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Abstract 

In this study a modus operandi to investigate site-specific nanostructures in thin films 

(lamellae) excavated “in-plane” across (sub)grain boundaries is presented. This is done by 

discussing the case of a magnetite grain hosted in a thin section of banded iron formation 

(Norway) that is prepared parallel to the kinematic reference frame (XZ section of the strain 

ellipsoid). SEM-EBSD analysis reveal that the magnetite grains do not develop a strong 

crystallographic preferred orientation, although individual grains are strained and show 

evidence of intracrystalline deformation in form of low angle grain boundaries (LAGB’s). Two 

“in-plane” lamellae using focused ion beam (FIB) technique are excavated from a magnetite 

grain in the kinematic reference frame, and nanostructures are studied along three LAGB’s 

using high resolution transmission electron microscopy imaging followed by Fourier 

transformation (FT), inverse FT and estimation of dislocation densities. Our data establish an 
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empirical relationship for the studied LAGBs, namely, the smaller the angle between LAGB 

and X-direction, the larger are the shear strain and dislocation density. This relationship is 

validated from numerical simulations of viscoplastic deformation and dynamic 

recrystallisation of polycrystalline aggregates of halite, which is also a cubic mineral analogous 

to magnetite. In addition to the site-specific “in-plane” FIB lamella information, this study also 

shows that in a deformed mineral the different orientations of the LAGB compared to the 

principal strain axes show a different dislocation density. This approach of full tracking of the 

extension direction (X) from the macroscopic to the nano-scale could play an important role in 

forward modelling of microstructure evolution in future studies. 

Keywords: FIB lamella; TEM; magnetite; nanostructures; low angle grain boundary; numerical 

simulation, dislocation density 

1. Introduction

Microstructural studies are commonly done in thin sections that are prepared parallel 

to the stretching lineation and perpendicular to the foliation, i.e., the XZ section of the strain 

ellipsoid (Simpson, 1986; Passchier et al., 1990; Passchier and Trouw, 2005). Structures in this 

reference frame have been critical in evaluating kinematics of deformation, from the macro- to 

the micro- scales (e.g., Xypolias, 2010 and references therein). In the absence of visible planar 

and/or linear fabric in a rock, anisotropy of magnetic susceptibility (AMS) has been effectively 

used to identify the kinematic reference frame and subsequently evaluate and quantify the 

fabric (e.g., Archanjo et al., 1995; Sen and Mamtani, 2006; Mamtani et al. 2013, 2017; 

Mamtani, 2014; Bella Nké et al., 2018). Lattice Preferred Orientation (LPO) studies of minerals 

(such as quartz, olivine etc.) have also been traditionally performed in the XZ section using 

instruments such as the U-stage or SEM-Electron Backscatter Diffraction (EBSD), which have 



3 

enhanced our knowledge of deformation processes and slip systems that operate at the 

microscopic scale (e.g., Bouchez and Duval, 1982; Schmid and Casey, 1986; Mainprice and 

Nicolas, 1989; Law, 1990; Takeshita and Hara, 1998; Bestmann et al., 2004; Toy et al., 2008; 

Drury et al., 2011; Renjith et al., 2016; Mamtani et al, 2017; Renjith et al., 2016 amongst 

others). In order to further enhance the knowledge of deformation mechanisms, it is necessary 

to look at nanostructures and grain boundaries under the Transmission Electron Microscope 

(TEM) (e.g., Bouchez and Nicolas, 2021). Ion milling has been in vogue for preparing samples 

for TEM; this involves bombardment of ions on a thin wafer of rock that is mounted on a TEM 

mesh grid until electron transparency for TEM observations of nanostructures is achieved (e.g., 

Goodwin and Wenk, 1990; Trepmann and Stöckert, 2003; Viti et al., 2016). However, the 

limitation of this method is that it is not possible to exactly perform site-specific TEM imaging 

within a grain and its nanostructural analysis. 

In order to study site-specific nanostructures within a mineral under TEM, thin film 

(lamella) must be excavated using focused ion beam (FIB) with the help of SEM (Giannuzzi 

and Stevie, 1999, 2005). Recently, Mamtani et al. (2020) have shown the importance of using 

SEM-EBSD studies in identifying low- and high- angle grain boundaries (LAGB and HAGB) 

within magnetite hosted in a thin section (XZ) of a mylonitized mica schist, and subsequently 

excavating site-specific FIB lamella from across specific grain boundaries. It is well accepted 

that intracrystalline deformation by dislocation creep leads to movement of dislocations, which 

interact to form subgrain boundaries. Subgrain boundaries with crystallographic misorientation 

generally <15o across them are generally considered as low-angle grain boundaries (LAGB) 

(Poirier, 1980); others are categorized as high-angle grain boundaries (HAGB) (also see 

Bouchez and Nicolas, 2021). The FIB technique allows site-specific lamella extraction across 

LAGB and HAGB within a large grain that was identified from SEM-EBSD data. Mamtani et 
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al. (2020) were able to document differences in the nanostructures at LAGB and HAGB using 

this modus operandi. However, FIB lamellae are conventionally excavated perpendicular to 

the plane of observation, and are thus cross-sections (Giannuzzi and Stevie, 1999, 2005; 

Langford and Petford-Long, 2001; Kruhl et al., 2013). Whilst rock thin sections used for 

microstructural analyses are commonly made along the XZ plane, FIB lamellae excavated are 

perpendicular to it; this was also the case for the study of Mamtani et al. (2020). As a 

consequence, the plane of observation of a rock thin section under the light microscope and 

SEM is different from the plane of observation of a FIB lamella (excavated from the thin 

section) under TEM. Therefore, the orientation of the sub-grain boundaries and the 

nanostructures observed under TEM cannot be unequivocally related to the kinematic reference 

frame, and hence limits the interpretation of nanoscale observations. To overcome this 

limitation, it is necessary to prepare site-specific in-plane FIB lamella that is excavated parallel 

to the XZ thin section, wherein the X direction can be traced on the plane of observation (i.e., 

XZ) from the hand-specimen, through the thin section (light microscope) and the FIB lamella 

(SEM and TEM). This procedure can open up whole new sets of possibilities to structural 

geologists that can help relate kinematic observations at the nanoscale to larger scale 

kinematics and also address some fundamental questions such as – (a) how is the orientation 

of a (sub)grain boundary (LAGB/HAGB) related to shear strain and dislocation density? (b) Is 

there any difference in nanostructures developed along grain boundaries that are oriented at 

different angles to the inferred extension direction of strain in a rock sample? Answers to these 

questions are intricately related to topics in materials sciences where it is known that 

nanostructures at grain boundaries influence their mechanical properties (strength/rheology) 

and in experiments the spatial geometry of grain boundaries vis-à-vis loading direction has also 

been reported to play a critical role in slip transmission and dislocation motion (e.g., 



5 

Johannesson and Thölén, 1970;  Hirth, 1972; Johnson et al., 2004; Ferreira et al., 2010; Liu et 

al., 2012; Kheradmand et al., 2016; de Almeida Ribeiro and de Koning, 2021;). 

Despite the above listed usefulness of performing TEM studies on site-specific in-plane 

FIB lamella, there are only a few studies focused on this, primarily because of the challenges 

involved in extracting thin films parallel to the plane of observation. Li et al. (2018) were the 

first to present a step-wise modus operandi to extract such lamella (from polycrystalline 

spinel). Since their objective was to develop and present a detailed methodology, Li et al (2018) 

did not discuss the possible application of TEM investigations in such lamella vis-à-vis strain. 

In an earlier study Kogure et al. (2014) investigated subgrain boundaries around b-axis of 

deformed orthopyroxene (Opx) in “plan-view specimens” of a mylonite (Hidaka Metamorphic 

Belt, Japan) that was prepared by a combination of chemical etching, EBSD and FIB. They 

identified b-axis orientation of  Opx crystals and mounted the excavated lamella on the TEM 

copper grid either orthogonally or at an inclination to ensure that the TEM incident beam is 

parallel to the b-axis. Although this work (Kogure et al., 2014) related the TEM images with 

b-axis orientation, it (i) did not track the X direction in the various images and (ii) did not

provide the reader with the detailed steps of sample preparation to replicate the study 

subsequently. More recently, Igami and Michibayashi (2021) performed an integrated SEM-

Transmission Kikuchi Diffraction (TKD) and TEM investigation of ultramylonite peridotite on 

a XZ section. However, the extension direction (X) was not explicitly marked in the images 

(except in one EBSD map, Fig. 5 of Igmai and Michibayashi, 2021), as a consequence of which, 

the TEM results cannot be unequivocally related to the extension direction even if the images 

are within the kinematic reference frame. It is also important to note that the work of Li et al 

(2018) was not referred by Igami and Michibayashi (2021) implying that some different 

methodology was adopted, which is not described in their work. It is unclear to the reader if 
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the XZ section was excavated in-plane (i.e., parallel to XZ plane) like Li et al (2018), or if the 

XZ section was obtained by excavating a cross-section perpendicular to YZ plane. 

This detailed description thus brings to light that there is no investigation in geoscience 

literature, where the reader can relate structures from the hand-specimen (macro-/meso- scale) 

through microscopic scale (light microscope and SEM) to the nano-scale (TEM) keeping full 

track of the extension direction (X) in the kinematic reference frame. This would have the 

advantages to address several questions listed in (a) and (b) (above), and the present paper fills 

this lacuna. We present an exhaustive account of excavating site-specific in-plane FIB lamella 

from the kinematic reference frame that can be replicated by any geoscientist without any 

confusion, and keeping a complete track of the X direction at all scales of observation. 

Eventually, we discuss implications of such studies in enhancing our understanding of 

nanoscale processes at (sub)grain boundaries and modelling microstructure evolution. Due to 

our experience of dealing with SEM and TEM data from magnetite (Mamtani et al., 2020), in 

this study, we have investigated grain boundaries in magnetite. But, we advocate that this 

approach can be adopted for any mineral and can form the basis of considerable future research 

on “nanotectonics” in naturally deformed rocks. 

2. Sample description and determination of the kinematic reference frame

The material used for this SEM-EBSD and TEM study is a metamorphic quartz-

magnetite banded iron ore from the Sydvaranger mine (Finnmark, Norway). According to 

Bugge (1980), the BIFs of the Sydvaranger mine are Archaean in age (older than 2,500 Ma). 

Regional geological descriptions are published in Bugge (1980), Bjørlykke et al. (1985) and 

Boyd et al. (2016), amongst others. Our sample comes from a hand specimen shown in Fig. 1a. 

It comprises alternating dark (magnetite-rich) and light (quartz-rich) bands. Earlier studies have 
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established that magnetite is pure and stoichiometric (Reznik et al., 2016). The banding in these 

rocks defines the foliation plane and is considered to be parallel to the XY plane of the strain 

ellipsoid with X>Y>Z defining the three principal axes of the strain ellipsoid (Hobbs, Means 

and Williams, 1976). It is noted that our first requirement was to prepare a rock thin section 

parallel to the kinematic reference frame, i.e., XZ section of the strain ellipsoid. Since the rock 

lacked any visible stretching lineation, we used anisotropy of magnetic susceptibility (AMS) 

to characterize the fabric geometry. AMS involves placing a sample (cylindrical or cubic) in 

an external magnetic field in different orientations and measuring the induced magnetization 

in each orientation. The magnetic induction takes place along the “easy” axis (crystallographic 

or shape) of the different minerals present in the sample (Tarling and Hrouda, 1993). Therefore, 

rocks with randomly oriented minerals are magnetically isotropic since they have the same 

magnetic susceptibility in different orientations. However, deformed rocks have a preferred 

orientation of minerals and hence possess an AMS. This helps identify the fabric in a rock, 

even if the visible foliation and/or lineation is not well-developed. AMS is represented as a 

magnetic susceptibility ellipsoid, a second-order tensor with three principal axes, K1>K2>K3. 

The K1K2 plane is the magnetic foliation, while K1 is the magnetic lineation; the reader is 

referred to Tarling and Hrouda (1993) for details about AMS and formulae of various 

parameters. For the present study, it is important to note that the orientations of principal axes 

of the AMS ellipsoid (K1>K2>K3) have been equated with those of the strain ellipsoid (X>Y>Z) 

as reported in several past studies (Tarling and Hrouda, 1993; Borradaile and Henry, 1997; Sen 

and Mamtani, 2006; Borradaile and Jackson, 2010; Mamtani et al., 2013). The magnetic 

foliation (K1K2 plane) is parallel to the visible foliation (XY), and the magnetic lineation (K1) 

defines the X direction of the strain ellipsoid. Hence, the K1K3 section of the AMS ellipsoid is 

equated with XZ of the strain ellipsoid, which makes AMS a very useful tool in the 

identification of the kinematic reference frame for petrofabric studies (e.g., Archanjo et al., 
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1995; Renjith et al., 2016; Mamtani, 2014, 2022; Bella Nké et al., 2018; Goswami et al., 2018; 

Mamtani et al., 2017, 2021). We measured AMS of a BIF cube (2 cm x 2 cm x 2 cm dimension; 

Fig. 1b,c) with the KLY-4S Kappabridge (AGICO, Czech Republic) housed in the magnetic 

laboratory of the Institute of Applied Geosciences, KIT Karlsruhe (Germany). Figures 1b, c 

document that the magnetic foliation (K1K2 plane) is vertical, in agreement with the banding, 

and the magnetic lineation (K1) is horizontal; this helps mark the mineral stretching direction 

on the foliation (banding). 

In order to further ascertain that this correlation between the three principal axes of the 

AMS and strain ellipsoids is true, we prepared a rock thin section parallel to the K1K3 plane of 

the AMS ellipsoid (Fig. 1d) and performed SEM-based EBSD analysis of quartz (Fig. 2a-c; 

see Appendix-1 for details about instrument and analytical conditions). The quartz CPO (Fig. 

2c) is comparable to standard pole figures recorded in XZ reference frame under dextral 

shearing with basal<a> and rhomb<a> being the dominant slip systems typical of rocks 

deformed below 500oC temperature (e.g., Schmid and Casey, 1983; Law, 1986; Passchier and 

Trouw, 2005). Thus, with regards to the sample geometry and reference frame of the BIF 

specimen, we conclude that (a) the three principal axes of the AMS ellipsoid (K1>K2>K3) 

represent the respective principal axes of the strain ellipsoid (X>Y>Z), and (b) the rock thin 

section prepared parallel to the K1K3 plane of the AMS ellipsoid (Fig. 1d, 2a) is parallel to the 

kinematic reference frame (XZ). It may be noted that henceforth in this paper, the frame of 

reference will be referred to as XZ section. 

3. SEM-EBSD Analysis of Magnetite: Identifying the Region of Interest

Magnetite grains in the present BIF specimen are commonly inequigranular in shape 

and elongated parallel to the stretching direction (X=K1). An inverse pole figure (IPF) map 
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from SEM-EBSD analysis of magnetite confirms this (Fig. 2d) and also reveals that the 

magnetite grains have an elongated shape parallel to several quartz grains; this also implies that 

the mineral phases were subjected to the same strain. The lower hemisphere equal area 

projection of {100}, {110} and {111} axes of all magnetite grains analysed is presented as 

supplementary data-1. This reveals that there is considerable variation in the crystallographic 

axes orientations of magnetite. The IPF map (Fig. 2d) helped identify large magnetite grains 

with high aspect ratio as well as with variations in crystallographic orientations. The magnetite 

grain in the centre of Fig. 2d (demarcated by arrow) was selected for detailed SEM and EBSD 

analysis; this magnetite grain is also marked by an arrow and a box in Fig. 2a and 2b, 

respectively. This particular magnetite grain is elongated parallel to the X-direction, has a long-

axis dimension of 235 m, and also shows considerable variation in magnetite CPO, which is 

evident from the IPF map (Fig. 2e). No microstructural evidence of asymmetric pressure 

shadows or development of strain fringes in contact with the magnetite grains that can be 

related to rotation of magnetite are noted (e.g., Mamtani et al., 2011).  Forescatter detector 

(FSD) image of this magnetite shows the presence of microcracks, but with some parts of the 

grain having significant orientation contrast (areas marked by arrows in Fig. 2f); this implies 

intracrystalline deformation. The IPF map of the magnetite (Fig. 3a) supports the latter. 

We also used the EBSD data to prepare kernel average misorientation (KAM) map of 

the selected magnetite grain (Fig. 3b). This allows to map areas of local high misorientation 

within the magnetite. It maybe noted that the local misorientation represented by KAM maps 

is well-correlated with local microscale deformation (plastic strain) and geometrically 

necessary dislocations (Brewer et al., 2009; Wheeler et al., 2009; Kamaya, 2011; Moussa et 

al., 2015). The IPF and KAM maps (Figs. 3a,b) were useful to select the profile line UV along 

which crystallographic misorientation was measured (Fig. 3c). Misorientations of ca 6o are 
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recorded in proximity to the point U up to a distance of ca 40 m along the profile line (Fig. 

3c). This is the region of the magnetite grain that also has significant orientation contrast (Fig. 

2f), shows subgrains and evidence of strain (Fig. 3a,b), and is devoid of microcracks (Fig. 3d). 

Thus, the misorientations can be confidently inferred to be on account of intracrystalline 

deformation, and this part of the magnetite grain is recognized as the region of interest (marked 

ROI in Fig. 3c,d). It comprises low-angle grain boundaries (LAGB’s) (Fig. 3c). Beyond the 

region of interest, in the central part of the misorientation profile (UV), several high angles of 

misorientation (>20o to as high as 44o) are recognized (Fig. 3c). Careful imaging of these areas 

under the SEM revealed the presence of microcracks (black arrows in Fig. 3d). Hence, the 

central part of the misorientation profile (UV) with high misorientation angles is classified as 

a region of microcracks (marked ROM in Fig. 3c). High-angle grain boundaries (HAGB’s) are 

known to be important sites for development of microcracks in various materials (e.g., Sangid 

et al., 2011). Therefore, there maybe a contribution of such cracking (brittle deformation) in 

the high misorientation angles recorded in the area marked ROM in Figs. 3c,d; also see 

Mamtani et al., 2011). Since our focus is on intracrystalline deformation, we restrict our TEM 

investigation to LAGB’s within the region of interest (marked ROI in Fig. 3d). 

4. Methods

4.1. “In-Plane” magnetite lamella extraction containing LAGB using FIB – modus operandi 

The rock thin-section of the BIF sample is a XZ section, and hence the ROI lies within 

this XZ plane. The quartz CPO has already been used to infer that the sense of shear is dextral 

(Fig. 2c). Our objective in this study is to investigate the nanostructures under TEM in the same 

reference frame as that of the rock thin section. To meet this objective it was important to 

excavate site-specific thin-film/lamella for TEM investigation parallel to the XZ plane. The 

block diagram of Fig. 4a-i provides a 3D perspective of the sample reference frame and the 
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ROI (dashed box) in the XZ plane (Fig. 4a-ii). The inset in Fig. 4a-iii shows the exact part of 

the ROI that contains the LAGB’s identified based on the misorientation profile (compare with 

Fig. 3a,b). 

We adopted the in-situ lift-out (INLO) lamella extraction technique using FIB to 

excavate lamellae L1 and L2 (e.g., Heaney et al., 2001; Giannuzzi and Stevie, 2005; Mayer et 

al., 2007). This method involves cutting and extracting the lamella and transferring it to a TEM 

grid, where thinning to electron transparency is performed using an internal tungsten 

nanomanipulator needle inside the FIB chamber. In order to excavate the magnetite lamella 

parallel to the plane of view (XZ) from the thin section, we adopted a protocol similar to Li et 

al. (2018) for “in-plane” sample preparation using FIB. The rock thin section was mounted on 

the bulk stage of the FIB milling station FEI DualBeam Strata 400S with a gallium (Ga+) source 

housed in the Laboratory for Electron Microscopy (LEM) of Karlsruhe Institute of Technology 

(Karlsruhe, Germany). The stage (with the thin section) was tilted 52o and four platinum (Pt) 

straps were first deposited on the LAGB’s in the identified ROI (labelled L1, L2, bk1, bk2 in 

Fig. 4a-iii). L1 and L2 were the principal targeted areas for lamella extraction. Pt straps bk1 

and bk2 also lay, respectively, on the LAGB’s. These were deposited as a back-up for the study 

if a problem is encountered in the FIB lamella preparation with L1 and/or L2. Additional Pt 

bars (1m thick) were deposited on the four sides of each strap (L1 and L2). The excavation 

was done in the tilted position from all the sides using 30 kV/6.5 nA gallium ion beam, but 

ensuring to leave a “bridge” at one of the short edges of the lamella being excavated; this 

supports the lamella until it is cut free from the thin section. The procedure involved tilting the 

sample back to 0° and undercutting a wedge from below the surface of the lamella, and then 

attaching (glueing) the top to tungsten manipulator needle with Pt, before lifting it from the 

thin section (see Li et al., 2018 for a step-wise description of the technique to extract “in-plane” 
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lamella). This ensured that the INLO of the FIB lamella was done parallel to the XZ section. 

This step of the INLO for magnetite lamella L1 and L2 is shown in Fig. 4b-i and 4b-ii, 

respectively; fig. 4b-iii shows the ROI in the thin section that remains after the excavation of 

two “in-plane” lamellae (L1 and L2). Each excavated lamella was mounted on an individual 

FIB Lift-Out TEM grid (Copper, 2 posts) placed on the flip-stage of the instrument and further 

thinned to ~50 nm using a 30 kV, 2.7 nA gallium beam for the rough milling and 26 pA for 

final thinning. As a final step, the sample was polished and cleaned with a 5 kV (71 pA ion 

current) to remove any damaged layers that the high energy ion beam may have induced. 

As shown in Fig. 4b-i, ii, during the INLO of lamellae, the tungsten manipulator needle 

(marked TN in Fig. 4b) was attached (glued) to the bottom left of each lamella using Pt from 

the FIB. We ensured that some Pt from the glueing remains at this spot after detachment 

(marked as M at bottom left of lamella in Fig. 4b-i, ii). This acts as a “marker” to recognize the 

exact orientation of the lamella under TEM. Care was taken to mount the copper grid 

(containing the lamella) on the TEM specimen holder with top surface being the top of the plan 

view within the XZ reference frame. In this position, the glueing Pt that was intentionally left 

over at the point of detachment as a marker “M” lies at the bottom left of the lamella. This 

ensures that the nanostructures observed under TEM can be related to the kinematic reference 

frame. 

4.2. TEM investigation of LAGB’s in magnetite “in-plane” FIB lamella 

Nanostructures in each “in-plane” FIB lamella excavated from the XZ reference frame 

of the thin section were studied using a Philips CM 200 FEG/ST TEM (LEM, KIT Karlsruhe, 

Germany) operated at 200 kV. TEM observations were made using bright field (BF-) and dark 

field (DF-) imaging conditions (Williams and Carter, 2009). The crystal orientation was 
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determined by selected area electron diffraction (SAED; selected area aperture of 100 m at a 

selected area size of ≥ 300 nm) and high-resolution TEM (HRTEM). The HRTEM images 

were analysed by two-dimensional (2D) Fourier transformation (FT) performed with ImageJ 

(Scheider et al., 2012), which were compared with calculated diffraction patterns using JEMS 

(Stadelmann, 1987). Further, dislocation analysis was performed on Bragg-filtered HRTEM 

images, where pairs of reflections were selected in the FT-image, and inverse Fourier 

transformed (IFT) using ImageJ. Dislocation density, =1/D2) with the unit 1/nm2, which is 

the dislocation lines that thread a unit surface area (D) was also determined from TEM data 

(e.g., see Ohring, 1995). 

5. Results

5.1. TEM analysis of lamella L1: 

Lamella L1 contains the LAGB-1. Fig. 5a is an overview SEM image of the lamella on 

the TEM grid showing its exact orientation in the XZ reference frame. As discussed in section 

4 (above), the Pt left over after detaching the manipulator needle (arrow M) lies at the bottom 

left of the lamella, thus ensuring visualization of all the nanoscale structures in the XZ reference 

frame. The position of LAGB-1 in the lamella vis-à-vis thin section can be compared with the 

inset in Fig. 5a and Fig. 4. Fig. 5b is TEM image of the LAGB-1 taken under BF-condition 

with [101] zone axis, which shows the trace of the grain boundary at a magnification greater 

than that of Fig. 5a. It should be noted that the trace of the LAGB-1 is straight and makes a 

very low angle with the X direction (angle  =4°). This low angle is also obvious in the 

overview image (Fig. 5a). HRTEM imaging of LAGB-1 and data processing that involved FT 

and IFT, including Bragg filtering, reveals presence of nano-stripes. Fig. 6a is one such 

HRTEM image in [114] zone axis that prominently shows nano-stripes and establishes that the 

trace of LAGB-1 is parallel to the [311̅] direction. The FT images can be indexed with Miller 
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indices for cubic (spinel-type) Fe3O4 in [114] zone axis revealing that the misorientation of the 

crystal lattice on either side of the LAGB-1 is between 4-5° (Figs. 6b-e). Rotation angles of 

4.9° () and 4.2° () are determined at (22̅0) and (13̅1), respectively (Fig. 6e), which leads to 

a double reflection. It may be noted that these angles correlate well with the ca 5° 

misorientation across the LAGB-1 that was determined from the EBSD misorientation profile 

(Fig. 3c). This implies that the vorticity axis is perpendicular to the plane of view and the 

lamella excavated is parallel to the vorticity profile plane; the elongated shape of the magnetite 

grains in the thin section, and the asymmetric distribution of quartz CPO obtained from EBSD 

(Fig. 2) are consistent with this inference. 

Fig. 7a is a high magnification HRTEM image of a part of LAGB-1 demarcated in Fig. 

6a that showed the nano-stripes (fringe-like patterns). Similar fringes have been reported at 

grain boundaries that are often referred to as Moiré fringes; the primary cause for the 

development of such fringe-like patterns is superimposition of misoriented crystal lattices 

associated with translation and/or rotation (e.g., Mitsuishi et al., 1951; Hillier, 1954; Fitzgerald 

and Mannami, 1966; McLaren, 1991; Shigematsu et al., 2006; Williams and Carter, 2009). 

Whilst Won et al. (2007) have related Moiré fringes at grain boundaries with strain, other 

studies (e.g. Shigematsu et al., 2006) have shown Moiré fringes to be associated with 

dislocations at quartz grain boundaries. For magnetite as well, Moiré fringes at LAGB and 

HAGB have been shown to be associated with several defects (dislocations, stacking faults, 

nano-twins); these defects were manifested by the presence of blurred contrast in HRTEM 

images indicating distorted atomic planes (see Figs. 6, 8 of Mamtani et al., 2020). The striped 

area at LAGB-1 in the present study, although not exactly like the Moiré patterns of Mamtani 

et al. (2020), does show domains of wavy blurred contrast (Fig. 6a, 7a). IFT along with Bragg 

filtering using (2̅20) and (22̅0) for the region in Fig. 7a, reveals the presence of dislocations 
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(Fig. 7b), thus implying relation to deformation/strain. Dislocation density () was calculated 

from a Bragg filtered HRTEM image of the LAGB-1 (Fig. 6a) using (2̅20) and (22̅0) (see

Supplementary data-2a) as well as (3̅1̅1) and (311̅) (Supplementary data-2b). It is noted that  

at the LAGB-1 is of the order of 10-1 dislocations/nm2, and varies between 4.4 x 10-1 

dislocations/nm2 to 1.2 x 10-1 dislocations/nm2 at the LAGB-1 (Supplementary data-2). 

5.2. TEM analysis of lamella L2: 

FIB lamella L2 was excavated from ROI, where the misorientation along the profile 

UV was very low (<2o; see Fig. 3c and Fig. 4a). Figs. 8a,b show lamella L2 in the same 

reference frame as lamella L1 (in Fig. 5a) with the Pt leftover after detaching the manipulator 

needle (arrow M) located on the bottom left. LAGB’s, though faint, are recognizable in the BF- 

TEM image in [001] zone axis (e.g., LAGB-2 and LAGB-3 are marked by arrows in Fig. 8b). 

The poor contrast across the LAGB’s implies (and supports) low misorientation across them. 

Small inclusions (marked “I” in Fig. 8b) are also noted along some LAGBs in this lamella (L2). 

TEM images of LAGB-2 and LAGB-3 in [001] and [112] zone axis, respectively, are 

presented in Figs. 8c and 8d. These low magnification TEM images allow us to visualize the 

trace of the LAGB’s in the FIB lamella (kinematic reference frame) vis-à-vis extension (X) 

direction. Unlike the trace of LAGB-1 (lamella L1; Fig. 5) that is straight (linear) and made a 

low angle with X direction, traces of LAGB-2 and LAGB-3 (lamella L2) are curvilinear and 

oriented at a relatively higher angle to X. Whilst the trace of LAGB-2 is oriented at a very high 

angle to X (angle  varying between 87°- 61°), the trace of LAGB-3 is oblique to it ( varying 

between 66°- 34°). Both LAGB’s have striped patterns (Fig. 8c,d), which are finer compared 

to the pattern along LAGB-1 (Fig. 6a; lamella L1). These nano-stripes help in identifying a 

visible subgrain boundary zone that is apparently thinner than the LAGB-1. 
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HRTEM imaging of LAGB-2 with [112] zone axis followed by FT analysis show 

double reflection for (1̅31̅), which yields a misorientation angle () of 0.9° (Supplementary 

data-3). This fits well with the ca 1° misorientation noted along the misorientation profile in 

parts of the ROI (Fig. 3c). The HRTEM image of LAGB-2 is replete with domains of varying 

contrast, some linear bands parallel to [1̅1̅1], as well as blurred contrast (Supplementary data-

3a). IFT and Bragg filtering of the image with (1̅31̅) and (13̅1) reflections reveal that these 

features are on account of dislocations (Supplementary data-3b to 3e). The dislocation density 

() is calculated to be 6.4x10-3 dislocations/nm2. HRTEM imaging of the LAGB-3 with [112] 

zone axis also shows domains of blurred contrast and linear bands (Supplementary data-4a). 

The FT image and Bragg filtering of the HRTEM image with (111̅) and (1̅1̅1) reflections shows 

that LAGB-3 has a denser network of defects (dislocations) (Supplementary data-4b to 4d) as 

compared to LAGB-2 (Supplementary data-3). The dislocation density for LAGB-3 is 

calculated to be 1.5 x 10-2 dislocations/nm2. 

6. Discussion

Our study has brought out interesting details related to orientation of trace of LAGB 

vis-à-vis X direction, dislocation density and nanostructures. The results can be exploited to 

better understand how nanostructures relate to shear strain at LAGB’s, and thus open up further 

avenues of research such as numerical simulations of microstructures and forward modelling 

of microstructure development. These aspects are discussed in the present section. It may be 

noted that, although the data discussed here are for magnetite, similar implications can be 

expected for other minerals as well. 
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6.1. Shear strain along LAGB’s in the kinematic reference frame 

Our study shows the importance of LAGB orientations in the kinematic reference frame 

(XZ), and the nanostructures that develop in their vicinity in magnetite. The sense of shear in 

the studied BIF thin section is dextral and the elongation direction of the magnetite grain is 

parallel to the X direction (Fig. 2d). The trace of LAGB-1 (lamella L1) is straight (linear) and 

makes an angle () of 4° with the X direction (Fig. 9a). Angular shear () along the LAGB can 

thus be calculated to be 86°, which yields a shear strain,  (= tan) of 14.3. On the other hand, 

traces of LAGB-2 and LAGB-3 (lamella L2) are curvilinear.  for trace of LAGB-2 and X-

direction varies between 87o and 61o. Hence  along LAGB-2 varies between 3o and 29o, which 

yields  of 0.05-0.55 (Fig. 9b).  for the trace of LAGB-3 varies between 66°-34°;  is 

calculated to be 24°-56°, and hence  is 0.44-1.48 (Fig. 9c). These calculations reveal that under 

the observed dextral shearing, the grain boundaries oriented at a lower angle to the X direction 

undergo greater shear strain than those at a high angle. Thus, empirically, LAGB-1 < LAGB-3 < 

LAGB-2 , and hence, LAGB-1 > LAGB-3 > LAGB-2. These considerations taken from the “in-plane”

FIB lamella in magnetite are in agreement with the dextral shear sense determined from quartz 

CPO in the same XZ thin section (Fig. 2). This also implies that the magnetite and quartz were 

subjected to the same deformation. 

6.2. Dislocation density vs. shear strain at magnetite LAGB 

It was mentioned earlier (section 3) that the KAM map (Fig. 3b) is a well-known gauge 

of microscale deformation and the location from where FIB lamella L1 and L2 were excavated 

is shown in the inset of Fig. 9a. It is obvious from the KAM map that the LAGB’s are 

represented by high KAM values. Additionally, it is also known that KAM and geometrically 

necessary dislocation (GND) density are interdependent thus implying that LAGB’s in 

magnetite with high KAM value also have high GND density (e.g., Moussa et al., 2015; Kundu 
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et al., 2020). However, it is from the TEM data and the dislocation density calculations 

presented above that we are able to observe and unequivocally establish that the orientation of 

LAGB, shear strain and dislocation density are inter-related. 

The present study helps establish a positive relation between shear strain () and 

dislocation density (). There are large numbers of dislocations in the vicinity of LAGB-1 

(lamella L1) and  is calculated to be in the order of 10-1 dislocations/nm2 (Fig. 7; also see 

supplementary data-2). Further, as discussed above (section 7.1), the shear strain () is 14.3 

(Fig. 9a). Compared to the LAGB-1 (lamella L1), the LAGB-2,3 (lamella L2) have fewer 

dislocations and a lower  (Supplementary data-3,4). For LAGB-2,  is of the order of 10-3 

dislocations/nm2 (Supplementary data-3b) while LAGB-2 varies between 0.05-0.55 (Fig. 9b).  

for LAGB-3 is of the order of 10-2 dislocations/nm2 (Supplementary data-4b) while LAGB-3 

varies between 0.44-1.48 (Fig. 9c). Our data shows that there is a difference of an order of 

magnitude in the dislocation density between the three LAGB’s. Since, both the FIB lamella 

investigated here (L1 and L2) are ~50 nm thin, the variation in such orders of magnitude in 

dislocation densities of the different LAGB’s cannot be attributed to thickness variations of 

thin film, and we infer that strain is the critical parameter for this. The empirical evidence 

presented in this study on magnetite clearly shows that there is a positive correlation between 

grain boundary trace orientation vis-à-vis X-direction of strain ellipsoid, shear strain and 

dislocation density. For LAGB-1 > LAGB-3 > LAGB-2, the dislocation densities are LAGB-1 > LAGB-

3 > LAGB-2. The shear strain rate (̇) is related to the dislocation density, the Burger’s vector 

(b), and the velocity of dislocation (v) by Orowan’s equation (̇ = bv) (e.g., Davoudi and 

Vlassak, 2018; also see Karato, 2008). Accordingly,  increases with ̇ (= t), implying 

dislocation density is directly proportional to shear strain. Even in the case of recovery, where 

dislocation motion is considered to glide in a “jerky” fashion (spurt-like dislocation motion) 
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following the Bailey-Orowan equation, there is a positive correlation between strain and 

dislocation density (Ojediran and Ajaja, 1988). Also, in metals that undergo dynamic recovery 

during hot and cold compression, the dislocation density has been reported to increase with 

strain (Yamaguchi and Yonemura, 2021). In light of the above cited previous works in 

materials science, our inference of the positive correlation between  and  for the LAGBs in 

magnetite is justified (see section 7.3 for further discussion and validation of this from 

numerical simulations in halite). 

Apart from the above, our TEM investigation also reveals that the LAGB’s in magnetite 

are marked by stripes (identified as dislocations from FT and Bragg-filtering; see section 5), 

thus defining a subgrain boundary zone of various apparent thicknesses (Figs. 6a for LAGB-1; 

Figs. 8c,d for LAGB-2,3). Amongst the three LAGB’s investigated here, LAGB-1 (Lamella 

L1) has the maximum  and  and is characterized by a relatively thick striped subgrain 

boundary zone as compared to the other two LAGB’s (Lamella L2), which have lower  and 

. Although the LAGB inclination in 3D can influence its 2D appearance on the thin film (FIB 

lamella), the dislocation density is independent of the inclination. Therefore, considering all 

the above empirical observations, we are inclined to raise a scientific question that can be 

debated in future “are LAGB’s analogous to zones of strain localization?”. The latter are 

manifested at all scales (Poirier, 1980) - in the field as mesoscopic scale shear zones (e.g., 

Ramsay and Huber, 1983) and under the microscope as microscale shear zones characterized 

by shear bands, oblique grain shape fabric etc. (e.g. Passchier and Trouw, 2005) or sometimes 

even as shear bands within crenulation cleavage zones (Mamtani et al., 1999). Fig. 9d is a 

schematic representation of an outcrop scale structure that structural geologists commonly 

encounter in the field. It shows a field foliation that curves into a zone of strain localization 

(shear zone). Thus, the shear strain () increases towards the zone of strain localization, as the 
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angle between the foliation and the shear zone decreases; this is similar to the empirical relation 

noted for angle between LAGB’s and  (Figs. 9a-c). It is interesting to note that (a) mesoscopic 

zones of shear/strain localization are known to be associated with strain hardening that causes 

them to thicken (e.g., Means, 1995; Vitale and Mazzoli, 2008) and (b) at the microscopic scale, 

strain hardening is a result of increased dislocation density (Nicolas and Poirier, 1976; Graça 

et al., 2008). Therefore, the greater apparent thickness of grain boundary zone at LAGB-1 and 

its higher dislocation density, as compared to the other two LAGB’s maybe a manifestation of 

varied intensities of strain localization and related strain hardening. This needs further 

investigation. 

6.3. Dislocation density vs. orientation of LAGB – support from numerical modelling 

It has been shown that LAGB-1 < LAGB-3 < LAGB-2 and LAGB-1 > LAGB-3 > LAGB-2. In 

order to test this, we further postprocessed and analysed the numerical simulations of 

deformation of halite polycrystalline aggregates presented in Gomez-Rivas et al. (2017), in 

order to study the relationship between LAGB and the predicted dislocation density. Halite was 

chosen because it (a) also belongs to the cubic crystal system like magnetite, (b) also undergoes 

slip on {110}, {100} and {111} planes (Gomez-Rivas et al., 2017) like magnetite (Charpentier 

et al., 1968; Hennig-Michaeli and Siemes, 1975, 1982, Banfield et al., 1994; Lindquist et al., 

2015) and (c) is numerically very well investigated (e.g. Gomez-Rivas et al., 2017). Moreover, 

halite has been extensively studied as an analogue for the deformation and recrystallization of 

other minerals (e.g. Guillope & Poirier, 1979; Drury and Urai, 1990; Trimby et al., 2000; 

Linckens et al., 2018). The numerical simulations were carried out using the full-field crystal 

viscoplastic approach based on the fast Fourier transform that simulates dislocation glide 

(VPFFT; Lebensohn and Rollet, 2020), integrated into the software platform ELLE (Piazolo et 

al., 2019). Details of the modelling approach can be found in Gomez-Rivas et al. (2017). The 
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initial microstructure with a random distribution of crystal orientations (Fig.10a) was subjected 

to dextral simple shear deformation until a shear strain of =1. In order to compare the influence 

of dynamic recrystallisation on the final microstructure, two simulations were developed: one 

including recovery and polygonization (called recovery) and another simulation affected only 

by dislocation glide (called no_recovery). Figure 10 shows the section of the grain boundary 

network and crystal orientation of the microstructures, where the horizontal is X. As shown in 

Fig. 10, the implementation of recovery and polygonization reduces intracrystalline 

heterogeneities, and thus misorientation, inside grains (see comparison of figures 10b and 10c). 

In order to investigate the relationship between LAGB and the dislocation density predicted by 

the model, six grains were selected (grains A to F in Fig 10). We measured the angle H between 

the LAGB’s and X (the horizontal direction) of these halite grains and calculated the 

dislocation densities () across these LAGB’s using ELLE-VPFFT software; the reader is 

referred to Llorens et al. (2016) for details. Plots of dislocation density fields for individual 

grains in the no_recovery and recovery simulations are shown in Supplementary data-5, 

respectively. These plot fields were done using the texture calculation toolbox MTEX 

(http://mtex.googlecode.com; Bachmann et al., 2010). Figure 10d,e shows that in our 

numerical experiments, LAGB’s with low H have high , thus supporting the observations in 

the magnetite LAGB’s observed under TEM. 

6.4. Slip systems in magnetite and their relation to LAGB orientation 

There are several past studies that have focused on evaluating the dominant slip systems 

in experimentally deformed magnetite (e.g., Charpentier et al., 1968, Hennig-Michaeli and 

Siemes, 1975, 1982; Muller and Siemes, 1972). A few experimental studies have also dealt 

with microstructures and magnetite slip systems (e.g., Banfield et al., 1994; Till and 

Moskowitz, 2014; Lindquist et al., 2015). These experimental studies have established that the 
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dominant slip in magnetite occurs along {111} , {100} and {100} planes. In contrast, the

present TEM investigation is done on a naturally (tectonically) deformed magnetite grain in 

the BIF sample. Our study reveals that the LAGB-1 (lamella L1) is oriented sub-parallel to 

[311̅] direction (Figs. 6, 7). On the other hand, the LAGB-2,3 in lamella L2 are oblique to the 

crystallographic direction (Supplementary data-3,4). The orientation of principal stresses 

relative to crystallographic orientation in a grain is known to exert an important control over 

the activation of magnetite slip systems (Till and Moskowitz, 2014). Since the lamellae in the 

present study have been excavated parallel to the XZ reference frame of the strain ellipsoid, we 

have useful information about the orientation of each investigated grain boundary with respect 

to the crystal lattice directions as well as the X direction. Hence, we can also relate each 

segment of a particular grain boundary in an HRTEM image with the kinematic reference 

frame. In the case of LAGB-1 (lamella L1), it is not only at a low angle to X direction (section 

7.1) but also is sub-parallel to a lattice plane, and as discussed above (section 7.2), has a higher 

dislocation density (in the order of 10-1 dislocations/nm2). Conversely, the LAGB-2,3 are 

oriented at a higher angle to X (as compared to LAGB-1; section 7.1), are oblique to the lattice 

plane, and have a lower dislocation density (in the order of 10-2 to 10-3 dislocations/nm2). Our 

empirical observations, therefore, indicate that the orientation of the grain boundaries with 

respect to the lattice planes may also be an important parameter that could control the 

dislocation density, an aspect that has been supported by numerical simulations as well (section 

6.2). Finally, we would like to state that these results hold considerable promise for future 

scope of micro-/ nano- structural research, where TEM data from a tectonically deformed 

mineral could be integrated with experimental results to further analyze Burgers vector and slip 

systems, and relate these to the kinematic reference frame. 
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7. Conclusions

Most previous studies of grain boundaries and nano-structures under TEM have 

normally been conducted in thin films that were excavated perpendicular to the plane of view. 

However, structural geologists prefer to look at microstructures under the petrological as well 

as scanning electron microscope in rock thin sections that are prepared parallel to the kinematic 

reference frame (XZ of the strain ellipsoid). There are only very limited studies that have 

explored the possibility of excavating thin films parallel to the plane of view, particularly 

parallel to the kinematic reference frame of tectonically deformed rocks. This is important to 

better appreciate kinematics and relate structures from the hand-specimen (macroscopic scale) 

through microscopic scale (light microscope and SEM) to the nano-scale (TEM) keeping full 

track of the extension direction (X) in the kinematic reference frame. We have filled this lacuna 

through the present paper by excavating in-plane site specific FIB lamella from kinematic 

reference frame of magnetite hosted in BIF thin section. The elaborate modus operandi 

presented allows replication of the methodology by any interested structural geologist keen to 

work on nanostructures, which is an aspect that was missing in previous studies. 

The procedure involved the following steps – (1) preparation of a BIF rock thin section 

parallel to the kinematic reference frame (XZ); in our study the latter was identified from AMS 

studies, but in rocks containing stretching lineations and foliations, it can be recognized based 

on field data (2) SEM-EBSD analysis of magnetite and quartz grains in the thin section (3) 

recognition of strained areas and LAGB’s within magnetite and the identification of ROI for 

site-specific TEM studies (4) “in-plane” FIB lamella excavation from the region of interest 

from the plane of view of the rock thin section (5) TEM investigation of nanostructures at 

LAGB’s in the “in-plane” FIB lamellae. The modus operandi, though time-consuming and 

elaborate, provides the best possibility to investigate nanostructures in minerals in the 
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kinematic reference frame. The critical aspect is that we kept track of the X direction in the 

plane of view (XZ) at each stage of analysis. Hence, the present TEM investigation brings to 

light several empirical relations between trace of the grain boundary, its angle () with X 

(elongation) direction of strain ellipsoid, shear strain () and dislocation density () for the 

three investigated magnetite low angle grain boundaries (LAGB-1, LAGB-2 and LAGB-3). 

Following are the important conclusions from the study. 

a. Data for LAGB-1, LAGB-2 and LAGB-3 in the magnetite indicates LAGB-1 < LAGB-3 <

LAGB-2, LAGB-1 > LAGB-3 > LAGB-2 and LAGB-1 > LAGB-3 > LAGB-2. These empirical

relations imply increase in shear stain and dislocation density in the vicinity of magnetite 

LAGB with reduction in the angle between LAGB and the extension direction of strain.  

b. The empirical observations from magnetite in the BIF sample are supported and validated

by full-field numerical simulations of polycrystalline halite, where the dislocation density 

is observed to increase with the decrease in H (angle between halite LAGB and shear 

plane).  

c. The spatial geometry of grain boundaries vis-à-vis principal strain axes and lattice planes

in natural tectonically deformed rocks can be an important factor that can control 

dislocation density build-up. 

d. Structural Geologists commonly collect oriented field samples and prepare oriented thin

sections, where the kinematic reference frame can also be related to the geographical 

reference frame. The modus operandi presented in this study provides a possibility to 

excavate “oriented site-specific in-plane” FIB lamellae from a mineral so that 

nanostructures under TEM can be investigated not only in the kinematic reference frame, 

but also related to the geographical reference frame.  
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Compared to level of TEM studies that are common in materials science, the studies on earth 

materials are rather limited, often due to their fine-scale heterogeneity (Lee, 2010). Despite 

FIB method being in vogue for several decades now, not many geoscientists have explored 

looking at structures in rock thin films, and hardly anyone to date has tried to relate 

nanostructures with LAGB geometry and dislocation density in a thin film prepared parallel to 

the kinematic reference frame. This study is the first attempt, and as briefly summarized by 

Mamtani et al. (2022) and Mamtani (2023; in-press), we believe that it holds considerable 

promise to further look at different nanostructures and characterize them under different 

imaging conditions, just like is commonly done by materials scientists. We envisage that 

similar to materials sciences, the knowledge of nanostructures at grain boundaries in minerals 

could be useful to better understand their control on physical properties and rheology of the 

host rock. Some grain boundaries in metals are even known to be locales of formation of fatigue 

cracks (e.g., Sangid et al., 2011; Li et al., 2016). Thus, in geosciences, TEM studies of site-

specific “in-plane” FIB lamella excavated from across different types of grain boundaries can 

enhance our understanding of nanoscale processes. This is also expected to assist in forward 

modelling of ductile-to-brittle deformation from the nanoscale to the macroscale. 
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Appendix-1: SEM-EBSD measurements – acquisition and data processing 

In the present study, SEM-EBSD analysis of quartz and magnetite was performed in the BIF 

rock thin section that was polished for 6 hours with non-crystallizing colloidal silica solution. 

Subsequently, the thin section was coated with 5 nm carbon before loading it into the SEM 

chamber. EBSD patterns were acquired at 30 kV accelerating voltage, 1.49 x 10-6 mbar system 

vacuum, and 17 mm working distance using Carl Zeiss Auriga Compact FEG-SEM fitted 

with NordlysMax2 EBSD detector (Oxford instruments, UK) housed in the Central Research 

Facility (CRF, IIT Kharagpur, India). Quartz and magnetite crystallography data were acquired 

automatically using AZtecHKL (Oxford instruments, UK). Acquired data were processed 

using the software AZtecCrystal (Oxford Instruments, UK). Post processing involved a low 

level noise reduction, preparation of Inverse Pole Figure (IPF) and Kernel Average 

Misorientation (KAM) maps and pole figures (lower hemisphere equal area projections) of 

quartz c-axis {0001}, quartz a-axes {112̅0}, as well as magnetite crystal axes viz. {100}, {110} 

and {111}. Whilst the quartz CPO were used to verify the kinematic reference frame (XZ of 

the strain ellipsoid; see section 2), the magnetite IPF and KAM maps were used to identify the 

large magnetite grain for TEM investigation (following lamella excavation using FIB; see 

section 3). Several misorientation profiles were prepared from the selected magnetite grain and 

eventually the profile UV (Fig. 3a-c) was selected because of several subgrain boundaries along 
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it. This helped identify the exact region of interest from which “in-plane” site-specific FIB 

lamella L1 and L2 were excavated for TEM investigation. 
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Figure Captions 

Figure-1: (a) Hand specimen of the BIF sample (Norway) investigated in this study. The 

vertical banding defines the foliation in the specimen. AMS analysis of a cube (b) prepared 

from the hand specimen was carried out to identify the three principal axes of the AMS ellipsoid 

(K1>K2>K3). The latter are plotted in the lower hemisphere equal area projection in (c) and for 

easy visualization are also superimposed on the cube in (b). The AMS data indicates that in the 

specimen reference frame, the magnetic foliation (K1K2 plane) is vertical (parallel to the 

banding shown by dashed line in Fig. 1b) and the magnetic lineation (K1) is horizontal. (d) 

Photomicrograph (partially crossed polarizers) documenting the banded character of the BIF 

sample in a rock thin section prepared parallel to the K1K3 plane of the AMS ellipsoid. The 

dark minerals are magnetite and these layers alternate with quartz bands (lighter in colour). The 

bottom of the rock thin section below the marker line OP was chosen for further investigation. 

Figure-2: (a) Forescatter detector (FSD) image of the broad area of BIF thin section showing 

bands of magnetite rich layers (light) and quartz (darker). The image is from the bottom part 

the thin section (below marker line OP in Fig. 1d). Arrow points to a magnetite grain that has 

been the focus of the present investigation. (b) Inverse pole figure (IPF) map of quartz from 

the entire thin section area of (a); boxed area marks the magnetite grain that was shown by 

arrow in (a). Note that the thin section is parallel to K1K3 reference plane of AMS ellipsoid, 

which is shown in (a) and (b) and the banding (foliation) trace defines the K1K2 (magnetic 

foliation) trace. (c) Lower hemisphere equal area projection of quartz CPO (c- and a- axes) in 
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K1K3 reference frame. The vertical line is the magnetic foliation trace (K1K2). The quartz CPO 

indicates dextral shearing with basal<a> and rhomb<a> being the dominant slip systems. This 

establishes the parallelism between the AMS ellipsoid (K1>K2>K3) and strain ellipsoid 

(X>Y>Z), thus indicating K1K3 section is parallel to the kinematic reference frame, henceforth 

referred as XZ section in (e) and (f) as well as subsequent figures. (d). IPF map of magnetite 

in the same thin section area as in (b). EBSD data acquisition for this entire frame was done at 

5 m step size. (e) Lower hemisphere equal area projection of magnetite crystallographic axes 

viz. {100} and {110}. (f) Forescatter detector (FSD) image of the magnetite showing presence 

of some orientation contrast parts of the grain (shown by white arrows). 

Figure-3: (a) and (b) are, respectively, the inverse pole figure (IPF) and kernel average 

misorientation (KAM) map of the magnetite investigated in detail in this study. UV marks the 

line along which crystallographic misorientation profile was prepared from IPF map data, 

which is shown in (c). The same profile line (UV) is also shown in the KAM map (b), for 

reference. ROI and ROM in (c) represent region of interest and region of microcracks, 

respectively. The ROI comprises low angle grain boundaries (LAGB’s); locations of FIB 

lamella L1 and L2 are shown. See text for detail description. (d) SE image of the magnetite 

documenting the ROM and the absence of detectable microcracks in the ROI. 

Figure-4: (a) Documentation of initial step of in situ lift out (INLO) FIB lamella extraction 

from ROI within magnetite in the BIF rock thin section. (a-i) 3D schematic representation of 

the plan view of BIF thin section and the magnetite grain in the kinematic reference frame. The 

plan view is XZ section while the banding is the trace of XY plane (X>Y>Z are the three 

principal axes of the strain ellipsoid equivalent to K1>K2>K3 principal axes of the AMS 

ellipsoid). (a-ii) Plan-view (XZ reference frame) visualization of the IPF map from EBSD data 
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of the magnetite grain selected for detailed investigation. The ROI lies within the dashed box. 

The first step of INLO FIB lamella extraction is to deposit platinum straps on the area to be 

excavated. The platinum straps marked L1 and L2 mark FIB lamella 1 and 2, respectively in 

(a-iii). As shown in the inset in a-iii, these two lamella are from the ROI (dashed box) 

containing the LAGB’s. Two additional areas were also covered by platinum straps (bk1 and 

bk2) the reason for which is explained in the text (section-4). (b) SEM images documenting 

the INLO FIB lamella extraction parallel to the plane of view (XZ section) of L1 (b-i) and L2 

(b-ii). In both the images the arrow “M” on the bottom left marks the point of 

attachment/glueing (with platinum) between the tungsten needle (marked TN) and the 

excavated FIB lamella. After each INLO, each lamella was mounted on respective copper grids 

for further thinning. The view of the ROI in the thin section after “in-plane” FIB lamella 

excavation was completed is presented in b-iii.  

Figure-5: (a) SEM image of magnetite FIB lamella L1 fixed on a two post copper TEM grid 

showing the low angle grain boundary (LAGB-1; marked by white arrow). “M” on bottom left 

marks the position where the tungsten needle was glued with platinum to lamella L1 during 

excavation. The image is in the XZ reference frame. Inset: IPF map of the ROI within the 

magnetite grain that contains the LAGB-1. (b) Bright field image of LAGB-1 that is marked 

by arrow in (a). Box in (b) demarcates the area for which HRTEM images are presented in Fig. 

6.

Figure-6: (a) HRTEM image of LAGB-1 from the boxed area shown in Fig. 5b. LAGB-1 is 

marked by stripes; dashed box demarcates the striped region of LAGB-1 that is further analysed 

in Fig. 7. Boxes marked (b) and (c) on either side of LAGB-1 enclose the area for which Fourier 

transformation (FT) images were prepared. (b) and (c) are the respective FT images prepared 



43 

using Inorganic Crystal Structure Database (ICSD 26410) with miller indices for cubic (spinel-

type) Fe3O4 in [114] zone axis. FT for the same miller indices and zone axis for (a) is presented 

in (d). Note the presence of double reflection in (d). (e) is the magnified image of the double 

reflection, which is caused by rotation at the grain boundary.  Rotation angles of 4.9° () and 

4.2° () are determined at (22̅0) and (13̅1), respectively. 

Figure-7: (a) High magnification HRTEM image of the striped region at the magnetite LAGB-

1 that was enclosed in the dashed box in Fig. 6a. (b) Inverse Fourier Transformation (IFT) of 

the HRTEM image in (a) coupled with Bragg filtering using (2̅20) and (22̅0). Note the presence 

of several defects (dislocations) in these lattice planes, which causes stripes at the LAGB-1. 

Inset in (b) is the magnified Bragg filtered image of the boxed area showing dislocation. The 

calculated dislocation density () in the vicinity of LAGB-1, is of the order of 10-1 

dislocations/nm2. See supplementary data-1 and text for details. 

Figure-8: (a) SEM image of magnetite FIB lamella L2 fixed on a copper TEM grid. “M” on 

bottom left marks the position where the tungsten needle was glued with platinum to lamella 

L2 during excavation. The two dark spots are micro-holes that developed during FIB thinning. 

The image is in the XZ reference frame. Lamella L2 was extracted from the ROI that contains 

LAGB’s with < 6o misorientation (see Fig. 3 and section 3 for description). The IPF map 

prepared from EBSD data of the ROI containing LAGB-2,3 is shown in the inset. (b) Bright 

field TEM image of the lamella L2 with [001] zone axis. The lamella contains subgrain 

boundaries of different orientations viz. LAGB-2 and LAGB-3. Some inclusions of another 

phase, marked “I”, occur at these LAGB’s. (c) and (d) are TEM images showing curvilinear 

geometry of magnetite subgrain boundaries in FIB lamella L2 taken in bright field with [001] 

and [112] zone axis, respectively.  White and black triangles, respectively, mark LAGB-2 and 
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LAGB-3 in (c) and (d). Long white arrows in (c) and (d), respectively, point to areas of HRTEM 

images shown in Supplementary data-3 (SD3) and Supplementary data-4 (SD4). Note the 

presence of bending contours (as loop-like broad lines) in b-d that stem from the local bending 

of the thin lamella during the thinning process. 

Figure-9: Schematic diagrams (a-c) documenting the relation between orientation of LAGB 

trace in the XZ reference frame of the FIB lamellae, shear strain and dislocation density.  = 

angle between the grain boundary trace and X direction;  = angular shear;  = tan  = shear 

strain;  = dislocation density with unit dislocations/square nanometer (dis/nm2). (a) represents 

the LAGB-1 in Lamella L1, while (b) and (c) represent LAGB-2 and LAGB-3 in Lamella L2. 

Inset in (a) is the kernel average misorientation (KAM) map of magnetite marking the areas 

from where  the FIB lamellae L1 and L2 (white arrows) were excavated (compare with Fig. 

3a-c). (d) Schematic diagram showing a field foliation curving into a zone of strain localization 

(shear zone). The shear strain () increases towards the zone of strain localization, as the angle 

between the foliation and the shear zone decreases; this is analogous to increase in shear strain 

Figure 10: Microstructure simulation and numerical modelling of halite polycrystals following 

Gomez-Rivas et al. (2017). (a) EBSD crystal orientation map of initial microstructure. EBSD 

crystal orientation maps of simulations performed on the latter at shear strain = 1, without 

recovery (i.e., only viscoplastic deformation) and with recovery, are shown in (b) and (c), 

respectively (see simulations SGC0 and SGC10 from Gomez-Rivas et al., 2017). The trace of 

the shear plane is horizontal and the shear sense is dextral. The addition of recovery reduces 

the internal misorientation (Gomez-Rivas et al., 2017), thus reducing the formation of LAGB. 

6 grains are selected for a more detailed analysis (from A-F), and their dislocation density maps 
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are shown in Supplementary data-5. (d) and (e) are graphs of the measured dislocation density 

in halite across the LAGB and the angle between the LAGB and X direction () for the 6 

selected grains in the simulations with no-recovery and with recovery, respectively. Note that 

the dislocation density in the numerical simulations tends to increase as  reduces, which is 

similar to the inference from TEM data of magnetite in the BIF sample (Fig. 9). 
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