0.0432 0.0374  0.0062 236.39 3841
0829_26  PH380D_AS8 0.0000  0.0020 0.0228  0.0000 0.0228  0.0058 14549  36.73
0829_27  PH380D_D1 0.0016  0.0010 0.0366  0.0288 0.0355  0.0047 225.18 29.10
0829_28  PH380D_D2 0.0018  0.0010 0.0335 0.0321 0.0324  0.0045 205.69 27.96
0829_29  PH380D_D3 0.0008  0.0007 0.0207 0.0154 0.0204  0.0040 130.22  25.51
0829_30  PH380D_D4 0.0031 0.0018 0.0243  0.0572 0.0229  0.0039 146.21 24.68
0829_31  PH380D_D5 0.0099  0.0023 0.0418 0.1801 0.0343  0.0072 21735 45.12
0829_32  PH380D_D6 0.0006  0.0009 0.0424 0.0115 0.0419  0.0044 264.44  27.11
0829_33  PH380D_D7 0.0007  0.0006 0.0447 0.0133 0.0441  0.0042 278.37  25.99
0829_34  PH380D_DS8 0.0038  0.0015 0.0285 0.0690 0.0265  0.0037 168.68  23.26
0829 35 PH380D_C1 0.0065 0.0023 0.0246  0.1200 0.0216  0.0040 137.84 25.24
0829_36  PH380D_C2 0.0012  0.0019 0.0233  0.0219 0.0228  0.0049 145.19  30.92
0829_37  PH380D_C3 0.0018  0.0030 0.0156  0.0335 0.0150  0.0054 96.20 34.53
0829 _38 PH380D_C4 0.0131  0.0063 0.0126 0.2411 0.0096 0.0033 61.52 21.38
0829_39  PH380D_C5 0.0031 0.0021 0.0187  0.0569 0.0177  0.0047 112.82 29.97
0829 40 PH380D_C6 0.0269 0.0042 0.0294 0.4974 0.0148  0.0029 94.56 18.32
0829 41 PH380D_C7 0.0135  0.0046 0.0098  0.2486 0.0073  0.0042 47.20 27.03
0830_7 PH380D_C8 0.0112  0.0042 0.0099  0.2069 0.0079  0.0032 50.51  20.62
0830_8 PH380D_C9 0.0025 0.0015 0.0300 0.0466 0.0286  0.0072 181.99 44.81
0830_9 PH380D_C10 0.0000  0.0009 0.0176  0.0000 0.0176  0.0044 112.56 2791
0830_10 PH380D_C11 0.0085  0.0042 0.0177 0.1573 0.0149  0.0037 95.21 23.79
0830_11  PH380D_B1 0.0063  0.0050 0.0212 0.1163 0.0187  0.0055 119.67 34.82
0830_12  PH380D_B2 0.0000 0.0074 0.0254  0.0000 0.0254  0.0073 161.81 46.06
0830_13  PH380D_B3 0.0000  0.0090 0.0282  0.0000 0.0282  0.0070 179.52 43.73
0830_14 PH380A_E1 0.0072  0.0016 0.0215  0.1321 0.0186  0.0065 119.12 40.90
0830_15  PH380A_E2 0.0054 0.0014 0.0237  0.0994 0.0214  0.0064 136.22 40.34
0830_16  PH380A_E3 0.0003  0.0004 0.0436  0.0050 0.0434  0.0070 273.60 43.24
0830_17 PH380A_E4 0.0007  0.0006 0.0316  0.0133 0.0312  0.0075 197.86 46.81
0830_18  PH380A_ES5 0.0038 0.0014 0.0200  0.0700 0.0186  0.0066 119.10 41.86
0830_20  PH380A_E7 0.0019  0.0007 0.0427 0.0344 0.0412  0.0059 260.41 3641

Data shown in bold, with relatively higher values of f-com (defined as fraction of common Pb), suggest the presence of common Pb; therefore, the U-Pb age data from those
spots indicate Pb loss. Other spots had low common Pb values and thus have an insignificant effect on the U-Pb age.

intra-grain scale, which exceeds 5° (Fig. 4). In this grain, 11
spots (nos. 7-10 and nos. 35-41) were analysed for 28—
206pp jsotope ages on differently oriented domains using
the NanoSIMS. The analysed data yield values between 182
and 47Ma (Table 1, Fig. 4). The majority of those spots
yield unclear age values except two spots (no. 7 and no.41)
that yield 233U-20°Pb isotope ages of 50.51420.62 and
47.20£27.03 Ma (Table 1). Although the age data described
here and displayed in Table 1 show relatively larger uncer-
tainties, these large errors are due to the younger zircons and
their lower U and Pb contents.

Eur. J. Mineral., 35, 1079-1090, 2023

5.4 Sample Ph380D_Zircon grain D

Zircon grain, labelled “D” in sample Ph-380D, has well-
developed crystal edges and appears as a homogeneous
single crystal when viewed under the optical microscope
(Fig. 2). However, it contains several healed cracks that cut
across the grain when observed via CL imaging (Fig. 3). This
grain is about 250 um long and 150 um wide (Fig. 3). The
EBSD phase map portrays local misorientation up to 3° with
respect to the middle part of the grain and up to 12° with re-
spect to the mean orientation in the analysed area (Fig. 4).
In this grain, eight NanoSIMS analyses for 233U-20Pb iso-
tope ratios (spots nos. 27-34) were carried out on differently
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orientation of the ¢ axis along the elongation direction. Small white circles indicate spots of the NanoSIMS analyses, and the digits pointing
to those circles are the analysis numbers as shown in Table 1. White empty regions in zircon grains are the ablated parts after the HR-SIMS
U-Pb analyses. For other details on the internal misorientation and NanoSIMS age results, see text.

oriented domains (Table 1, Fig. 4). The analysed spots yield
ages of 278.37 £25.99 and 264.44 + 27.11 Ma from the core
or middle domain, values of 225.18 +29.10, 217.35 +45.12,
and 205.69 +27.96 Ma from the relatively undeformed do-
main, and three other spots (no. 29, no. 30, and no. 34),
analysed on the slightly misoriented domains, give 238U-
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206pp isotope ages of 130.22425.51, 146.21 4 24.68, and
168.68 4= 23.26 Ma, respectively (Fig. 4).

5.5 Sample Ph380A_Zircon grain E

Zircon grain, labelled “E” in eclogite sample Ph-380A, is eu-
hedral, shares sharp edges with surrounding minerals (gar-

Eur. J. Mineral., 35, 1079-1090, 2023
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net, quartz, symplectitic diopside, and amphibole), and is
about 250 um long and about 80 um wide (Fig. 3). In BSE
and CL images (Fig. 3), several fractures are visible in this
grain. The EBSD phase map (Fig. 4) portrays a homogeneous
pattern, displays sharp edges, and local misorientation is ob-
vious through the orientation maps, showing at least three
slightly different orientations within the single grain (Fig. 4).
Internal misorientation is up to 3° with respect to the mid-
dle part of the grain (Fig. 4). NanoSIMS >38U—2%Pb isotope
analyses (small circles with number marked on Fig. 4, and
results shown in Table 1) from two spots (no. 16 and no. 20)
yield ages of ca. 273.60 +43.24 and 260.41 £ 36.41 Ma, re-
spectively. Several other spots yield 233U-2%Pb isotope age
values between 119 and 198 Ma.

6 Discussion

Here, we present the geological information obtained from
the Himalayan eclogites during past studies, their interpre-
tations (Rehman et al., 2007, 2008, 2013a, 2016, 2023), and
their link with the current research. An earlier study (Rehman
et al., 2013a) conducted five analyses on zircon grain A for
U-Th-Pb isotope ratios using a high-resolution secondary
ionization mass spectrometer (HR-SIMS CAMECA IMS
1270). Four analyses on zircon grain A yielded 23>U-2""Pb
ages of 276+ 1, 264 +9, 252+ 13, and 244 + 11 Ma, re-
spectively (data adopted from Rehman et al., 2013a, and
shown in Fig. 3). The age data were interpreted as related to
the Permian Panjal Trap magmatism. In addition, one analy-
sis resulted in a 2U-207pPp age of 117 £ 9 Ma, which neither
indicates protolith age nor represents eclogite-facies meta-
morphism. It is important to state that the geochronologi-
cal results obtained from the investigated zircon grains via
the HR-SIMS analyses are consistent with the age data ob-
tained through the NanoSIMS analysis. In fact, the advan-
tage of the NanoSIMS analytical technique is the increased
spatial resolution, with an analytical spot size of < 10 um.
That small-scale analytical resolution allowed us to obtain
geochronological details from multiple tiny domains within
a single grain. Looking at the geochronological results, spot
nos. 24 and 25 in zircon Grain A give somehow younger
age values than the commonly identified age of the protolith
emplacement (ca. 276 2.4 Ma concordia age; Rehman et
al., 2013a). Similarly, spot no. 26 in the same grain, yield-
ing 145Ma, possibly indicates geochronological resetting
or Pb loss during the eclogite-facies metamorphism. Simi-
larly, HR-SIMS 233U-?7Pb isotope age values of 187 + 10,
170 £ 19, and 139 &+ 6 Ma were obtained from the three anal-
ysed spots (data shown in Fig. 3) in zircon Grain B. The data
can neither be linked to the protolith formation, nor can they
be associated with the metamorphic event in the Himalayan
belt. These pieces of evidence suggest that Grain B was
strongly reset and lost the protolith-related records. The ma-
jority of the analyses in zircon Grain C, except two, also sug-
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gest those domains were reset or affected during metamor-
phism and lost the records of the protolith-related magmatic
event. One edge of the grain (where the other two spots,
no. 7 and no. 41, were located) yields values of 50.51 £ 20.62
and 47.20 +27.03 Ma (Table 1). Those age data indicate re-
crystallization or growth of the analysed domains during the
India—Asia collision and subduction-related UHP metamor-
phic event, well-known in the Himalayan metamorphic belt
(Rehman et al., 2013a, 2016). Similarly, the geochronolog-
ical values of 264.44Ma from spot no. 32 and 278.37 Ma
from spot no. 33 of zircon Grain D, obtained from the core
and middle domains, most likely undeformed, are interpreted
as the protolith-related magmatic event. Such age values are
well-known to represent the Panjal Trap magmatism in the
Himalayan region (e.g. Rehman et al., 2018). Three other
spots (no. 27, no. 28, and no. 31), located on relatively un-
deformed domains in the same grain, showed comparatively
younger values, due to Pb loss. Similar results (plotted on
the concordia line but becoming younger toward the origin of
the plot, for example Fig. 10 in Rehman et al., 2013a) were
obtained from several zircon grains from Group I eclogites.
In contrast, three other spots (no. 29, no. 30, and no. 34),
analysed on the slightly misoriented domains, gave values
of 130.22, 146.21, and 168.68 Ma, respectively, and are in-
terpreted to have been affected by deformation. The fifth
grain, zircon Grain E, was previously analysed by Rehman et
al. (2013a) for four spots using the HR-SIMS (the elliptical
holes in Fig. 3 show the bombarded spots). All the four analy-
ses were discordant and did not give a geologically meaning-
ful age. NanoSIMS analysis on undeformed domain in Grain
E produced ages of 273.60 +=43.24 and 260.41 +36.41 Ma
from spot no. 16 and no. 20, respectively, which are inter-
preted as a protolith formation. In summary, the majority of
the NanoSIMS-analysed spots yield geochronological results
from the undeformed domains that are identical to previously
reported age data (Rehman et al., 2013a, 2016) and represent
the Permian Panjal Trap magmatism in the study area. Sev-
eral spots from the EBSD-visualized deformed or relatively
misoriented domains yield values between 119 and 198 Ma
and can be interpreted as resulting from Pb loss or geolog-
ical resetting. Moreover, the 52 and 47 Ma ages from the
newly grown or strongly misoriented domain are linked to
the India—Asia collision and the subduction-related eclogite-
facies event in the Himalayan metamorphic belt. The absence
or lack of domains younger than 47 Ma in the analysed grains
indicates that an eclogite-facies stage was the last deforma-
tion or recrystallization event that could reset the magmatic
records in the studied zircons.

7 Implications of the EBSD data on geologically
meaningful geochronology

Crystal plastic deformation in zircon grains and its effects
on geochronology have been attributed to shearing and my-
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Figure 5. Plot showing the U-Pb age (Ma) versus internal misori-
entation (in degrees) of the EBSD- and NanoSIMS-analysed zir-
con grains. Note that the Permian age of magmatic emplacement of
the protoliths of the studied eclogites (Panjal Trap magmatism) is
retained in the homogeneous zircon domains (with misorientation
< 1° and U-Pb ages of 279-250 Ma), whereas relatively deformed
domains (with several degrees of misorientation) show younger or
affected ages.

lonitization by a number of researchers (e.g. Reddy et al.,
2007; Timms and Reddy, 2009; Kaczmarek et al., 2011; Pi-
azolo et al., 2012; Kusiak et al., 2013; Kovaleva et al., 2014,
2016, 2017, 2018, 2021; Seydoux-Guillaume et al., 2015).
Kovaleva et al. (2018) discussed possible mechanisms of de-
formation in zircon grains in deformed and shear zones that
were interpreted to have accumulated strain through elas-
tic deformation, fracturing, geometrically necessary disloca-
tions (GNDs), and low-energy migration creeps, which had
been reported in several earlier studies (e.g. Hobbs, 1968;
Poirier, 1985; Kaczmarek et al., 2011; Kovaleva et al., 2014,
2016). Generally, dislocations in zircon grains, as well as in
other minerals, are determined through TEM investigation
(Leroux et al., 1999), via EBSD maps constructed from the
weighted Burgers vector calculations (Wheeler et al., 2009,
2012; MacDonald et al., 2013; Kovaleva et al., 2018), and
boundary geometry with respect to the crystallographic ori-
entations of the zircon grains analysed via EBSD mapping
(e.g. Reddy et al., 2007; Kovaleva et al., 2014, 2018). The
majority of these studies targeted strongly sheared and my-
lonitized metamorphic rocks. So far, no study has been con-
ducted on intra-grain plastic deformation in zircon grains
that crystallized/recrystallized in eclogite facies metamor-
phic rocks.

In this study, we focused on zircon grains present in the
Himalayan eclogites. The studied grains preserve magmatic
records of their protoliths (Panjal Trap basalts). Later, the
mafic rocks were subducted together with the continental
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crustal lithologies to upper-mantle depths and transformed
into HP/UHP eclogite-facies rocks. The majority of these
zircon grains contain inclusions of plagioclase, quartz, bi-
otite, and ilmenite in their core. They exhibit high Th/U ra-
tios (> 0.3), yielded a concordant age of ca. 267.1 £2.4 Ma,
and were interpreted to have crystallized during the Permian
Panjal Trap magmatism (Rehman et al., 2013a, 2016, 2018).
Similarly, numerous zircon grains from Group II eclogites,
which show sector zoning and contain inclusions of gar-
net, clinopyroxene, rutile, and coesite, have a relatively low
Th/U ratio (< 0.05). They yielded a U-Pb concordant age
of ca. 44.9 + 1.2 Ma and were interpreted to have recrystal-
lized from their magmatic precursors during the Eocene UHP
eclogite-facies event when the Indian Plate subducted be-
neath the Eurasian Plate and reached mantle depths exceed-
ing 90km (coesite-stability field; for details see Rehman et
al., 2013a).

Several zircon grains or domains within grains show U-Pb
age data scattering between 230 and 106 Ma. These anoma-
lous data suggest deformation-related resetting or Pb loss in
such domains. To resolve this issue, we focused on analysing
several zircon grains for EBSD and then re-dating the crystal-
lographically distinct domains (deformed and undeformed)
using NanoSIMS. Except for some healed cracks in two
grains, there were no clearly deformed domains that could be
identified via normal optical investigations or through BSE
and CL imaging. However, when the EBSD-generated ori-
entation maps were acquired, several local domains within
single grain appeared plastically deformed, showing intra-
grain misorientations. Such micro-scale deformed or geo-
logically reset domains are generally impossible to identify
through the commonly used methods (e.g. under optical mi-
croscope, BSE, and CL). It is known that shearing and my-
lonitization that is pervasive in host rocks likely reset the geo-
chemical (redistribution of trace elements and isotopes) and
geochronological records in zircon grains that are found in
those rocks. In fact, EBSD mapping has proved that strains
at low-angle boundaries, tilt dislocations, and rotation axis
were the common mechanisms of deformation that generally
reset the geochemical and geochronological records in zircon
grains (e.g. Piazolo et al., 2012; Kovaleva et al., 2017, 2018).

The studied zircon grains showed local misorientations
at the grain boundaries. These local domains show variable
geochronological results from a single grain. The strained
domains therefore confirm that plastic deformation in zir-
con grains has the potential to be the main factor in re-
equilibrating the geochronological records. This study con-
firms that plastic deformation in zircon grains is not only at-
tributed to the strong shearing and mylonitization in meta-
morphic rocks, but that high P-T equilibration conditions
also play a significant role in plastic deformation and reset-
ting of geochemical and geochronological records in zircon
grains, which are generally considered hard and resistant to
chemical modifications. It is therefore suggested that sim-
ple optical microscopy and BSE/CL imaging are not enough
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to identify internal structures to select potential domains for
geochemical analyses. In addition, EBSD mapping is recom-
mended to visualize geologically reset domains before any
destructive methods (e.g. laser ablation) are used to analyse
key zircon samples.

This study provides clear evidence of the effect of plastic
deformation on the U-Pb isotope system in zircons recovered
from HP/UHP eclogites (Fig. 5). As mentioned above, the
studied Himalayan eclogites show no pervasive deformation
or foliation visible through the textural observations. How-
ever, EBSD data from the entire thin sections (Rehman et al.,
2023) were characterized by an L-type fabric in omphacite
showing strongly preferred orientation along the [001] or ¢
axis and a complex fabric with no distinct pattern in gar-
net. The L-type fabric of omphacite was interpreted to result
from the deformation of eclogites during high P-T prograde
metamorphism when the protolith rocks (basalts) were sub-
ducted to mantle depths and transformed into eclogites. The
studied zircon grains in those eclogites preserve the mag-
matic records of the protolith in the undeformed domains
that display no internal misorientations despite having under-
gone HP eclogite-facies metamorphism. However, several-
degree misoriented domains in the studied zircon grains
show anomalous age values (Fig. 5) that could be attributed
to ductile deformation possibly initiated under relatively high
P-T metamorphic conditions, which likely caused geolog-
ical/geochemical resetting in these grains. This study indi-
cates that zircon grains undergo plastic deformation under
relatively high P—T metamorphic conditions even in textu-
rally non-foliated metamorphic rocks; therefore care must be
taken to identify pristine domains in zircon grains before ap-
plying any destructive geochemical analyses.
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