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Abstract

We applied X-ray computed microtomography (u-CT¢ambination with anisotropy of magnetic
susceptibility (AMS) analysis to study metamorpidck fabrics in an oriented drill core sample of
pyrite-pyrrhotite-quartz-mica schist. The samplexsracted from the Paleoproterozoic Martimo
metasedimentary belt of northern Finland. The pur€sblves the spatial distribution, shape and
orientation of 25,920 pyrrhotite and 153 pyriteigsdocalized in mm-thick metapelitic laminae.
Together with microstructural analysis, the u-Clowaé us to interpret the prolate symmetry of the
AMS ellipsoid and its relationship to the deforroathistory. AMS of the sample is controlled by
pyrrhotite porphyroblasts that grew syntectonicdllying D1 in subhorizontal microlithons. The short
and intermediate axes (K3 and K2) of the AMS etligsnterchanged positions during a subsequent
deformation (D2) that intensely crenulated S1 agidined pyrrhotite, while the long axes (K1)
maintained a constant position parallel to the maxn stretching direction. However, it is likely tha
all the three AMS axes switched, similar to theeéhprincipal axes of the shape ellipsoid of pyrite
porphyroblasts from D1 to D2. The superpositio®afand D2 produced a type-2 fold interference
pattern.

Keywords: microtomography; AMS; microtectonics; matc fabric; pyrrhotite; strain

1. Introduction

X-ray computed micro-tomography (u-CT) is incregbjrbeing applied in structural geology and
ore petrology due to its ability to resolve thestndimensional (3D) shape and spatial distribution
minerals and associated textures in metamorphlsr@g., Sayab et al., 2015; Macente et al., 2017)

Sulfides and oxides yield brighter gray values ti@k-forming silicates owing to high X-ray
1
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attenuation or higher density. They can be segrdamtseparated, for example, using the threshold
limits of the gray level histogram, and rendered gunantified in 3D volume (e.g., Sayab et al., 2016
Hanna and Ketcham, 2017). The resulting 3D viewside a spatial distribution of high-density ore
minerals (ranging from ca. 4 to 22 gfrinside a given rock specimen, which is othervdifcult to
determine using serial thin sectioning methods (g, 1990; Aerden, 2003; Bell and Bruce, 2006).
The u-CT technique is non-destructive and can tegrated with a number of conventional and
unconventional microstructural methods to inveségagions of interest in extraordinary detail
without destroying the whole sample (Kyle and Katoh 2015). As a holistic 3D visualization method
of analyzing rock fabrics (Sayab et al., 2015), Tii€ideal for integrating with measurements ofkoul
rock anisotropy of magnetic susceptibility (AMS).

AMS measures the directional variations of magr&igceptibility (K) present in a rock sample,
and the AMS magnitude ellipsoid defines the bultkrorthogonal principal susceptibility axes (K1:
maximum, K2: intermediate, K3: minimum; Tarling aHdouda, 1993). These axes can be correlated
with the finite strain axes (X Y > Z) and structural features, for example minenatshing and
intersection lineations, and, therefore, provideean to study deformation in 3D (e.g., Borradaile,
1988; Riller et al., 1996; Ferré et al., 2014; Basset al., 2016). However, since AMS measures the
sum of different magnetic carrier minerals in a pbanits interpretation requires knowledge of
amounts and relative abundances of these minénais magnetic susceptibilities, shape preferred
orientation (SPO), lattice preferred orientatio® @) and relationship with tectonic fabrics (e.qg.,
Kruckenberg et al., 2010; Borradaile and Jacks6f@0P Thus, a good understanding of the internal
microstructure behind AMS measurements is crutigh-resolution p-CT can fulfill this requirement
by allowing 3D visualization and determination tdtsstically volumetric abundances of magnetic
carrier minerals and their SPOs. We have expldrsdapssible nexus using an oriented drill cora of
pyrrhotite rich micaschist sample that preservesteetonic foliations. Apart from applying AMS and
M-CT techniques, we studied the sample in threggpelicular thin sections oriented with reference to
the matrix foliation. Through this integrated apgeb, the deformation history of the sample is

reconstructed and considered in the regional tecfoemework as revealed by high-fidelity
2
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aeromagnetic image (Fig. 1a). The application of-mvasive (AMS and u-CT) followed by invasive
(thin sections) methods illustrated herein offersesans of determining the magnetic lineation and
foliation in ore-bearing rocks, which is highlyeghnt to the exploration of structurally controlled
mineral deposits as will be briefly discussed.

2. Tectonic setting and sample description

The Martimo metasedimentary belt forms a part efRerapohja region, which lies in the center of
the Fennoscandian shield. The area is charactdmizéatk of topography, where structural field
relations in the § dimension are difficult to reconstruct. Five intrental, but heterogeneously
distributed deformation events have been propasethé Martimo belt in a timeframe ranging from
1.92 to 1.77 Ga (Lahtinen et al., 2015). The bedith metapelites interbedded with metapsammites
and preserves a sequence of near-orthogonal tedadoics that are not fully developed elsewhere in
the region (Lahtinen et al., 2015). In particuthe area is passing through a period of extensive
geological research because of the recent dis@s/efiRompas Au-U and Rajapalot Au (e.qg.,
Nykéanen et al., 2017; Ranta et al., 2015; Rangh €2016). Metamorphism in the area is charaadriz
by upper greenschist facies, however, the grades/&rom low greenschist facies rocks in the
southwest to kyanite bearing migmatites in thehemast (Holtta and Heilimo, 2017).

An oriented sample (sample 57; Fig. 1; 66° 16' 33M, 24° 29' 24.69" E) was drilled from the
middle of the Martimo belt. The drill core sampgecharacterized by two near-orthogonal foliations
that correspond to the D1 and D2 deformations dtiban et al. (2015). S1 is subparallel to SO
(S0//S1) and on average strikes N-S. It is foldé@t %-W striking axial planes and gently east
plunging axes, and overprinted by a steeply dippingly-spaced S2 foliation (Fig. 1b). The drill-
core sample consists of pyrrhotite-pyrite-quartzarschist with two distinct foliations (S1 and S2),
and thus ideal for integrated u-CT and AMS studBegore extracting it from the bedrock using a
portable mini-drill, the sample was marked withaath pointing groove on the top surface so that it
could be reoriented in the lab. The sample ha$ ar.diameter and is 8 cm long.

3. X-ray computed micro-tomography (u-CT)

3.1. Scanning configuration and processing
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The sample was scanned using the high-resolutioeix|X-ray Nanotom 180 (GE) scanner at
the University of Helsinki. Before scanning thelldrore, two brass pins were attached, about 40°
from north counting towards the east for referefi¢e tungsten target X-ray tube was operated with
an acceleration voltage of 140 kV and tube curt&@at uA. The radiation was filtered with 1.0 mm of
Cu. Six hundred views per 360° were acquired, Wiitb s total exposure time per view. The virtual
3D volume is composed of 1152 horizontal slicesaitvoxel size of 33 um x 33 um x 33 um. The
projections were captured with a Hamamatsu flaepsensor C7942SK-05. The 3D reconstructions
were computed with datos|x — reconstruction soivpaiovided by Phoenix|X-ray.
3.2.3D visualization

After reconstructing the 3D distribution of X-ragtenuations, the contrasting gray shades of
pyrrhotite and pyrite allowed us to semi-automdiycseparate them from the rest of the silicate

matrix by mapping gray levels to specific colorgngsAvizo software (http://www.fei.com/software

/avizo -3d -for -materials-science/). Volume renagifurther allowed to visualize the dataset in 3D

(Figs. 2 and 3). Besides looking at the microteadgun 3D in all directions, it is possible to dadiy

cut the sample at any angle and to make certafacgs transparent while rendering others opaque for
better visual analysis. A virtual 3D tour inside tample, at 33 pm voxel resolution, allowed us to
closely examine petrographic details and the dpais&ribution of sulfides.

To show the penetrative nature and spatial digiohwf pyrrhotite and pyrite grains, the drill
core was virtually chopped at different horizorfiah. 2) and vertical (Fig. 3) levels. The 3D image
clearly show that pyrrhotite is present throughbetcore but localized within millimeter-scale
metasedimentary laminae or bands (S0). Pyrite poobhasts are mainly localized along layers in the
center (Figs. 3c,e). For better visualization fritni@ top, two such layers were isolated and rendered
red and blue (Fig. 3g). The fold shape, definethiege layers, match the fold pattern observed in
outcrop (cf. Fig. 1b).

Most of the pyrrhotite are standalone grains @3b visuals, whereas some pyrite grains are
intergrown or touching each other (Figs. 2a and Be)orizontal and E-W striking vertical gray €&

(Figs. 3a,f) as well as the 3D rendered imagegs(Hc,e), pyrrhotite grains mimic the bulk finite
4
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strain ellipsoid with their long (X) and short (Zxes being aligned E-W and N-S, respectively.
Turning the core (~90°) and looking west, the pgtite grains appear flattened or oblate in the Y-Z
plane (Figs. 3i,j; see also 7).

3.3. Segmentation of pyrrhotite and pyrite

Segmentation of pyrrhotite and pyrite grains wasgomed with ImageJ and in-house written
software as follows. In order to reduce imagingsaepthe reconstructed tomographic image was
filtered with variance weighted mean filter (noisiance = 500, radius = 2 pixels; Gonzalez and
Woods, 2002). After filtering, contrast to noiséigdbetween mineral crystals and background was
high (>~8), and thus the crystals could be segndemeng simple thresholding. The threshold value
was determined using Tsai's moment preservinglibtesg method (Tsai, 1985). After thresholding,
the image contained pyrrhotite and pyrite graing/lige regions, and additionally some small white
regions caused by imaging noise that is typicallynd in tomographic images and caused by various
processes such camera noise and variance in tiv @ioX-ray photons received by the camera
(Stock, 2008). Regions corresponding to imaging@@iere suppressed by removing all white regions
whose volume was less than 20 voxels, a cut-offdbamed to remove noise regions efficiently but
preserve even the smallest crystals. Finally, eyaitd pyrrhotite grains were separated manuallgdas
on the characteristic cubic or parallelepipedigehaf pyrite.

Pyrrhotite grains were separated from each othagwgatershed segmentation (Meyer and
Beucher, 1990) seeded with local maxima of distanap. In order to avoid over-segmentation near
locations with multiple nearby local maxima, origtlargest of them was taken to be a seed point.
The resulting segmentation was checked by visualigparing the segmented regions to the original
data. The quality of the segmentation was founktsatisfactory. Each segmented grain or crystal
was analyzed separately. Grain volumes were caétiis the number of voxels in the grain. The
orientations of long (X), intermediate (Y) and d$h@) axes were determined by counting voxels
along three mutually perpendicular principal axé&hw the grain (Pearson, 1901). The aspect ratio
was determined as the ratio between the lengtti®edk and the Z axes, and the Flinn parameters were

calculated as ratios between the X and Y, and YZamdspectively.
5
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Finally, the orientation data for all grains wetetfed in rose diagrams for the horizontal plane
and for vertical planes (Figs. 4a,b and 5a,b).tBgiains were separated from each other and athlyz
similarly as pyrrhotite grains, but applying a @éhgsoperation with radius of 5 pixels before wahed
segmentation. A flowchart summarizing the imagegssing operations is shown in Appendix 1, and
provided as an electronic supplement.

3.4. 3D quantitative analysis

We collected quantitative data for volume, surfaea, aspect ratio (X/Z and Y/Z), and
orientation of pyrrhotite and pyrite grains. Thduroe fraction in the whole rock sample obtained
through full segmentation of pyrite and pyrrhot&e3.5+0.3% and 4+£2%, respectively, where the
uncertainty estimates have been made accordinggsefs et al., (2012). A total of 25,920 pyrrhotite
and 155 pyrite grains were encountered but graimshing the edges or boundary of the sample were
discarded due to incomplete size and axes attsbute

Pyrrhotite X-axes plunge shallowly (~ 22°) towatke east, whereas metasedimentary layers (S0)
dips about 45° in the same direction (Figs. 3cef 4a,b). The mean aspect ratio and volume of the
pyrrhotite grains are ~14 and 0.019 mnespectively (Figs. 4c,e). A small fraction ofghytite grain
(about 4%) have a much higher aspect ratio as®tkaching a maximum value of 292 (Fig. 4c). The
Flinn diagram portrays dominantly prolate shapegyofhotite grains, although with a significant
fraction of oblate shapes (Fig. 4d). We interphetlatter as representing pyrrhotite microboudses (
micro-textural description below). Aspect rationeases with increasing grain volume (Fig. 4e).

The horizontal rose diagram for the long axes oitpyrains (Fig. 5a) shows a wide range of
trends with a main E-W maximum and weaker N-S maxingFig. 5a) that can be correlated with L
and L%, respectively. The rose diagram of Fig. 5b shdwas the long axes (X) of pyrite grains
generally pitch shallowly in both EW and N-S veatisections. The 3D images show that the larger
pyrite grains are confined to a single layer lodatethe middle of the sample (Figs. 3c,e). Themmea
aspect ratio of pyrite grains is about 4 with alkenapread as observed for pyrrhotite grains. The
Flinn diagram for pyrite grains indicates a mixtoféhighly prolate to highly oblate shapes (Fig),5d

whereas the volume to aspect ratio plot revealghatly inverse relationship between grain volume
6
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and aspect ratio (Fig. 5e). We now proceed to coenibee above described 3D data for the shape and
orientation of the two main sulfide minerals in gtadied sample with AMS fabrics and
microstructural observations in thin section.

4. Anisotropy of magnetic susceptibility (AMS) analyse

4.1.Pyrrhotite, AMS and tectonic fabric

Pyrrhotite (density 4.6 g/cthis a magnetically ordered (ferromagnetic) minémat, at ambient
temperature, has its atomic magnetic moments agthagthe lattice scale (e.g., Borradaile and
Jackson, 2010). Because of this magneto-crystagilioperty, a correlation between the AMS and rock
deformation fabrics has been proposed as a prox30astrain geometry (e.g., Parsons et al., 2016).
The shape of the AMS ellipsoid has been shown @ foction of the deformation history in a rock
and the response of minerals to deformation in seshdeformation mechanisms (e.g., Borradaile and
Jackson, 2004).

AMS is defined by a symmetric second rank tensgye(N957) that gives the ratio (K = M/H)
between an applied magnetic field (M) and the irdumagnetization (H) in different directions. The
principal axes of the AMS ellipsoid or principakseptibility axes, K1, K2, and K3, define the
magnetic foliation (K1-K2 plane), and magnetic atien (K1; Tarling and Hrouda, 1993). The mean
susceptibility (Km) is the average of K1, K2 and anak, 1965). The corrected degree of anisotropy
(P") is a measure of the deviation of the AMS sbipl (P'>1) from a perfect sphere (P'=llhe shape
of the AMS ellipsoid can be defined as prolate {I=K1 > K2 = K3) or oblate (T =1, K1 = K2 > K3)
end members depending on the strain conditionsranedral behavior (e.g., Borradaile and Jackson,
2004).

It has been shown that AMS is mainly controlleddryomagnetic and paramagnetic minerals in a
rock, whereas diamagnetic minerals have only amaheffect (e.g., Borradaile and Jackson, 2010;
Ferré et al., 2014). Strong SPO and LPO of ferraraig minerals produce a magnetic foliation and
lineation that reflect the bulk rock fabric. Thenmipal susceptibility axes (K1, K2, K3) may or may

not correspond to finite strain axes¥Xf > Z), and depending on crystallographic propertres a
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deformation mechanism, an inverse or blended ogliskiip can result other than the expected strain
axes (Rochette et al., 1999; Ferré, 2002; Borradihl., 2012).

To identify the origin of AMS in a given rock sampboth ferromagnetic and paramagnetic
minerals can be decoupled by measuring and pldttieig thermomagnetic or susceptibility-
temperature (K/T) curves and Curie points (Hroudal.e1997). The thermomagnetic curves represent
the variation with temperature (heating and cooéffgcts) of magnetic susceptibility (Hrouda, 1994)
and can be used to constrain the mineral spea¢sith the magnetic carriers in a sample (e.g.t&kyt
et al., 2010; Karell et al., 2014). A detailed aouoon the AMS and petrofrabrics of deformed and
metamorphosed rocks can be found in seminal revigvBorradaile and Jackson, (2004, 2010).

4.2. Analytical methods

For this study, AMS and temperature variation @f ilagnetic susceptibility (K/T) experiments
were performed at the Research Laboratory, Ge@b&iarvey of Finland in Espoo. The 2.5 cm x 8
cm (diameter x length) drill core (sample 57) tivas partly used for the-CT analysis was cut into
three pieces of 2.1 cm length each. AMS was andlyath a KLY-3S Kappabridge, operating at a
frequency of 875 Hz and with a field intensity @RAm™*, while rotating each subsample about three
mutually perpendicular axes to construct its magrstsceptibility axes and determine the
corresponding magnetic parameters. Thermomagne@sunements were performed using CS-3
furnace apparatus (Agico, Inc.). The AMS and themagnetic data were processed with the Anisoft
(version 4.2) and Cureval (version 8) programgpeesvely.
4.3.AMS results

The mean magnetic susceptibility (Km) of the 3 sulysles has a high value ranging from 17703
to 23308 pSl, whereas the corrected degree of tangso(P') varies from 1.81 to 1.94 (Fig. 6). The
shape of the AMS ellipsoid (T) is clearly prolatghwT values of -0.14 to -0.23. The thermomagnetic
curve shows a typical pattern of pyrrhotite withadomupt drop in magnetization at ~325°C (Hrouda et
al., 1997), suggesting that AMS is mainly contrdlbgy this mineral. The orientation of the magnetic
foliation matches that of the east-west striking anbvertically dipping S2 foliation (Fig. 6d; €fig.

1b), whereas the short axis (K3) is oriented pedperar to this plane. The orientation of the tréx
8



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

magnetic ellipsoid also coincides with the prin¢aY and Z axes of pyrrhotite determined through
the u-CT (cf. Figs. 3 and 4).
5. Petrographic and SEM analyses

Three thin sections were cut from the sample noandlparallel to the main S2 matrix foliation
and L% intersection lineation. The horizontal thin sectihows a penetrative, highly differentiated
and finely-spaced S2 foliation striking east-wésg( 7a). The long axes (X) of most pyrrhotite gsai
are well aligned with this fabric (Fig. 7b). Pyrijeains are wrapped by S2 suggesting pre- or syn-D2
growth (Zwart, 1962; Passchier and Trouw, 2005)irdtusions of pyrrhotite were found inside
pyrite, at least in these three thin sections. Spynéhotite grains appear microboudinaged in eastw
direction (Fig. 7c) with the boudin necks filledttvisilicate minerals. As mentioned earlier, oblate
pyrrhotite grains in the Flinn diagram of Fig. 4mblpably represent microboudins of originally larger
prolate grain, or alternatively, grains weakly deied during D2 and retaining their original (syn)D1
oblate shape (Figs. 7e,f).

The vertical N-S section cut normal to S2 and tleenal stretching lineation reveals a high-angle
relationship between S2 overprinting S1 (Figs. )J@fid a stage 4 crenulation cleavage morphology in
the scheme of Bell and Rubenach (1983). An impbxhaeervation in this section is that the Y-axes of
pyrrhotite grains are parallel to S1 but truncatkdlected or even folded by S2 (Figs. 7e,f) intiiga
that this mineral grew prior to D2. Close examioatof pyrrhotite grains reveals variable shapes
ranging from flattened parallel to S1, to oval stiparallel to S2, to microfolded with axial planes
parallel to S2 (Fig. 7f). Pyrrhotite grains with &hd Z-axes parallel and perpendicular to the S1
foliation, respectively, are relatively less defesn\Whereas, highly deformed pyrrhotite grains have
Y- and Z-axes perpendicular and parallel to thénShe same thin section.

The section cut parallel to S2 (Fig. 8) shows thely laminated layers already seen in the u-CT
images (Fig. 3), wherein pyrrhotite grains plungallewly (25°) towards the east (Fig. 8d). Pyrite
grains have euhedral outlines and are associatedswinmetric fibrous quartz strain fringes more or

less aligned E-W with the stretching lineation &rglintersection lineation.
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In order to verify the chemical composition of sidfs, Energy-dispersive X-ray Spectroscopy
(EDS) analyses were performed at the Research atdygy Geological Survey of Finland in Espoo,
using an Oxford Instruments EDS-spectrometer X-8@mnt (SDD) attached to a JEOL JSM 7100F
Schottky field emission scanning electron microsc@ppresentative FE-SEM images and EDS
spectra are provided in Appendix 2 as an electrsmpplement). The analytical conditions were as
follows: high vacuum mode, a COMPO back-scattergalas (BSE), 20 kV accelerating voltage and
0.5 nA probe current. FE-SEM and EDS analyses stidlaagg almost all pyrite grains are partially to
completely pseudomorphed by pyrrhotite (Fig. Qljéating prograde heating resulting in sulphur
release from pyrite (Craig and Vokes, 1993). Skéketxtures mark this pyrrhotite to pyrite
replacement (Fig. 9b). Besides, we detected inmhssof euhedral arsenopyrite and anhedral sphalerit
around the median and rim regions of pseudomorpkete (Figs. 9a,b). EDS analyses, conducted in
an FE-SEM, of both intact and microboudinaged gramnfirmed their pyrrhotite composition (Figs.
9c,d). Some of the cubic-looking grains have rhanshiape possibly due to replacement of diagenetic
anhydrite by pyrrhotite (Hall, 1982).

6. Discussion
6.1.Implications for the D1 related structures

Microstructures commonly exhibit complex overpmgfirelationships that are only partially
reflected by outcrop-scale structures (Aerden, 19@§ab et al., 2016b). This counts in particubar f
Proterozoic belts, where glacially eroded bedrauk sedimentary cover exacerbate field observations
in the 3% dimension. Under such limited exposure conditiemignted drill cores are useful to
understand multiple fabric overprinting relationmhand microstructures (Sayab, et al., 2015). As
described earlier, sample 57 was extracted fror2 &i@-strain zone of a flat-lying folded surface,
where the east-west striking pervasive fabric ménksaxial planar S2 foliation. High-resolution
tomographic 3D images accompanied by a verticaheast oriented thin section revealed that
metasedimentary layers (S0) dips ~23° more stdbplythe S1 foliation, whereas the intersection
lineation (L%) is north-south trending and shallowly plungingg(FLO). This structural relationship

suggests that the sample comes from the normaldinaln F1 recumbent fold, in which deformation
10
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was partitioned between top-to-the west shearimgpoments and perpendicular shortening
components (Fig. 10), consistent with the eastemr@1 thrusting and folding event of Lahtinenlet a
(2015).

The secondary north-south preferred orientation geéhe rose diagram of Fig. 5a suggests that
pyrite porphyroblasts were aligned N-S during Diribg D2 they would have developed their main
E-W preferred orientation (Figs. 5a and 11), prdypasociated with pressure solution as that is the
dominant deformation mechanism of pyrite in greistdacies conditions (McClay and Ellis, 1983)
(Fig. 5b). Pyrrhotite X-axes do not retain a priw@tN-S direction, which is expected because as a
much weaker mineral, it would have experienced naiinger deformation during D2 as pyrite (cf.
Craig and Vokes, 1993).

The shape and spatial distribution of pyrite andhmtite grains could also be influenced by the
preferential growth in S1 microlithons or low-strdénses, given the control of deformation
partitioning on metamorphic reactions in general(Bnd Hayward, 1991). Additionally, the growth
of sulfide minerals was concentrated in alternagtasedimentary layers, probably because of a
chemically more favorable composition (Figs. 39,d,e

Microtextural relationships show that arsenopyaitel sphalerite are cogenetic with pyrite,
whereas the latter was partially to completelyaept by pyrrhotite. Thermodynamic modelling of the
arsenopyrite-sphalerite-pyrite and pyrrhotite agdage in closed-system metapelites (e.g., Lynch and
Mengel, 1995) indicate upper-greenschist faciesltimms at intermediate pressures of 5.5-6.9 kbars,
and these P-T estimates can potentially be apmi€&dl in the study area.

6.2. Implications for the D2 structures

The north-south oriented vertical thin section, perpendicular to S2 and normal th teveals a
high-angle relationship between S1 and S2 (Fig$). W¥e already showed that pyrrhotite and pyrite
porphyroblasts formed syn-D1 because pyrrhotitengrare aligned parallel to S1, but truncated and
deformed by S2 (Fig. 7f), whereas pyrite grainsvangpped by S2 and developed syn-D2 strain
fringes. We, therefore, infer two possible tectatenarios: 1) that the K3 axes of the AMS ellidsoi

(pyrrhotite porphyroblasts) changed from subvelijsarmal to a thrusting-related S1) to gently
11
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south-dipping normal to S2. In other words, thedf® K3 axes interchanged positions during D2,
while K1 was maintained constant (Figs. 11a,bgl®@rnatively, the K1, K2 and K3 axes all
interchanged positions during D2, similar to theteyporphyroblasts where all three principal ages
the shape ellipsoid switched from D1 to D2 (Figsahd 11). Thus, the SPO of pyrrhotite during D1
depends on the geometry of the AMS axes (Fig. 11b).

We have argued that the magnetic foliation reflact®riginally north-south striking and shallowly
east dipping orientation of S1 and of axial plaoeB1 recumbent folds (Figs. 10 and 11b). We furthe
propose that progressive bulk inhomogenous shogesssociated with foliation development (Bell
and Rubenach, 1983) controlled the growth, orieartadnd AMS properties of pyrrhotite and pyrite
porphyroblasts (Fig. 11a). Both minerals grew dyidi in low-strain microlithons bounded by S1
cleavage planes as manifested by the preferredtatien of pyrrhotite parallel to S1. With the
development of S2, porphyroblast growth ceasedsgimanetric strain fringes grew off pyrite grains
parallel to the E-W maximum extension direction.

Aeromagnetic image and field observations arousdMhrtimo area show a type-2 fold
interference pattern, where the east-west strilgpright F2 folds deform east-vergent, shallowly
dipping F1 folds locally resulting in crescent-mrgim or arrowhead surface patterns (Fig. 1a). The
general fold pattern is characterized by a majaf@yn in the south and antiform in the north
(Lahtinen et al., 2015). This regional scale geoynigis well with our interpretation of fabrics the
studied sample, which comes from the core of timosgnal D2 structure (cf. Figs. 1a, 10 and 11c). A
more extensive description of the deformation segeean be found in Lahtinen et al. (2015). Our
integrated approach and workflow of combining u-8WS and microstructures can be highly useful
and applied to unfold the complex structural higtespecially for the mineralized bedrock suchhas t
Perapohja region.

6.3. Complementary character of AMS and p-CT techniques

M-CT quantitative data provide 3D information foetamorphic textures that significantly

complements and allow a more rigorous interpratatiibAMS results. More specifically, u-CT data

add statistical mineral abundances, spatial didioh, size and shape of different mineral spewis
12
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a precision that cannot be achieved with other outhin the case that concerns us here, the magneti
lineation (K1) was shown to coincide with the X-@xif pyrrhotite grain volumes (cf. Figs. 4a,b and
6d), whereas a Flinn plot for these grains shows@minant prolate shapes in agreement with the

AMS shape parameter (T) and anisotropy (P"). Intefg our u-CT data reveal that both pyrrhotite

and pyrite grains are localized along alternatiregasedimentary layers suggesting that the sulfide

growth was chemically controlled by individual larae, and were formed during D1 to form
metamorphic porphyroblasts. The study of thin sestis still indispensable for revealing
microstructural relationships between deformatiorics and different minerals, as shown herein for
pyrite and pyrrhotite grains with respect to S1 &2doliations, the truncation, shape and micro-
folding of pyrrhotite by S2, or the microboudinage&tures.

7. Conclusions

a. By adding the 3D shape and preferred orientatidéssiifide and magnetic minerals in a rock, pu-
CT can significantly enhance the interpretatiotak rock AMS, particularly in multiply
deformed rocks. In addition, integrating u-CT anld@ methods are highly useful in interpreting
metamorphic textures in 3D.

b. In this study, we have shown that the AMS princgaceptibility axes experienced major changes
between two successive deformation phases assbevdtea horizontal (S1) and subvertical (S2)
foliations. K3 changed its orientation from norn@lS1 to normal to S2 foliations, while K1 was
maintained. Alternatively, the long axes of bothifgyand pyrrhotite porphyroblasts changed from
N-S to E-W orientations during D1 and D2, respettivThe sample scale interpretations fit well
with the regional scale type-2 fold interferencéqra.

c. Quantitative measurements of individual pyrrhogitains demonstrate a predominance of highly
prolate shapes, whereas pyrite grains have mom@negeometry reflecting the higher strength of
this less-deformed mineral. Our u-CT images hidtiéd the localization of sulfide minerals along
alternating metasedimentary layers that crystalla® porphyroblasts during the D1

metamorphism.
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d. 3D petrography using multiple oriented thin secti@ras crucial for unravelling the deformation
history of the studied sample. We conclude thaveational thin section microstructural analysis
cannot be substituted, but only complemented byersophisticated techniques such as u-CT and
AMS.
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Figure Captions

Fig. 1. (a) Aeromagnetic map of the study area shgwhe location of sample 57. The area shows
distinct mushroom-shape or arrowhead patternsaypictype-2 fold interference. A main antiform
and synform pair can be distinguished. Inset ortdpdeft shows a schematic 3D model. (b) Field
photograph and line diagram of SO/S1 overprinte&®yand drill core location.

Fig. 2. Three-dimensional microstructures of sandgldased on X-ray computed microtomography
(u-CT). The drill core is oriented and digitally chomal at three different levels to show the peneteati
pyrrhotite fabric. Images on the left (a,c,e an@dg) 3D side views, whereas those on the rightf(b,d
and h) are horizontal top-view slices. S denotegrsd?yrrhotite (po) and pyrite (py) are rendered
yellow except for (b).

Fig. 3. Different 2D and 3D representations of p-zfa. (a) Horizontal 2D grayscale slice showing
east-west aligned (X-axis) pyrrhotite (po) graifig.Volume rendering of the same image as shown in
(a). (c,d,e) Side views, looking to the north aedgendicular to the long axes (X) of the pyrrhotite
grains. Prolate pyrrhotite grains and cubic pyitg are localized in alternating mm-scale
metasedimentary layers (S0). The latter dips 45¢, @hereas pyrrhotite long axes plunge more
shallowly (~22°) in the same direction. (f) Grayleca-CT slice showing textural characteristics of
pyrrhotite, pyrite and SO and S1 relationship.Kglded metasedimentary layers are segmented
(isolated) in red and blue. (h) Top 3D view of thél core showing pyrrhotite grains in the X-Z axe

(i) 3D rendered side view along the Y-Z planeT{je same Y-Z plane is shown as a grayscale pu-CT
slice. Pyrrhotite and pyrite are rendered yellowh)) (c), (e), (9), (h) and (i).

Fig. 4. Quantitative geometric analyses of pyriieagrains. (a) Rose plot showing the preferredeast
west alignment of pyrrhotite long axes (X). (b) ®ie values of X-axes of pyrrhotite averaging 22°.
(c) Aspect ratio plot with a mean ratio of about 1d) Flinn diagram showing the tendency of grains
towards the prolate shape, with a minor populabiboblate shape (see text for discussion). (e) ispe
ratio vs. grain volume plot showing a trend betwlgrarithms of grain volume and aspect ratio,
where volume increases with increase in the aspéot

Fig. 5. Quantitative geometric analysis of pyritaigs. (a) Rose diagram for the long axes (X) of
pyrite grains showing large spread with an E-W mmaxn, and a weaker N-S maximum. (b) Plunges
of pyrite long axes are predominantly shallow (20)3(c) Aspect ratio diagram with an average value
of about 4. (d) Flinn diagram for pyrite showinghiy variable shapes of this mineral, but much llowe
aspect ratios than the pyrrhotite. (e) Aspect nagiograin volume plot showing a minor volume
increase with decreasing aspect ratio.

Fig. 6. (&) Mean susceptibility (Km) vs. anisotrapggree (B plot showing typical values of
pyrrhotite. (b) Shape parameter (T) vs. anisotrdg@yree (P') suggesting prolate shapes of pyrrhotite
grains. (c) Heating (red) and cooling (blue) themmagnetic curves showing a drop at about 325 °C,
typical of pyrrhotite. (d) AMS plot showing east-stestriking magnetic foliation (K1-K2) and
shallowly plunging magnetic lineation (K1) carriled pyrrhotite.

Fig. 7. Oriented photomicrographs showing micraiess in sample 57. (a) Horizontal thin section
showing S2 deflecting around a pyrite (py) porplnast, crossed polarized light. Inset shows the u-
CT image marking the actual section plane. (b-gs€lups from the horizontal thin section in (a)
showing (b) intact, and (c) microboudinaged pytitedpo) porphyroblasts elongated along S2,
reflected light photomicrographs. (d) N-S vertittah section showing change in the shape of
pyrrhotite porphyroblasts from oblate to prolateai fringes developed on the upper and lowerdace
of the pyrite porphyroblasts could be a cut effettFig. 8b), crossed polarized light. (e) Closeeid

the same thin section as ‘d’, showing pyrrhotitegbgroblasts truncated, deflected or microfolded by
S2, plane polarized light. (f) Photomicrograph nglgoolarized light image digitally rendered to
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enhance the shape of pyrrhotite grains using inpaigeessing tools, and associated sketch showing
microstructures associated with the deformatiothefpyrrhotite grains (N-S vertical section). The
SPO of the pyrrhotite changes from oblate to peotaintrolled by S1 and S2, respectively.

Fig. 8. (a) E-W vertical thin section and (b) skesthowing face-controlled syn-D2 strain fringes
developed on the eastern and western faces oepgrissed polarized light image. (c) Micro-CT
image corresponding to the actual E-W verticalisacgthown in (a). (d-e) Close-ups of (a) showing
(d) pyrrhotite (po) plunging towards the east, éldstrain fringes developed on the edge of thegyr
porphyroblasts. Both close-ups are taken undecrbgsed polarized light.

Fig. 9. FE-SEM images of sample 57. Red dots ar§ Eibts (see Appendix 2). (a) Pyrite totally
replaced by pyrrhotite. The rim contains two unaktesphalerite grains. (b) Pyrite-pyrrhotite
replacement front associated with transitional eiedltexture. Euhedral arsenopyrite inclusions were
not replaced by the pyrrhotite. (c) Single pyrrtegrain plunging towards the east in an E-W valtic
section (half arrow points up and East). (d) Pytitaanicroboudinaged in the E-W direction (cf. Fig.
7C).

Fig. 10. Interpreted large-scale tectonic contéxthe sample in the normal limb of an F1 recumbent
fold based on S0O-S1 relationships in the sample.

Fig. 11. (a) Conceptual model showing progressiuk iImhomogeneous shortening during D2 causing
steepening of S1 and pyrrhotite grains. ChangkarSPO of both pyrite (py) and pyrrhotite (po) is
controlled by the S2. (b) Two possible D1-relat€®DSgjeometries are presented: 1) prolate, and 2)
oblate. In the former case, K1 retained the origimgntation from D1 to D2. In the latter case, K1
changed orientation from N-S (D1) to E-W (D2). Ither case, the S1 is striking N-S and shallowly
dipping towards the east, consistent with the éagon obtained from the pu-CT image (cf. Fig. 10).

(c) Present day geometrical configuration formiyyget2 fold interference pattern.
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Highlights
Bulk rock AMS is integrated with the X-ray computeg¢omography and 3D petrography
Change in the SPO is seen, wherein AMS ellipsoebaxere switched from D1 to D2

Type-2 fold interference is deduced based on AM&tato near-orthogonal foliations



