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Nanostructures

Oriented Thin Film

Structural Geology Is A Game of Scales

Mesoscopic Scale

Regional Scale Specific Problem

Hard Work

Micro Scale

(Optical Microscope)

Recrystallization

mechanism

KinematicsSi-Se relationship

Ca

Mg

Fe

Mn

Microprobe studies
(P-T Conditions)

P-T Conditions

Fluid inclusions

Relate data to an orogeny

or growth of a shield

AF

AF=Albany Fraser orogen; B=Bundelkhand block; CEA=Circum East Antartic;
CG=Congo craton; CP=Capricon orogen; CITZ=Central Indian Tectonic Zone;
IM=India Madagascar paleocontinent, including Bastar craton; E=Eastern Ghats Belt;
KH = Kalahari craton; NA=North Australian craton; MB=Mozambique Belt;
NAM=North American craton; PJ = Pinjarra orogen; SA=South Australian craton.
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Late Grenvillian
(CEA) dominated belt

Early Grenvillian
(CEA) dominated belt

Rejuvenated craton during
the Grenvillian (CEA) period

Paleoproterozoic
mobile belt

Pre-Grenvillian
(pre-CEA) cratonic terrain

Relate deformation events to

Supercontinent Cycles

Global

Scale

SEM-EBSD

NANOSCALE STRUCTURES (SEM-EBSD + TEM)

Nanostructures(TEM)

Mega-Mesostructures

Oriented Field Sample

Microstructures

Oriented Thin Section



Mega-Mesostructures
Remote Sensing/Drones/Fieldwork/Kinematics 

in the Field/AMS/Regional Structures etc.

Microstructures
Kinematics in oriented thin sections/deformation 

textures/recrystallization processes/SEM-EBSD etc.

Nanostructures
Deformation Mechanisms/TEM/dislocation 

studies/nanokinematics in oriented thin films etc.

A lot remains to be done on

Nanostructures,

Atomistic Scale Structures

& Processes in minerals 

within deformed rocks

Most Studies deal with a combination of

Megastructures

±

Mesostructures

±

Microstructures

Focus of the Present Talk

Structural Geology from the Mesoscopic to the Nanoscale 
Integrating Field, AMS, SEM-EBSD and TEM Studies



 Many structural geological investigations require kinematic 
analysis.

 Kinematic analysis/determining sense of shear has implications for 
understanding strain localization, mineralization and large scale 
tectonics.

 Quantification of vorticity is an important aspect of kinematics that 
helps evaluate the type of flow responsible for deformation (pure 
vs. simple shear). This improves understanding of deformation and 
structural evolution at various scales.

Kinematic Analysis At Any Scale Requires a Reference Frame

The Kinematic Reference Frame = XZ Section of the Strain Ellipsoid

➢ Fieldwork provides the Oriented Sample.

➢ AMS of Oriented Field Sample helps identify the XZ section (Kinematic Reference Frame).

➢ CPO analysis from SEM-EBSD studies in XZ (thin section) section gives kinematic information.

➢ TEM studies from thin films extracted from XZ sections gives nanokinematic data.

Multiscale Analysis of Deformation Structures
Integrating Field, AMS, SEM-EBSD and TEM Studies



Mica Fish
(Mamtani and Greiling, 2005; JSG)

S

Kinematic Studies in rock 

thin sections are done in

XZ reference frame

C

Quartz Oblique Grain Shape Fabric

(Mamtani  (2014; Tectonophysics)

Section 4.4.2 (Passchier, et al., 1990, p. 59)

Stretching and mineral lineations are 

commonly parallel to the X-axis of the finite 

strain ellipsoid.

---------------------------------------------------------------

Section 4.4.4 (Passchier et al., 1990, p.61)

In the absence of lineations it can be very 

difficult or even impossible to determine the 

movement direction in shear zones.

Hunting for

“Stretching Lineation” !!!



X

Z

Y

Parallel to Stretching Lineation

& 

Perpendicular to Foliation

(= XZ section of the Strain Ellipsoid)

REFERENCE FRAME

FOR KINEMATIC STUDIES

is the

XZ section (Strain Ellipsoid)

Kinematic Reference Frame in Structural Geology

No 

Stretching 

Lineation ! 

Where is the 

Kinematic 

Reference 

Frame

(XZ section) ?

XZ Section from Field Data

Stretching Lineation = X ; Field Foliation = XY



AMS Ellipsoid vs. Strain Ellipsoid in LS-Tectonites

(Quartzite from Naxos, Greece)
(Renjith, Mamtani & Urai, 2016; Journal of Structural Geology)

Foliation (XY plane)

But no stretching lineation

Magnetic Lineation

Magnetic Foliation (pole)

Field Foliation (pole)

AMS data of Peninsular Gneiss Sample

AMS Ellipsoid vs. Strain Ellipsoid in S-Tectonites

Peninsular Gneiss, Dharwar Craton (India)

(Mamtani et al., 2017; Journal of the Geological Society of India)

K1

K3

K2

K1K3 plane of AMS ellipsoid

=

XZ section of Strain Ellipsoid

K1K3 = XZ = Kinematic Reference Frame
Mondal and Mamtani

(2015; Jr. Geol. Soc. London)

Sense of Shear

fits with
Regional Kinematics



Rock Thin Section Parallel to the Kinematic Reference Frame (=XZ/K1K3)

SEM-EBSD of the mineral of interest in the Kinematic Reference Frame

Identification of Region of Interest (ROI) for TEM studies from SEM-EBSD data

TEM investigation in thin film

Nanostructures in minerals in the kinematic reference frame of deformed rocks

Modus Operandi for an integrated SEM-TEM study

Thin Film Excavation from ROI

Perpendicular / Parallel to the Kinematic Reference Frame

Plane Normal

(PN)

Thin Film 

Excavation

Mamtani et al. (2020)
Journal of Structural Geology

In-Plane

(IP)

Thin Film 

Excavation

Mamtani et al. (2023)
Journal of Structural Geology

Sharing My Experience with TEM studies of Magnetite in 

thin films Excavated using Focused Ion Beam (FIB)



Modus Operandi for TEM Studies 
(My Experience with Magnetite)

SEM-EBSD done at IIT Kharagpur (India)
(Identification of Region of Interest, ROI)

FIB+TEM done at KIT Karlsruhe (Germany)
(Thin Film Excavation and TEM imaging)+
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Oriented Thin Film excavation and TEM investigation of Magnetite from Mylonitic Schist 

(Slipsiken Shear Zone, Swedish Caledonides)

C

C′

top-to-NW sense of shear

➢ The Slipsiken Shear Zone (SSZ) is located 

close to the hanging wall of the Seve 

Nappe Complex (SNC, Sweden).

➢ SNC is composed of three major belts with 

contrasting metamorphic grades of 

eclogite, granulite, and amphibolite.

➢ Deformation of the SNC is dominated by 

simple shear.

➢ SSZ developed in garnet–micaschists 

intercalated with amphibolites and tectonic 

lenses of ultramafic rocks near Lake 

Slipsiken (Sweden).

Kontny et al. (2012; Int.J.Earth Sci.)

➢Sense of shear is top-to-NW.

➢Mylonitization of schists occurred at ≥550oC.

➢Mica schists contain pure magnetite

➢Mean Magnetic susceptibility is 97x10-3 SI units.

➢Extremely high degree of magnetic anisotropy (P>3.9)

Kontny et al. (2012; Int.J.Earth Sci.)

Grimmer et al. (2015; Geology)



X

Z

EBSD Map of Magnetite

Pole Figures - Magnetite

NWSE

Top to NW

500 µmX

Z

SEM Image

250 µm
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X

Z

Mt

C

C′

Mt

Area Selected For 

Detailed SEM-EBSD

Light Microscopy

SEM-EBSD Analysis of Magnetite in Schist 
(Slipsiken Shear Zone, Swedish Caledonides)

(after Mamtani et al., Journal of Structural Geology, 2020)

NWSE



X

Z
High Resolution EBSD Map of Magnetite

(Identifying REGION OF INTEREST - ROI)

Misorientation Profile
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Mamtani et al. (2020), Journal of Structural Geology

ROI-2

SEM Image
NWSE

NWSE



Stretching lineation (X direction)

on foliation (XY) plane

Y

PN - FIB Lamella

IP - FIB Lamella

Y

Y
Plane Normal (PN) Slicing

(Cheese & Knife Example)

Y
In-Plane (IP) Slicing

(Cheese & Knife Example)

Cheese & Knife Example
(Mamtani, 2025; Springer Book Chapter)

ROI-I

(LAGB)

ROI-II

(HAGB)

Question-1

➢ How To Excavate FIB Lamella from XZ section?

➢ Plane Normal (PN) or In-Plane (IP)?

Question-2

➢ How To Keep Track of Kinematic Reference frame 

and Geographic Orientation for the FIB Lamella?



X

Z

NW

FIB Lamella Excavation
X

Z

NW

FIB Lamella Excavation

Attaching FIB Lamella 
to Tungsten needle X

Z

NW

X

Z

NW

FIB Lamella

Excavation X

Z

NWFIB Lamella
Excavation

Attaching FIB Lamella to 

Tungsten needle

X

Z

NW

FIB Lamella Extracted

NW

Placing FIB Lamella in

FIB Lift-Out TEM Grid

NW

FIB Lamella in place on

FIB Lift-Out TEM Grid

X

Z

NW

FIB Lamella attached 
to Tungsten needle

FIB Lamella Excavation

Platinum Strap

FIB Lamella-2

X

Z

NW

Orientation of FIB Lamella in Tectonic & Geographic Reference Frame  



Thinning of FIB Lamella (50 nm) to achieve Electron Transmission 

Final Thin

FIB Lamella

Y

X

NW

Y

X

NW

NW

Slicing of Cheese with a Knife

FIB Lamella (Thin Film)

in

Geographical Reference Frame

FIB Lamella Excavation is 

PLANE NORMAL (PN), i.e., 

Perpendicular to the

Kinematic Reference Frame



Nanostructures in Magnetite – Deformation Mechanisms and Nanotectonics
(after Mamtani et al., 2020, Journal of Structural Geology) 

Magnetite

(LAGB)

Magnetite (HAGB)
Dislocation Creep in Magnetite

FIB Lamellae In Tectonic Reference Frame
(after Mamtani et al., 2020, Journal of Structural Geology) 



Translational Moiré Fringes
(LAGB)

Rotational Moiré Fringes
(HAGB)

Sense of rotation inferred 

from nanostructures is

in-sync with

regional kinematics

(top-to-NW shear sense)

Study of nanostructures under TEM in oriented FIB-lamella of minerals in rocks that can be related to 

regional tectonics and kinematics is NANOTECTONICS IN GEOSCIENCES
(Mamtani et al., 2020; Journal of Structural Geology)

NANOTECTONICS IN GEOSCIENCES
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(Norway BIF sample)

K2
K3

90270

180

N

K1

K3

In-Plane

FIB Lamella 
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(BIF from Norway)
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In-Plane (IP) Slicing

(Cheese & Knife Example)



IPF Map of Magnetite
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SEM-EBSD
(BIF, Norway)
(after Mamtani et al., 2023; JSG)

IPF Map of Magnetite
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Misorientation Profile (Magnetite)

Region of Interest

(ROI)

Region of

Microcracks (ROM)

(ROI)
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Kinematic Reference Frame Visualization in 3D
(after Mamtani et al., 2023; Journal of Structural Geology)
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Our Objective!

Excavate

In-Plane FIB-Lamella
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Y

Y

In-Plane FIB-Lamella Excavation from Magnetite (modus operandi in Liu et al., 2018, Ultramicroscopy) 

Y

Tungsten Needle (Top Right)

View from the “other side”

M

M

M
Tungsten Needle (Bottom Left)

Tungsten Needle attachment 

marking (M): Bottom Left
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M
Thinned FIB Lamella on TEM Grid

In-Plane FIB-Lamella - Attaching on TEM-Grid and Thinning

➢ Arrow “M” = Marker Position (where Tungsten needle was attached).
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d

2000 nm

X

Z

LAGB-1

(a) (b)

[114]
[ത220]

[31ത1]

NANOSTRUCTURES IN MAGNETITE UNDER TEM IN FIB LAMELLA-1

Low Angle Grain Boundary-1 (LAGB-1)

(c)

Dislocations: Evidence of Intracrystalline Deformation of Magnetite

200 nm

X

Z

Stripes at

LAGB-1



NANOSTRUCTURES IN MAGNETITE UNDER TEM IN FIB LAMELLA-2

Low Angle Grain Boundaries-2 & 3 (LAGB-2 and LAGB-3)

Dislocation Density

6.4 x 10-3 dislocations/nm2

Dislocation Density

1.5 x 10-2 dislocations/nm2



2000 nm

LAGB-1

X

Z

LAGB-2

1000 nm

I

X

Z

X

Z

NANOKINEMATICS – 2D EMPIRICAL EVIDENCE 

X

Z

 = 4o

 = 86o

 = 14.3

 = 10-1 dis/nm2

Lamella L1

 = 87o - 61o

 = 3o- 29o

 = 0.05-0.55

 = 10-3 dis/nm2

LAGB-2

X

Z Lamella L2

 = 66o - 34o

 = 24o- 56o

 = 0.44-1.48

 = 10-2 dis/nm2

X

Z Lamella L2

 = Angle between LAGB and X direction
 = Angular Shear 

 = Shear Strain

 = Dislocation Density

Dislocation Density () increases with increasing Shear Strain ()

X X X

This is analogous to strain localization towards a shear zone in the field!

Mamtani et al. (2023; Journal of Structural Geology) 
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Fig.10: Mamtani et al.
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Fig.10: Mamtani et al.

➢ ELLE-VPFFT software is used.

➢ Initial Microstructure.

➢ Random distribution of CPO.

➢ 6 grains (A-F) are selected.

➢ Dextral simple shear strain ( = 1) is applied.

Numerical Simulations Of Deformation Of Halite Polycrystalline Aggregates 
(Mamtani et al. 2023; Journal of Structural Geology) 
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Fig.10: Mamtani et al.H vs.  plot

( increases with the decrease in H) Magnetite Real Data

This example highlights the usefulness of integrating

SEM-EBSD with TEM data for Nanokinematic Analysis

➢  (dislocation density) is calculated across LAGB’s in the 6 grains.

➢ H  [angle between LAGB and X (horizontal direction)] is measured.



Lots of Fundamental Research and Papers integrating field, microstructural, SEM-EBSD and TEM

….A Lot of Multiscale Data…..BUT SO WHAT ??? 



Oriented Field Sample

Nanoscale Analysis

TEM studies of oriented thin films

Petrophysical Property Analysis

Porosity/permeability studies in oriented core

P-wave velocity and other (non-destructive) 

measurements

P-wave velocity measurement

Permeability measurement

Porosity measurement
3D-Fabric Analysis

AMS, X-ray micro-CT of oriented core

AMS analysisX-ray Micro-CT Imaging

2D-Microstructural Analysis

Petrography of oriented thin section

Digital imaging of complete thin section

Large area mapping under SEM (including In-Lens)

Microstructure quantification

SEM-EBSD

Petrography SEM-EBSD

SEM (In-Lens)

SEM
Nanoscale

(under SEM)

Nanoscale

(under TEM)

Nanoscale

(under TEM)

MULTISCALE DATA

Applied Structural Geology

➢Fluid Flow & Mineralization

➢Geothermal Systems

➢Deep Seated Nuclear Waste Disposal

➢CO2 Storage

Microscale (Optical Microscope) Microscale (SEM)

Microscale (SEM)



Multiscale Studies of Rock Structures & Application to Society Is the Future 
Granite (Hutti, Karnataka)

➢ How does alteration affect porosity/permeability and fluid flow?

➢ How does vesicle-distribution affect porosity/permeability and fluid flow?

➢ How does foliation affect porosity/permeability and fluid flow?

➢ How do petrophysical properties change with depth?

➢ How do these changes affect fluid flow and mineralization?

➢ How are petrophysical properties of granitoids related to fabric?

Future Scope is Immense
Fluid Flow & Mineralization

Geothermal Systems

Deep Seated Nuclear Waste Disposal

CO2 Storage

GeoChemFoam

Fluid Flow Modelling

Fracture Topology

Fluid Flow Modelling using PACE3D
(Chakraborty et al., 2025; Journal of Structural Geology)

PACE3D

COMSOL

Permeability Anisotropy using COMSOL
(Rai et al., 2026; Journal of Structural Geology)

Quartzite

(Gujarat)



Intellectual growth should commence 
at birth and cease only at death

Thank You For Your Attention!
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