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Spiral garnet porphyroblasts are known to record lengthyperiods of deformation andmetamorphismbypreserv-
ing single or multiple FIAs (Foliation Intersection Axis) formed normal to tectonic shortening directions. Thanks
to technological advances in X-ray computedmicro-tomography (XCMT), FIAs can now be readily determined in
relatively large samples in contrast to previousmethods that require the preparation of a set of radial vertical and
horizontal thin sections of samples. XCMT scanning not only alleviates tedious thin section based procedures but
also illuminates the complete internal architecture of a rock sample allowing three-dimensional (3D) quantita-
tive shape analysis of an individual porphyroblast as well as precise measurement of FIAs. We applied the tech-
nique to a sample from the Hunza Valley in the Karakoram metamorphic complex (KMC), NW Himalayas,
containing numerous garnet porphyroblasts with spiral-shaped inclusion trails. The XCMT imaging reveals an
E–W trending FIA within the sample, which is consistent with orthogonal N–S collision of the India-Kohistan Is-
land Arcwith Asia. Garnet long axes (XGT) have variable plunges that define a broad sub-verticalmaximum and a
small sub-horizontal maximum. The XGT principle maxima lie at N-090 and N-120. Smaller maxima lie at N-020
and N-340. Geometric relationships between XGT axes and FIA orientation in the sample suggest that
porphyroblast shapes are controlled by the geometry of the lens-shaped microlithons in which they tend to nu-
cleate and grow. The orientation of inclusion trails and matrix foliations in the sample are correlated with three
discrete tectono-metamorphic events that respectively produced andalusite, sillimanite and kyanite in the KMC.
Late staurolite growth in the sample reveals how the rocks extruded to the surface via a significant role of roll-on
tectonics, which can be correlated with the Central Himalayas.
©2021ChinaUniversity of Geosciences (Beijing) andPekingUniversity. Production andhostingby Elsevier B.V. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A Foliation Intersection/Inflection Axis (FIA) is the curvature axis or
symmetry axis of inclusion trails with sigmoidal or spiral shape pre-
served within porphyroblasts. Hayward (1990) and Bell et al. (1995)
devised amethod tomeasure the average orientation of FIAs in a sample
by recording the asymmetry (i.e. curvature sense) of inclusion trails in
radial sets of thin sections. Two contrasting genetic models have been
proposed for such inclusion trails and attribute a different tectonic sig-
nificance to FIAs. The earlier of these models (e.g. Rosenfeld, 1970;
Dixon, 1976; Schoneveld, 1977; Powell and Vernon, 1979; Passchier
et al., 1992;Williams and Jiang, 1999; Jiang andWilliams, 2004) explain
them by shearing-induced rotation of growing porphyroblasts, whereas
the more recent model (e.g. Bell et al., 1986, 1992; Bell and Johnson,
g) and Peking University. Production
1989; Aerden, 1995; Sayab, 2005; Aerden and Ruiz-Fuentes, 2020) en-
visages a formation by overgrowth of actively developing crenulation
hinges that become fixed in non-rotating porphyroblasts. In the first
model, the amount of inclusion-trail curvature depends on the shear
strain and flow vorticity. In the second model, it is a function of the
number of deformation phases and accompanying porphyroblast
growth stages.

FIAs have been shown to have regionally consistent orientations in
orogenic belts and to represent early fold trends that can generally not
be deduced from the matrix foliation (e.g. Timms, 2003; Bell and
Sanislav, 2011). Therefore, FIA provide valuable constraints on
regional-scale kinematic reconstructions (e.g. Aerden, 2004; Sayab,
2008; Shah et al., 2011). This paper focuses on the relationships be-
tween FIA and the 3D shape of garnet porphyroblasts in a relatively
large (ca. 114 cm3) sample from the Hunza Valley of the Karakoram
metamorphic complex (KMC), NWHimalayas, Pakistan. Detailed petro-
graphic examination of the sample combined with X-ray computed
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gsf.2020.11.010&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.gsf.2020.11.010
mailto:sayab.muhammad@gtk.fi
https://doi.org/10.1016/j.gsf.2020.11.010
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/gsf


M. Sayab, D. Aerden, J. Kuva et al. Geoscience Frontiers 12 (2021) 101113
micro-tomography (XCMT) analysis of garnet shapes and orientations
allow us to evaluate whether the inclusion trails formed by a single
phase of shearing-induced porphyroblast rotation or alternatively by
successive folding events that re-oriented the matrix foliation relative
to stable porphyroblasts. It will be shown that the non-rotation model
predicts the sub-vertical preferred orientation of garnet long axes dem-
onstrated in the sample perpendicular to sub-horizontal FIAs, plus
orthogonal truncation surfaces associated with the inclusion trails
when viewed in FIA-perpendicular sections. The succession of near-
orthogonal geometry of foliations preserved within the spiral garnet
porphyroblasts not only reflects the folding history in response to mul-
tiple stages of compression and decompression of the orogen, but also
highlights the previously establishedmetamorphic sequence of andalu-
site, followed by sillimanite and its replacement by kyanite that accom-
panied the amalgamation of India, the Kohistan Island Arc, and Asia
(Fraser et al., 2001; Palin et al., 2012). Younger staurolite porphyroblasts
in the sample preserve inclusion trailswith anopposite sense of shear as
compared to the garnet porphyroblasts, which can be explained via the
key role of roll-on tectonics (Bell and Newman, 2006) that extruded the
rocks to the surface by gravity-induced thrusting.

1.1. FIA background

FIA represents the axis of curvature and/or of internal truncation of
sigmoidal to complex spiral-shaped inclusion trails preserved within
porphyroblasts (Fig. 1; Hayward, 1990). FIA orientations have been
found to be regionally consistent in numerous orogens and are
interpreted to record directions of bulk crustal shortening perpendic-
ular to the FIAs (e.g. Bell et al., 1998; Bell and Welch, 2002; Yeh,
2007; Aerden and Sayab, 2008; Sayab, 2008; Shah et al., 2011;
Skrzypek et al., 2011; Aerden et al., 2013; Kim and Sanislav, 2017).
Multiple sets of distinctly oriented FIA thus record a succession of
different tectonic events that are very difficult, if not impossible, to
unravel by only studying fabrics in the matrix (e.g. Aerden, 2004;
Ham and Bell, 2004; Sayab, 2005) due to repeated reactivation, reori-
entation and metamorphic re-equilibration of phyllosilicates in
metapelites in response to subsequent deformations (e.g. Kim and
Bell, 2005; Sayab, 2006). Nevertheless, careful sample-to-sample mi-
crostructural analysis of low-strain zones in the matrix in some
cases allowed the reconstruction of the original orientation of strongly
Fig. 1. Three-dimensional (3D) image of a single garnet porphyroblast from the sample
W-11 showing spiral inclusion trails. The red line is characterized by the curvature axis
or FIA. The garnet was extracted from the sample using SelFrag. The garnet was scanned
using an X-ray computed micro-tomography (XCMT) at 80 kV and 63 μA in 2-h yielding
a resolution of 5 μm.
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overprinted foliations (e.g. Timms, 2003; Aerden and Sayab, 2017).
In the Himalayan belts an intriguing temporal and spatial correlation
has been found between the trends of successive FIA sets and
successive vectors of relative India-Asia plate motions (Shah et al.,
2011; Bell and Sapkota, 2012; Sayab et al., 2016) reconstructed from
onland and ocean-floor magnetic anomalies (e.g. Patriat and
Achache, 1984).

Irrespective of whether spiral inclusion trails develop by shearing
induced porphyroblast rotation or by stationary porphyroblast episod-
ically overgrowing multiple crenulation cleavages, the FIA that de-
velops is an important kinematic indicator. In the rotation model, it
indicates the sense of progressive simple shear on the dominant
matrix foliation (e.g. Rosenfeld, 1970; Schoneveld, 1977), whereas
the non-rotation model predicts the shear sense history associated
with a sequence of sub-vertical and sub-horizontal foliations with
near-orthogonal shortening components (Bell et al., 1998; Bell and
Sanislav, 2011). Significantly, the shear sense predicted by both
models is opposite for any given foliation (cf. Robyr et al., 2009 versus
Bell and Fay, 2016).

1.2. Existing FIA determination methods

So far, FIAs have beenmeasured by recording the switch in asymme-
try exhibited by inclusion trails in radial thin section sets (Hayward,
1990). The FIA trend can be determined by cutting vertical sections in
a radial pattern with an accuracy that depends on their angular spacing,
usually between 30° and 10°. The plunge can then be determined by
cutting an additional radial set of thin sections about a horizontal axes
orientedperpendicular to the FIA trend (Bell et al., 1995), but this is usu-
ally not done for practical reasons. Depending on the quality and com-
plexity of the inclusion trails sometimes two or even three sets of FIA
can be distinguished included in core, median, and rim zones of
porhyroblasts or different porphyroblast minerals present in a sample
(e.g. Sayab, 2005; Cihan et al., 2006; Sanislav, 2011). In practical
terms, the technique requires a large sized sample, cuttingmultiple pre-
cisely oriented horizontal slabs, marking up the slabs, cutting vertical
blocks and preparing thin sections. The whole procedure is a rather te-
dious and time consuming process only done by structural and meta-
morphic geologists who have realized the wealth of data that can be
obtained from them. Aerden (2003) wrote a computer program
(‘FitPitch’) that calculates best-fit planes and corresponding FIA (inter-
sections of best-fit planes) for pitch measurements of relatively planar
inclusion trails in multiple differently oriented thin sections.

Huddlestone-Holmes and Ketcham (2010) imaged 58 garnet
porphyroblasts and measured their FIA trends using XCMT. Due to
limited scan size at that time, they extracted four 1.1 cm wide and
3 cm long drill cores from the studied sample. This procedure would
not have allowed studying porphyroblasts with diameters greater
than 1 cm.

1.3. Refined FIA determination method

With the technological advancements of XCMT in the last decade or
so, in terms of X-ray power, size of detectors, acquisition times and
resolution, relatively large rock samples can now be scanned at a faster
rate. The method has started to be applied for 3D spatial analysis of
metamorphic textures (e.g. Whitney et al., 2008; Robyr et al., 2009;
Sayab et al., 2015; George and Gaidies, 2017) and we envisage that
virtual-reality based micro-structural analysis will soon be routinely
used since desktop-based XCMT scanners have become increasingly
available and affordable.Wepresent a virtual-reality basedpetrographic
study of a rock slab preserving garnet porphyroblasts. Our virtual
3D petrographic tour inside the rock sample as well as numerous 2D
virtual slices allowed determination of the average orientation of FIAs
in garnet porphyroblasts in the rock slab. We quantified all the
garnet porphyroblasts using advanced recipes of ThermoFisher
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PerGeos software: https://www.thermofisher.com/fi/en/home/industri
al/electron-microscopy/electron-microscopy-instruments-workflow-
solutions/3d-visualization-analysis-software/pergeos-digital-rock-ana
lysis.html. Aerden and Ruiz-Fuentes (2020) recently applied a similar
methodusing the ImageJ software on two sampleshosting spiral garnets
collected from two regional shear-zones.
2. Sample description

Sample W-11 was collected from the Hunza Valley of KMC of the
NW Himalayas, Pakistan (GPS co-ordinates: N36°15.760′ and E74°
34.414′). The KMC is composed of marbles, meta-marls and calc-
silicates with subordinate metapelites and orthogneiss units (Searle,
1991; Rolland et al., 2006; Searle and Hacker, 2019). The KMC is
bounded by the Karakoram Batholith to the north and Shyok Suture
Zone to the south, respectively. The Hunza Valley of the KMC consists
of a series of south-vergent thrust faults and folds, which are the prod-
uct of the Eocene India-Asia collision. Metamorphic grade of the Hunza
Valley generally increases from the garnet-chloritoid zone to kyanite
and sillimanite zone from south to north, respectively (Fraser et al.,
2001; Palin et al., 2012).

SampleW-11 is ametapelitic schist containing garnet, staurolite and
kyanite porphyroblasts from the lower sillimanite zone of Palin et al.
(2012). The lower sillimanite zone is overprinted by kyanite grade
metamorphism. It has been interpreted that the peak sillimanite-
grade metamorphism within the lower sillimanite zone occurred at
44 ± 2.0 Ma based on the U–Pb monazite ages (Fraser et al., 2001).
However, an earlier andalusite grade contact metamorphism and a
later kyanite grade overprint have been dated at 105.5 ± 0.8 Ma and
28.2 ± 0.8 Ma, respectively (Palin et al., 2012). The ages have been ob-
tained from a single sample (20‐199 of Fraser et al., 2001; Palin et al.,
2012) indicating three separate metamorphic episodes characterized
by andalusite, sillimanite and late kyanite. Spiral garnet porphyroblasts
have been previously reported from the Hunza Valley (Powell and
Vernon, 1979).

The strike of the matrix foliation in W-11 is east-west and steeply
(70°) dipping towards the north (Fig. 2). The orientation of foliation
within this sample is a manifestation of the large-scale east-west strik-
ing structures of theHunza Valley. Garnet porphyroblasts in this sample
do not exceed 5 mm in diameter. For XCMT analysis, a slab of
7 cm × 6.5 cm × 2.5 cm was cut (Fig. 2a).
Fig. 2. (a) Oriented slab of sampleW-11. North arrowmade of brass wire is hidden under the s
porphyroblasts are rendered inwarm colours (red and orange). (c) Small sample piece cut for a
figure legend, the reader is referred to the web version of this article).
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3. XCMT based virtual petrography

XCMT images rock volumes at themicron to nano scale and provides
3D voxel data that can be used to create virtual cross-sections at any de-
sired angle (e.g. Sayab et al., 2017; Suuronen and Sayab, 2018). It also al-
lows the extraction of size, shape and volumedata for differentminerals
present in a rock based on their density contrasts and X-ray energy and
can be segmented and separated from the rest of the rock sample (e.g.
Ketcham, 2005; Cnudde and Boone, 2013; Fusseis et al., 2014; Hanna
and Ketcham, 2017). Generally, garnet porphyroblasts have enough
density (3.5–4.1 g/cm3) contrast with respect to matrix minerals like
quartz (2.6 g/cm3), feldspar (2.5 g/cm3), calcite (2.7 g/cm3) and mica
(2.8–3.0 g/cm3) for automatic and quick segmentation (see below).

Sample W-11 was analysed using the recently installed GE phoenix
v|tome|x s micro-tomography scanner of the Geological Survey of
Finland at Espoo. One of the main features of this instrument is that it
is equipped with a dual tube system, a 240 kV directional microfocus
tube and a 180 kV transmission nanofocus tube, with a large high-
contrast (2024 × 2024 pixel) flat-panel detector GE DXR250. For data
acquisition and reconstruction, the instrument came with a phoenix
datos|x module package. After reconstructing the XCMT data, we used
the PerGeos software from ThermoFisher Scientific for visualization,
segmentation, and quantitative analyses. The sample (W-11) was
scanned in two independent steps with the microfocus tube. In the
first step, the whole sample was scanned, which took about 6 h. The in-
strument was operated with an acceleration voltage of 175 kV and a
tube current of 158 μA. The X-ray radiation was filtered with 0.5 mm
of Cu and 0.5 mm Al to reduce beam hardening and enhance contrast.
2700 projections per 360° (step size of 0.13) were acquired in a single
scan with a 2 s exposure time. Based on these configurations, the
resulting 3D volume has a voxel size of 27 μm. Part of the sample
(2.5 cm × 1.5 cm × 2.5 cm, Fig. 2c) was scanned at a higher resolution
of 12 μm in order to study inclusion trails in great detail. The high-
resolution scan was acquired through 2700 projections with 2 s expo-
sure time (6 h total), 100 kV accelerating voltage, 120 μA tube current,
and using a 0.5 mm Cu filter.
3.1. Digital sectioning and FIA determination

Before observing the switch in the asymmetry of inclusion trails to
mark the FIA trend, a virtual tour inside the rock volume was made
using a high-resolution virtual reality (VR) headset (https://www.
ticky tape. (b) XCMT 3D reconstruction of the sample scanned at 27 μm resolution. Garnet
higher-resolution scan (cf. Fig. 5a, b). (For interpretation of the references to colour in this
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Fig. 3. (a, b) Images of the virtual-reality (VR) tour made inside the rock volume using a VR headset. Movements were controlledwith the yellow and blue VR sticks visible in (a), (c) and
(d). The sample can be cut and restored at any desired angle using the VR sticks. (c, d) When the rock matrix is rendered transparent, the user can immersed inside the rock volume to
inspect the inclusion trail geometry. FIA can be obtained from any single or multiple sets of garnets. CW: clockwise, ACW: anticlockwise. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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vive.com/us/product/vive-pro/) and the open-source scientific visuali-
zation software ‘Drishti’ (https://github.com/nci/drishti). The VR allows
one to ‘walk around’ inside the rock volumeusing the VR's control sticks
(Fig. 3). The sample can be cut and restored on the spot at any desired
angle and the FIA can be obtained from any single ormultiple set of gar-
net porphyroblasts.

Using PerGeos, the rock matrix was rendered transparent to inspect
the visual distribution of garnet porphyroblasts within the sample. 3D
volume rendered image showedmore or less even population of garnet
porphyroblasts of different sizes (see below) with a relatively high pro-
portion in the northwestern corner (Fig. 4a). This garnet-only visualiza-
tion allows the best places for the 2D digital sections to be selected.

With the help of PerGeos ‘clipping’ tool, FIA can be determined in
two ways. The first approach is the ‘digital’ version of the traditional
method. The sample was dissected into 6 vertical digital sections at an
interval of 30° starting from 360° (Fig. 4). Due to the non-destructive
nature of the XCMT method, and unlike traditional thin sectioning ap-
proaches, the digital sections were placed interactively where a maxi-
mum number of well-preserved porphyroblasts were encountered
(Fig. 4). Spiral inclusion trails were clearly observed in all digital sec-
tions, except for the one lying close to the FIA. Sections 360° to 060°
show clockwise (CW) asymmetry of inclusion trails, whereas sections
120° and 150° exhibit anticlockwise (ACW) pattern (Fig. 4c). Section
090° shows closed inclusion trail patterns and asymmetric to symmetric
geometries that are typically seen in sections cut close to the FIA
(Johnson, 1993; Cihan, 2004).

The second way of measuring the FIA can be done without placing 6
ormore fixed reference vertical digital sections.With the help of clipping
tool, a digital vertical section can be placed anywhere in the rock volume
and for visualization purposes, one side of the block can be removed
(Fig. 4c). A double-up section can be interactively rotated 360° about a
vertical axis, across the rock volume or through single porphyroblast
with reference to the north to determine FIA. The latter case is especially
suitable for inconsistences in the geometry of spiral trails in individual
porphyroblasts in a single sample (cf. Bell et al., 1998).

3.2. High-resolution scan of a partial sample volume

The high-resolution scan of a partial sample volume is presented in
Fig. 5 that allows the determination of minute inclusion trail details
4

(Figs. 5 and 6). In addition to the set of vertical sections, a series of hor-
izontal ones passing through porphyroblast centreswere also studied (2
representative sections are shown in Fig. 5b–d). The horizontal sections,
at least in this sample, do not show a clear dominant inclusion trail
asymmetry and similar closed pattern as were seen in the N-090° strik-
ing vertical sections because the FIA plunges sub-horizontal (cf. Bell
et al., 1995). The sample was further virtually cut in vertical sections
striking N-080°, N-090°, N-100°, and N-110° to still better constrain
the FIA trend. Section N-080° exhibited dominantly CW asymmetry
and one or two garnets have closed inclusion trail patterns without a
clear asymmetry. Section N-100° displayed a mixture of unclear spirals
with closed patterns as well as ACW ones. Section N-110° clearly
showed a dominant ACW asymmetry. Since section N-090° did not
show any clear asymmetry, the FIA can be determined as N-090° with
an estimated error of ±5° (Fig. 6).

4. Textural analysis

A series of vertical thin sectionswere cut perpendicular to thematrix
foliation and the FIA axis from an underlying slab of the same sample
(W-11). The one shown in Fig. 7a exhibits a representative garnet
porphyroblast in addition to staurolite and kyanite porphyroblasts.
The garnet porphyroblasts show a distinct core and rim, where
quartz-rich inclusion trails in the core are surrounded by quartz-poor
inclusion trails in the rim (Fig. 7a). The core-rim contrast can also
been seen in the EMPA chemical map for Mn (Fig. 7b), but not on the
Camap (Fig. 7c). The shear sense, based on the geometry of spiral inclu-
sion trails, can be interpreted as either ACWor CW(viewingwest in the
N–S section) depending on the rotation versus non-rotational porphyr-
oblast models, respectively (Fig. 7d, e). Staurolite porphyroblasts pre-
serve sigmoidal inclusion trails and show opposite asymmetry of
inclusion trails compared to the garnet porphyroblasts.

5. Quantitative analysis

Porphyroblast shapes viewed in thin sections have been quantified
by best-fit ellipses (Aerden and Sayab, 2017), whose principle axes gen-
erally do not have exactly the same length as the longest and shortest
Feret diameters of the object. Hence,we preferred to characterize garnet
porphyroblast shapes with the long (XGT), medium (YGT), and short

https://www.vive.com/us/product/vive-pro/
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Fig. 4. (a) 3D XCMT image (map-view) of sample W-11 showing random distribution of garnet porphyroblasts in brown, whereas the rock matrix is rendered transparent. Six vertical
slices striking 360°, 030°, 060°, 090°, 120° and 150° were selected in the rock volume to maximize the number of porphyroblasts in each section. The size of each section is the same as
a standard thin section (2.5 cm × 5 cm), but digital slicing allows sections to crosscut each other, which is not possible with thin sections. (b) Perspective view of the same sections
shown in (a). Garnets appear brighter in the matrix because of their higher density and hence X-ray attenuation. (c) Same slices as in (a) and (b) viewed head on showing clockwise
curvature of ‘S’ shaped inclusion trails in sections 360° to 060° but anticlockwise curvature of ‘Z’ shaped inclusion trails in sections 120° to 150° can be observed. Section 090° exhibits
closed patterns without clear asymmetry because it is sub-parallel to the average FIA orientation of porphyroblasts in the sample. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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(ZGT) Feret diameters or axes (Fig. 7f). Close inspection of the shape of a
garnet porphyroblast revealed that the XGT axes may not necessarily
perpendicular to the curvature axis of the inclusion trails, but it can be
parallel to it (Fig. 8; Trouw et al., 2008).

Detailed segmentation procedures are described in, for example,
Ketcham (2005) and Sayab et al. (2017) and only briefly outlined
here. In-situ 3D quantitative analyses were performed on garnet
porphyroblasts, in the full slab (cf. Figs. 2a and 4a), to estimate their vol-
ume, surface area, aspect ratio, spatial orientation, size and shape. Indi-
vidual garnet porphyroblastswere separated from the rockmatrix using
the algorithm ‘marker-based watershed’ segmentation built-in PerGeos
software. Volumes were calculated as the number of voxels in the outer
layer of each garnet porphyroblast. Volume rendering of the whole
5

sample, whereby the matrix is set as transparent, shows a more or
less even population of garnet porphyroblasts suggesting that the sam-
ple is chemically heterogeneous. Although we counted 460 garnets in
the sample (Fig. 4a), only 159 were selected for detailed quantitative
analysis because the others either touch the boundaries of the scan or
are broken and cracked. The total volume fraction of garnet in the sam-
ple estimated through full segmentation is ~4.5%.

The shape of garnet porphyroblasts is shown on a Flinn plot, andwas
estimated as ratios between the XGT : YGT, and YGT : ZGT Feret axes, re-
spectively. The Flinn plot indicates that most garnets fall between pro-
late and oblate shapes (Fig. 9a) with an average aspect ratio (XGT/ZGT)
of about 1.5 (Fig. 9b). The average mean volume and area of the garnet
porphyroblasts is 9.1 mm3 and 26 mm2, respectively (Fig. 9c). The



Fig. 5. (a) Partial sample (part of the same sampleW-11) (cf. Fig. 2c). (b) Volume rendering of the sample as shown in (a). (c, d) Horizontal slices showing closed pattern of inclusion trails
within garnet (Grt) porphyroblasts. Brass wire pointing North.
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volume to area plot shows a positive relationship between the two pa-
rameters, whereas the volume to aspect ratio plot exhibits a slight in-
verse relationship between garnet volume and aspect ratio (Fig. 9b, c).
Orientations of XGT axes exhibit a broad E–W trendmaximum followed
by WNW–ESE and smaller NNE–SSW and NNW–SSE maxima (Fig. 9d),
and quite variable plunges that cluster about a sub-vertical orientation
maximum and a small sub-horizontal peak (Fig. 9e, f).

6. Discussion

6.1. Porphyroblast growth and non-rotation vs. rotation models

Zoned garnet porphyroblasts record continuous or punctuated tec-
tonic histories and metamorphic processes spanning millions of years
as revealed by direct Lu–Hf and Sm–Nd garnet geochronology or indi-
rect monazite dating methods (Williams et al., 2007; Pollington and
Baxter, 2010). Trouw et al. (2008) studied the shape and shape elonga-
tion of garnet porphyroblasts in sections cut perpendicular to thematrix
foliation and parallel to the stretching lineation, but assumed that the
longest dimension of garnet porphyroblasts was contained in these sec-
tions and that apparent porphyroblasts rotation axes are perpendicular
to it. However, our data (Figs. 8 and 9f) show that long axes (XGT) can
have orientations ranging between perpendicular and parallel to the
lineation (cf. Bell et al., 1997).

Garnet porphyroblasts in sample W-11 belong to a single FIA set as
they have a consistent curvature sense except in sections lying very
close to the E–W average FIA trend (Fig. 6). The main E–W maximum
of XGT axes in the rose diagram of Fig. 9d, parallel to the average FIA, is
most likely controlled by the 3D shape of micro-lithons and the orienta-
tion of crenulation axes as sketched in Fig. 10 (cf. Bell, 1985; Aerden and
Ruiz-Fuentes, 2020). Similarly, the WNW–ESE, NNE–SSW and NNW–
SSE maxima indicate that the XGT axes may not necessarily aligned par-
allel to the FIA. Besides a small sub-horizontal peak (Fig. 9e), the average
orientation of porphyroblast XGT axes in sample W-11 is sub-vertical
6

and perpendicular to the FIA, something that is not explained by rota-
tional models, but is as predicts by the non-rotation model. This
model predicted sub-vertical and/or sub-horizontal preferred orienta-
tions of inclusion trails, which have been confirmed in different moun-
tain belts (e.g. Hayward, 1992; Johnson, 1992; Aerden, 2004; Sayab,
2005; Aerden and Sayab, 2008; Kim and Sanislav, 2017). Recently,
Aerden and Ruiz-Fuentes (2020) have shown that similar preferred ori-
entations also affect the shape of porphyroblast crystals because they
inherited the shape of low strain lenses in which they nucleate and
grew. Considering the ‘snowball’ hypothesis of spiral inclusion trails,
where porphyroblasts grow during uniaxial rotation relative to a single
‘shear zone’ foliation, one should rather expect porphyroblast XGT axes
to align with the rotation axes contrary to what is observed in Fig. 9f.

6.2. XCMT method and 3D fabric analysis

FIA studies show that two to three dozen samples are typically
needed to correlate FIA orientations at the belt scale and regional struc-
tural analysis, which amounts to tedious preparation of hundreds of
vertical and horizontal oriented thin sections in addition to carrying
large samples in the field. In our experience, only about one third to
half of all samples collected yield FIA as many samples are affected by
reaction or replacement textures, retrogression, poorly developed inclu-
sion trails, limited porphyroblasts or chemical weathering. XCMT signif-
icantly alleviates traditional thin-sectioning procedures and allows FIA
to be determined on a relatively small rock specimen in a non-
destructive way (Huddlestone-Holmes and Ketcham, 2010; Sayab
et al., 2015). It illuminates the complete internal structure of a rock sam-
ple, which depends on the scanning resolution and contrast in mineral
densities. 3D volume rendering of the sample allows to select the best
plane(s) to be cut for thin sectioning or volumes for bulk chemical anal-
ysis. Hence, a large part of the sample can be preserved for further stud-
ies. In addition, 3D quantitative data of porphyroblasts permit study of
sample-scale metamorphic processes, which can be used in the



Fig. 6. Small sample piece of sample W-11 scanned at a higher resolution (12 μm) and dissected into closely spaced vertical slices, especially close to the FIA (N-080°, N-090°, N-100°,
N-110°). Each vertical slice is labelled in an alphabetical order (‘a’ to ‘j’) next to the orientation mark and corresponding to the same vertical slices shown on the 3D image in the
centre. CW: Clockwise, ACW: Anticlockwise.

M. Sayab, D. Aerden, J. Kuva et al. Geoscience Frontiers 12 (2021) 101113
understanding of regional tectonic analysis (e.g. Petley-Ragan et al.,
2016; George et al., 2018; Corti et al., 2019). Overall, XCMT highlights
a powerful technique for 3Dmicrostructural analysis that complements
traditional study of thin-sections and regional metamorphic history.

6.3. Regional tectonic implications

The E–W FIA orientation in the given sample (W-11) is consistent
with the bulk horizontal N–S shortening of the India-Kohistan Island
Arc-Asia collision (e.g. St-Onge et al., 2013; Treloar et al., 2019). The
sample (W-11) came from the lower sillimanite zone of Palin et al.
(2012), in the hanging wall of the Main Karakoram Thrust or Shyok
7

Suture Zone, where three discrete metamorphic events (M0, M1, M2)
of andalusite, sillimanite and kyanite grade have been reported and
dated (Fraser et al., 2001; Palin et al., 2012). Based on the U–Pb dating
of metamorphic monazites, preserved within garnet porphyroblast,
these events were dated at 105.5 ± 0.8 Ma, 44.0 ± 2.0 Ma and
28.2±0.8Ma, respectively, from a single sample and linked to intrusion
of the KarakoramBatholith during early subduction of the Tethys Ocean
(M0), followedby accretion and collision of theKohistan Island Arcwith
the Asian margin (M1) and subsequent crustal thickening stages (M2).
A younger staurolite-grade metamorphic event (M3) was dated at
16.0 ± 1.0 Ma in the southern parts of the Hunza Valley, south of the
Hasanabad thrust (Fraser et al., 2001).



Fig. 7. (a) Photomicrograph of garnet porphyroblast in a vertical section of sample W-11 oriented normal to its FIA (PPL). Note relatively small kyanite (Ky) and staurolite (St)
porphyroblasts on the lower sides of the large garnet porphyroblast. Inclusion trails in the garnet porphyroblast curve from gently- to steeply-dipping in the core to sub-horizontal in
the rim. (b, c) Mn and Ca element maps of the garnet shown in (a). (d, e) Sketch of the porphyroblast in (a) interpreting the shear sense (d) or shear-sense history (e) according to
the rotation vs. the non-rotation model. The different orientations of inclusion trail foliations and associated deformation events (in different colours) implied by the non-rotation can
be linked to the metamorphic path of the rock as discussed in the body text and Fig. 12. Note, staurolite porphyroblast hosts inclusion trails with opposite shear sense as compared to
the garnet. (f) Feret's long (X) and medium (Y) or short (Z) axes.
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Porphyroblasts grow over a pre-existing foliation early during the
crenulation development and ceases as cleavage begins to develop
against its rims (e.g. Bell, 1985; Shah et al., 2012; Bell and Fay, 2016).
Fig. 8.Different 3D representations of a single garnet porphyroblast in sampleW-11. Resolution
to each other and shownwith different brightness). The longest dimension (3.69mm) of the gar
and N-360° in (b) and (c), respectively, showing the cross-sectional geometry of inclusion tr
highlighting the outer surface of the garnet in light green. Grey colour 2D slices, same as in
showing the FIA and long axis in red. (For interpretation of the references to colour in this figu

8

Thus, the foliation(s) preserved within the porphyroblast pre-dates
the matrix foliation. Sample W-11 preserves garnet porphyroblasts
showing successive sub-horizontal and sub-vertical inclusion trail
of the scan is 5 μm. (a) Two vertical slices along and across the FIA (slices are perpendicular
net is sub-parallel to its FIA (red line). (b, c) Same orthogonal vertical slices striking N-090°
ails. The shortest dimension measures 2.66 mm (blue line). (d, e) 3D volume renderings
(b) and (c), inside the garnet are for 3D visualization purposes. (f) 3D perspective view
re legend, the reader is referred to the web version of this article).



Fig. 9. 3D quantitative data for garnet porphyroblasts in sample W-11. (a) Flinn diagram for maximum (XGT), intermediate (YGT) and minimum (ZGT) Feret axes of the studied garnets
showing the presence of both prolate and oblate grain shapes. (b) Aspect ratio (XGT/ZGT) vs. volume plot showing a linear trend between logarithms of grain volume and aspect ratio,
where volume increases with a slight decrease in the aspect ratio. Mean aspect ratio (~1.5) suggest low to moderate gain-shape anisotropy. (c) Area vs. grain volume plot showing
volume is directly proportional to the area. (d) Rose plot showing preferred E–W and WNW–ESE trends of garnet long axes (XGT), whereas some smaller peaks close to the N–S
orientation. (e) Plunge angles of the garnet long axes (XGT). (f) The contour pattern in the stereoplot shows a broad sub-vertical maximum of the long axes (XGT) surrounded by
shallow orientations as can also be seen in ‘e’. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 10.Conceptualmodel showing that the shape of garnet porphyroblasts is controlled by the low-strain domains surrounded bybroadly E–Wstriking anastomosing foliation. Because of
the anastomosing pattern prior to the garnet growth, the orientation of the long axis (X) of the garnet porphyroblasts vary from one domain to another.
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foliations in the core and sub-horizontal inclusion trails in the rim, re-
spectively (Fig. 11a–c), wherein the FIA is controlled by the strike of
the intermediate sub-vertical inclusion trail foliation (Fig. 11c). We did
not find petrographic evidence that allowed determination of whether
the garnet cores in sample W-11 grew during the initial andalusite-
grade metamorphism (M0) or the subsequent sillimanite grade
overprint (M1). Textural relationships suggest that both kyanite and
staurolite porphyroblasts grew over the steeply-dipping matrix folia-
tion after garnet growth had ceased (Fig. 11). This textural relationship
affirms that the final stage of garnet growth (stage-III) was a result of
progrademetamorphism and bulk horizontal shortening that produced
a sub-vertical foliation plane against garnet rims, while in the matrix a
pre-existing foliation was reactivated and steepened (Fig. 12a–d).

Garnet growth stage-II was associated with gravity-induced sub-
vertical shortening and horizontal foliation development, that interr-
upted crustal shortening and vertical foliation development during
stage-I and -III. However, we do not know if it was this gravitational
collapse event that caused the major decompression that led to silli-
manite growth in the area or whether that decompression occurred
before the growth of our stage II garnets. Although, peak sillimanite
grade metamorphism has been assigned at 44.0 ± 2.0 Ma in the
Hunza Valley (U–Pb monazite ages by Fraser et al., 2001), emplace-
ment of monzogranite and leucogranite dykes, intruded into the
Karakoram batholith between 52 and 50 Ma (U–Pb zircon by Fraser
et al., 2001), could explain the commencement of this decompression
phase. The timing of peak sillimanite grade metamorphism in the
Hunza Valley is within the error range of the 42 Ma E–W trending
FIA 4 of Bell and Sapkota (2012) from the Central Himalayas. We in-
terpret that the E–W FIA in the sample W-11 is equivalent to FIA 4
of Bell and Sapkota (2012).

The core of the garnet shows sub-horizontal to sub-vertical inclu-
sion trail pattern, which can be interpreted to result from the initial
collision after the andalusite-grade contact metamorphism (M0 of
Palin et al., 2012) with the closure of the Shyok Suture Zone at
82 Ma (Foster et al., 2004). The latter age is based on the U–Pb dating
of monazite inclusions within garnet cores from the sillimanite zone
of the Hunza Valley and might be equivalent to the pre-existing sub-
horizontal foliation trapped within the garnet cores of sample W-11
(Fig. 11a–c). We have not found any datable size monazites in the gar-
net. Core to rim micro-sampling of garnet porphyroblasts for Sm–Nd
geochronological investigation is required to confirm the different
phases of garnet growth versus metamorphic episodes (Pollington
and Baxter, 2010).
Fig. 11. (a) Photomicrograph, corresponding sketch (b) and FIA trend (c) of a representative spi
staurolite (ACW) porphyroblasts and explained in Fig. 12. Grt: garnet, Ky: kyanite, St: staurolit
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Fig. 12a–d schematically shows the development of three near-
orthogonal foliations trapped within garnet porphyroblasts in response
to (at least) three folding events with a consistent CW shear sense,
while looking west in the N–S section. However, staurolite por-
phyroblasts show sigmoidal inclusion trail patterns with an ACW
shear sense. Bell and Sapkota (2012) reported a dominantly CW shear
sense in garnet porphyroblasts hosting FIAs 1–4 in the hanging wall of
the Main Central Thrust in the Central Himalayas, but an ACW shear
sense dominated the late deformation history associated with FIA 5.
The dramatic change in shear sense, between FIA 4 and 5, has been at-
tributed to the progressive northward roll-on of the orogen core
below the basal decollement, which caused top-to-the-south shear
above the decollement surface. Consequently, the samples sitting
above the basal decollement extruded to the south with top-to-the
south shear sense exhuming the rock package to the surface (figs. 7
and 8 of Bell and Sapkota, 2012).

The remarkable similarity of the change in shear sense from
ACW to CW on the hanging wall of the suture zones across the Hi-
malayan belt implies that the sample W-11 followed the same de-
formation paths as reported from the Central Himalayas (Bell and
Sapkota, 2012) and shown in Fig. 12e–h. Peak kyanite-grade meta-
morphic pressure in the Hunza Valley is estimated around 7.8 kbar
at 28.2 ± 0.8 Ma (Palin et al., 2012), whereas garnet core pressure
(P) and temperature (T) are estimated at 6 kbar and 553 ± 23 °C
around 82 Ma (Foster et al., 2004), suggesting that the garnet
cores were formed somewhere around 20 to 21 km of depth
(Fig. 12a). These P-T estimates along with the CW shear sense in
garnet porphyroblasts indicate the location of the sample within
the orogen (Fig. 12e–h). As the age of staurolite-grade metamor-
phism is 16 Ma in the Hunza valley (Fraser et al., 2001), then the
switch in the shear sense from CW, in the garnet, to ACW, in the
staurolite, while looking west in the N–S section, occurred just be-
fore or around this time as a result of progressive roll-on tectonics
below the basal decollement (Bell and Newman, 2006). The model
shown in Fig. 12e–h might have gone through several intermittent
stages of upright folding and gravity-induced nappe formations
and associated sub-vertical and sub-horizontal foliation develop-
ment, respectively, however, we have only shown the main stages
for simplicity. This is consistent with the multiple metamorphic
stages of the southern Karakorum margin where repeated stages
of upright folding, nappe and dome formation, exhumation and
sporadic crystallization ages of intrusions at 52–50 Ma, 35 ±
1.0 Ma, 25 to 13 Ma, and 9.3 ± 0.2 Ma were reported (Fraser
ral garnet in sampleW-11. Note contrasting inclusion asymmetries in the garnet (CW) and
e, Ms: muscovite.



Fig. 12. (a–d) Tectonic evolution of the garnet, kyanite and staurolite porphyroblasts in the context of the kinematic evolution of the Hunza Valley of the KMC,which is further interpreted
in (e) to (h) at the orogen scale. Garnet grew in crenulation hinges during the first N–S horizontal bulk shortening stage (I) of deformation that produced a sub-vertical foliation. Stage I
occurred post andalusite-grademetamorphism (M0) of Palin et al. (2012), plausibly after 82Ma (Foster et al., 2004). Gravitational collapse stage (II) was accompanied by decompression,
and might have associated with the sillimanite-grade metamorphism (44 ± 2.0 Ma), where the garnet grew over a steeply-pitching foliation that formed during stage I. Renewed N–S
horizontal bulk shortening stage (III) created a new sub-vertical oriented foliation, where the garnet grew over sub-horizontal foliation developed during the stage II. Both kyanite and
staurolite in the matrix must have formed after the garnet growth as independently dated at 28.2 ± 0.8 Ma and 16 ± 1.0 Ma, respectively (see text for the discussion). Each garnet
growth phase is associated with the folding event, which can be explained with the crustal-scale kinematic models (e–h) presented by Bell and Newman (2006) and Bell and Sapkota
(2012). The key role of roll-on tectonics below the basal decollement is highlighted, where the rocks above it pushed towards the south and extruded to the surface (shown in ‘h’ as
red squares) as a result of gravity-induced thrusting. Ky: kyanite, St: staurolite, Ms: muscovite, KIA: Kohistan Island Arc. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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et al., 2001; Foster et al., 2004; Rolland et al., 2006; Searle et al.,
2010; Palin et al., 2012; Searle and Hacker, 2019).

7. Conclusions

(1) XCMT-based virtual petrography is an in-situ, non-destructive,
3D visualization method that allows the determination of FIA in
garnet porphyroblasts with spiral inclusion trails in a relatively
large oriented sample in an efficient manner. FIAs can be mea-
sured with or without placing fixed digital sections across the
whole sample or a single porphyroblast. The technique is
11
especially useful if two to three dozen samples are planned for
FIA analyses and micro-textural correlations across any given
metamorphic belt.

(2) 3D quantitative data from porphyroblasts can be used in
combinationwith the FIA orientation and EPMA chemical images
to decipher porphyroblast growth and shape.

(3) The garnet long axis (XGT) multimodal orientation data suggest
that they inherit the shape of microlithons, and are indepen-
dent of the rotation axis (or FIA) and favor the non-rotation
porphyroblast model.
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(4) The E–W FIA obtained from sample W-11 is consistent with the
regional E–W striking foliation of the Hunza Valley of the KMC
and depicts the India-Kohistan Island Arc-Asia collision. Based
on the E–W orientation and CW shear sense along the inclusion
trail foliations, the FIA can be correlated with FIA 4 of Central
Himalayas obtained by Bell and Sapkota (2012). The inclusion
trail pattern in the core and rim regions of the garnet porphy-
roblast alongwith kyanite in the steeply-dippingmatrix foliation
appears to be in accordwith the episodicmetamorphic evolution
of the Hunza Valley from post-andalusite to kyanite via silliman-
ite, established previously by Fraser et al. (2001) and Palin et al.
(2012). The switch in the asymmetry from CW to ACW in the
garnet and staurolite porphyroblasts, respectively, while looking
west, shed light on the key role of orogen-scale roll-on tectonics.
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