ational Insttue ofScience Commuication nd Polcy Research

Hugamsane:

Indian Journal of Geo Marine Sciences
Vol. 51 (11), November 2022, pp. 918-929
DOI: 10.56042/ijms.v51i11.3509

Application of liberation analysis in ferromanganese encrustations from South
Andaman Sea: An automated mineral identification technique using TIMA

R V Manoj*?, P R Rajani®, M Girish Kumar®, B Gopakumar®, R K Joshi® & S Resmi"

*Geological Survey of India, Pandeshwar, Mangalore, Karnataka — 575 001, India
®Geological Survey of India, Seminary Hills, Nagpur, Maharashtra — 440 006, India
‘Geological Survey of India, CHQ, Kyd Street, Kolkata, West Bengal — 700 091, India
4Geological Survey of India, Jhalana Doongri, Jaipur, Rajasthan — 302 004, India
‘Geological Survey of India, Bhopalpani, Dehradun, Uttarakhand — 248 008, India
{Geological Survey of India, Aliganj, Lucknow, Uttar Pradesh — 226 024, India
*[E-mail: manoj.rv@gsi.gov.in]

Received 07 June 2021, revised 22 November 2022

Automated scanning electron microscopic studies got wide acceptance in identification of various mineral phases; its
classification and characterization based on their composition and abundance in semi quantitative manner. Nowadays, these
techniques are adopted in understanding various poorly crystalline and amorphous materials to reveal the actual mineral
assemblages. Primary mineral phases of five ferromanganese crust and nodule samples collected from West Sewell Ridge
and Sewell Rise in South Andaman Sea are studied using automated mineral analyser to understand the mineral assemblages
and their micro textures. The internal morphology of these encrustations is densely parallel to sub parallel micro botryoidal
textures indicating colloidal precipitated origin from ambient seawater. Since crust and nodules are formed by colloidal
precipitation, unclassified materials observed in primary phase analyses may represent the presence of poorly crystalline and
amorphous ferromanganese colloidal phases. The liberation analysis, Back Scattered Electron image (BSE), Energy
Dispersive X-ray Spectroscopy (EDS), and elemental mapping of the samples revealed occurrence of manganese - iron oxy-
hydroxides as alternate laminations/ thin layers along with detrital materials; that forms the composition and internal texture.
Major mineral phases identified from liberation analysis using TIMA are todorokite, vernadite, Fe vernadite, cryptomelane,
ferrogedrite, glauconite, Fe oxides disseminated, quartz, biotite, orthoclase, illite, plagioclase, amphibole, zinwaldite, and
romanechite. Thus, automated mineral identification using TIMA can be effectively adopted for mineral phase identification
in ferromanganese encrustations, which is rather difficult using other techniques.

[Keywords: Ferromanganese encrustations, Liberation analysis, Primary phase, Scanning electron microscope, Sewell Rise,

TIMA, West Sewell Ridge]

Introduction

In earth science, technologies like optical
microscopy, X-ray Diffraction (XRD)', Scanning
Electron Microscope (SEM), and Electron Probe
Microanalysis (EPMA) are widely utilized to identify
rocks, determination of mineral phase chemistry,
elemental mapping, and semi quantitative analysis
along with detailed petrographic studies. Although
XRD is the appropriate method for identification of
crystalline phases', determination of amorphous and
cryptocrystalline phases formed by authigenic
precipitation and other low temperature processes is
intricate using XRD. In EPMA and SEM analyses,
information regarding texture and chemical
composition of the samples are extracted by
Secondary Electron (SE) and Backscattered Electron

(BSE) imaging”®. BSE imaging along with Energy
Dispersive X-ray Spectroscopy (EDS) in SEM is
capable of determination of semi-quantitative
chemical composition of the samples. Wavelength
Dispersive Spectroscopy (WDX) in EPMA is an
enhanced technique for quantitative measurement of
the chemical composition. However, both these
techniques require manual modal calculations using
the chemical components to determine the mineral
phases. In recent years, automated scanning electron
microscopy have been used for various scientific
studies in rapid quantification and characterization of
minerals®’. Tt is a combined technique of backscatter
imaging along with four EDS detectors for highly
sensitive spectral summing, which helps in generating
mineralogical data by identification and quantification
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of mineral phases automatically using algorithms set
in based on built-in mineralogical database’.

TESCAN Integrated Mineral Analyser (TIMA) is
primarily used for automated mineral modal analysis
directed for quantitative mineral mapping®’. The mineral
distribution data are obtained by matching the acquired
spectral data with TESCAN mineral database. This
method of BSE and EDS combined high-resolution
mineral mapping using SEM were initially employed for
mineral processing and ore characterisation®. TIMA can
produce mineralogical data based on their elemental
abundance in more advanced way over the normal
scanning electron microscopic technique. Combined
high resolution primary phase mineral mapping along
with backscatter imaging and energy dispersive
spectrum are used to determine mineral assemblages in
wide range, their distribution, textures, grain size,
quantification and its association with the help of bright
phase analysis.

Many workers used various basic to advanced
techniques to understand the physical properties, texture,
morphology, mineralogy, petrogenesis, composition and
disposition of laminations' . Recently, some studies

reported extensive occurrence of ferromanganese crust
and nodules from South Andaman Sea and studied the
morphology of the ferromanganese encrustations™ ™.
Bulk chemical analyses of the samples from South
Andaman Sea showed relatively high enrichment of
Rare Earth Elements (REE), Platinum Group Elements
(PGE), and other trace elements, which are of economic
importance®*”. To identify various assemblages of
minerals in the studied sections advanced techniques
like automated mineral mapping were adopted to extract
maximum information on mineral assemblages. The
preliminary petrographic studies of ferromanganese
nodules and crust was carried out to identify texture,
type of laminations, layer disposition, and hiatus in
precipitation of the ferromanganese oxy hydroxides
under reflected light (Fig. 1).

The present study focuses on the application of
liberation analyses using TIMA for the identification of
major and minor mineral assemblages in the
ferromanganese crust and nodule samples from South
Andaman Sea. The study attempts to understand the
mineralogical assemblages by using high resolution
automated mineral mapping of the Fe Mn laminations

Fig 1 — Photographs of hand specimen of ferromanganese nodules and crust collected from West Sewell Ridge and Sewell Rise in South
Andaman Sea showing surface textures and properties such as sugary, botryoidal with current polished surfaces
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in the crust and nodules collected from southern part of
West Sewell Ridge as well as from the southern part of
the Sewell Rise in South Andaman Sea. Along with
aforementioned primary objective, present work is an
attempt to bring out the microstructures, textures,
forms of crust and nodules and their genetic
significance prevailed during the precipitation of
colloids.

Materials and Methods

Ferromanganese encrustations and nodules occur
as pavements over sediments and hard substrates in
various topographic highs in the South Andaman
Sea®'. Remotely Operated Vehicle (ROV) and Grab
sampler was deployed to obtain samples at depth
ranges between 550 m and 1450 m water depth. The
collected samples were dark brown to pitch black in
colour and show botryoidal to sugary texture with
rough to irregular surface. Surface of the
encrustations are often smoothened due to bottom
current activity present in the area. Prominent growth
layers of ferromanganese oxy-hydroxides of thickness
varying from 0.5 to 5 cm are observed in the sections.
The laminations are normally parallel, columnar and
show micro botryoidal pattern. The alternative
laminations are mainly ferromanganese oxides
representing the greyish brown to metal black colour
along with intercalations of detrital quartz grains and
bioclasts®, especially foraminifera.

For TIMA, thin sections are made on an automated
thin-section preparation machine by following standard
procedures to prepare ~30-micron thick sections, bound
by epoxy resin base on glass slide having dimension ~46
mm X 30 mm % 1.2 mm and polished. Thin sections of
the ferromanganese crust and nodules were studied
under microscope for preliminary understanding of the
micro textures.

The TESCON Integrated Mineral Analyser (TIMA)
technique is applied for selected thin section of
ferromanganese crust and nodules. TIMA is used for
automated mineralogy system for fast quantitative
analysis with combinations of BSE and EDX analyses
to identify minerals, its concentrations, element
distributions, and mineral texture properties™'’. TIMA
uses EDAX element silicon drift detectors that
increases sensitivity to light elements and maintain
stable energy resolution at very high counts. The TIMA
software used for the analyses includes new mineral
generation tools and low element detection limit using
patented pixel analysis algorithms. Instrument consists
of complete hardware integration of X-ray acquisition

and beam scanning system with mineral classification
schemes.

In area of interest, BSE analysis along with EDS
spectrum are acquired to define the grain boundaries
and compositional variations. Mineral classification
using TIMA can identify minerals by assigning
composition using EDS analysis. Analyses are done
with accelerating voltage of 15 — 20 kV and an
electron beam current of 12 nA focused to 1 um spot
size as operating conditions’. The liberation analysis
module covers the analytical location in polished
section by equally distant parallel horizontal lines
using a stated line space. The samples are analysed
under the BSE, primary phase, spectrum, elemental
mapping and line/point analysis mode; and
quantitative energy-dispersive X-ray spectroscopic
analysis are performed with an EDS system attached
to SEM for obtaining the composition and mineral
assemblage.

Results

Under reflected light in petrographic microscope,
isotropic laminations with medium to high reflectivity
were observed. The internal layers normally vary from
dense parallel to sub parallel laminations, botryoidal,
globular, mixed and stromatolitic in nature. The high
reflective layers represent the manganese rich layers that
are thick to thin continuous in nature and some are also
discontinuous. Abundant bioclasts such as foraminiferal
tests were identified in samples, where the bioclasts are
embedded and later mineralized due to enrichment of
Mn during deposition'>?. Poly nucleated concentric
growth laminae are observed in the sections. TIMA
observations reveals that the manganese - iron oxy-
hydroxides occurs as parallel layers and laminations,
cemented with silica and other detrital materials, that
together forms the micro structure and textures
representing minerals and internal morphology of
ferromanganese crust and nodules.

Ferromanganese nodules

From liberation analysis using TIMA — primary
phase model results of ferromanganese nodule (ROV
R2/2 — Fig. 2a & b) has revealed the presence of
todorokite (Mn rich phase), vernadite, Fe-vernadite as
dominant phases along with minor phases of quartz,
illite, plagioclase, amphiboles, cryptomelane and
disseminated Fe-oxides (Table 1). The detritus
minerals dominated by quartz and plagioclase
feldspar occur as intercalations with Mn and Fe
phases. The unclassified mineral phases present in the
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Primary phases

Vernadite
B Plagioclase

Fe-Vernadite
Cryptomelane

Todorokite
[Unclassified]

o Jlite ® Chromite
B Fe oxides disseminated ™ Amphibole

TIMA TESCAN

B Quartz
Albite

100 %]
TIMA TESCAN

Fig 2 — TIMA liberation analysis images of R2/2 Ferromanganese nodule: (a) Primary phase analysis image reflecting integrated mineral
mapping of the thin section with MnO rich (Todorokite) layers disposed in micro botryoidal texture and FeO rich laminations along with
detrital minerals; and (b) BSE image of the section showing compositional variation. Lighter layers depict Mn-rich and darker layers

indicate Fe rich phases

analyses may be representing the amorphous phases
of Mn and Fe oxy-hydroxide phases accumulated
during colloidal precipitation.

Elemental mapping also shows the Mn rich phase-
todorokite (Fig. 3a), Fe rich - Vernadite and Vernadite
(Fig. 3b) enriched layers as alternate bright phase
laminations; while, Si rich (Fig. 3c) and Cobalt
enriched domains (Fig. 3d) shows inference to Fe rich
layers. The internal structure of the nodule is

identified as densely laminated, parallel to sub
parallel, micro botryoidal type. The alternative Mn-Fe
oxy-hydroxides are indicated by alternate bright and
dark laminations. The Mn oxides are abundant
towards the outer rim, which represents thick layers.
The quantitative weight percentage of the sample
reveals unclassified (41.55 %), todorokite (32.41 %),
Fe-vernadite (17.1 %), vernadite (3.34 %), quartz
(2.74 %), illite (0.55 %), Fe oxides (0.22 %), and
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Table 1 — Various mineral phases identified on five ferromanganese crust and nodules samples in South Andaman Sea using
TESCON Integrated Mineral Analyzer (TIMA) technique

R2/2 6/4 10/3 RI11/2 18
Todorokite Todorokite Vernadite Todorokite Fe Vernadite
Vernadite Vernadite Fe Vernadite Quartz Quartz
Fe Vernadite Fe Vernadite Cryptomelane Glauconite FeO disseminated
Quartz Cryptomelane Todorokite Vernadite Todorokite
Illite Ferrogedrite Quartz Fe Vernadite Ferrogedrite
Plagioclase Glauconite Fe Oxides Illite Albite
Amphiboles Quartz Ferrogedrite Ferrogedrite Vernadite
Cryptomelane Biotite Zinwaldite FeO disseminated Plagioclase
FeO disseminated Orthoclase Biotite Romanechite Ilite
Ilite Orthoclase Amphibole Orthoclase
Plagioclase Illite Plagioclase
Amphibole Plagioclase Albite
Amphibole Biotite
Zinwaldite
Orthoclase
Cryptomelane

1529 0] E 42
Mosaic. CoK 10mm 10 TIMA TESCAN|

Fig 3 — TIMA elemental analysis of ROV-R2/2 Ferromanganese nodule: (a) Mn elemental mapping showing thick Mn rich layers
(Todorokite & Vernadite); (b) Fe elemental mapping image showing Fe oxide (Fe Vernadite) enrichment; (c) Si elemental map showing
bright phase images of Si rich domains; and (d) Cobalt elemental maps with Co enriched layers, which have correlation to Fe rich

laminations

plagioclase (0.19 %), respectively. From Webmineral
database preloaded with TIMA software is used for
the identification of majority of the mineral phases.
Elemental scan for six (Mn-Fe-Si-Co-Ni) elements
were shown in various RGB colour combinations with
Co and Ni having poor response; while, Si forming
prominent detrital (Fig. 4). Line scan was carried out
from inner to outer rim of the same sample, which

shows Mn-Fe-Si elements are inversely proportional
to each other and Mn enrichment is high in centre to
inner laminations compared to outer area (Fig. 5).

The Sample ROV-6/4 (Fig. 6a & b) shows major
and minor mineral assemblages: todorokite (Mn rich
phase), vernadite, Fe vernadite, cryptomelane as
dominant phases with minor presence of ferrogedrite,
glauconite, quartz, Dbiotite, orthoclase, illite,
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Fig 4 — SEM quantitative elemental maps of major elements in ROV-R2/2: (a) Mn Fe Si disposition shown in RGB colour variations
where Mn are dominant throughout the AOI; (b) RGB Mn-Fe-Co; (¢) RGB Mn-Ni Co; and (d) RGB Mn-Fe-Ni, where Co & Ni have very

minimal response compared to major phases

plagioclase and amphiboles, etc. The studied sections
of 40 pum length reflects thick Mn rich layers
exhibiting micro botryoidal texture. Mn rich layer
varies from 44 to 48 % and oxides are in the range of
41 to 44 % with minor quantities of Mg, Na, Ca, Al,
K and Si, that may represent todorokite. Another
major phase represents 31 % Fe, 15 % Mn and 42 %
oxide followed by minor Ca, Mg, Al, P and Si, which
represent Fe vernadite. SEM elemental mapping
images shows the Fe oxide and Mn rich todorokite
phase (Fig. 6c & d) where the former is enriched
compared to latter phase.

In section ROV-10/3 (Fig. 7) liberation analysis
shows the BSE and primary phase data with mineral
assemblages of vernadite, Fe vernadite, cryptomelane,
todorokite and quartz as major phases along with
minor phase of Fe oxides, ferrogedrite, zinwaldite,
biotite, orthoclase, illite, plagioclase and amphiboles,
etc. In this sample FeO forms the dominant unit
followed by alternative Mn oxide as thin fine
laminations towards the core of the nodule and vice
versa. Liberation mapping images of Fe-Mn nodule
R-11/2 (Fig. 8) reveals MnO rich todorokite layers
disposed in micro botryoidal laminations towards the



924 INDIAN J GEO-MAR SCI, VOL 51, NO 11, NOVEMBER 2022

Leaend

. Manganese K-family
[ iron K-family

. Silicon K-family

[ 1 o A 10 20 30 40 50 60 70 80 90 A’
0 2000 4000 6000 8000um

Fig 5 — SEM line scanning image from sample R2/2 inner to outer, Fe Mn laminations shows abundance of the Fe enrichment toward
inner part while Mn abundance is high in centre

a)

Primary phases

Todorokite Fe-Vernadite = Quartz Crypt
[® Chiorite - Chamosite = Goethite = Ferrogedrite = glauconite = Amphibole
/= Chromite = Plagioclase = Jiite ® Orthodlase m [Unclassified]

TIMA TESCAN|

Fig 6 — TIMA liberation mapping images of ROV-6/4: (a) primary phase analysis image reflects the integrated mineral mapping
showing MnO rich Todorokite layers disposed in micro botryoidal laminations which are dense throughout in outer and inner layers
compared to centre; (b) BSE image with alternate laminations as bright grey of Mn to dark grey Fe layers; (c) Fe oxide rich (Fe Vernadite
& Vernadite) thin laminations; and (d) elemental mapping showing Mn rich layers probably of Todorokite

core region, which are dense, while Si rich detrital ~ Ferromanganese crust

represents the non-precipitation period. Glauconite SEM images of Fe-Mn crust shows the globular-
layers in between the Mn and Fe laminations indicate ~ subrounded to rounded growth of micro-nodule with
the iron rich hydrous silicate, which might have  high Fe content. TIMA — Liberation analysis on ROV-

formed substituting the Fe Oxides. 18 sample (Fig. 9) reflects the mineral assemblages
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Fig 7 — TIMA liberation mapping images of ROV-10/3 section: Primary phase liberation analysis shows Fe enrichment with dense thin
laminations of Vernadite, Fe Vernadite, Cryptomelane, Todorokite and Quartz as major phases

Primary phases

Todorokite B Feoxides disseminated ® Quartz
| Illite B Ferrogedrite ® Orthoclase
= Albite ! Biotite

B glauconite ¥ Vernadite Fe-Vernadite
Cryptomelane Romanechite B Amphibole,
% Zinwaldite = Amphibole ® [Unclassified]

TIMA TESCAN

Fig 8 — TIMA liberation mapping images of R-11/2: Glauconite layers in between the Mn and Fe laminations indicate the iron rich

hydrous silicate, which might have formed substituting the Fe oxides

such as Fe-vernadite quartz, Fe oxides, todorokite (Mn
rich phase), ferrogedrite, albite, vernadite, amphibole,
plagioclase, illite and orthoclase, etc. The crust samples
are mainly dominated by FeO rich laminations with
associated MnO. From the liberation analysis, the Si
phase is dominant along with FeO content indicating a
continuous non-precipitation period. Bright phase
analysis of ROV-18 shows regions of enriched phases
of Mn, Fe and Si, where Fe and Si are dominant in
crust compared to nodules. The manganese oxide phase
especially todorokite and vernadite are intermixed,
which are either amorphous or low crystalline in

nature. Energy dispersive spectrum of ferromanganese
sample ROV-6/4 (Fig. 10a — c) shows the manganese
rich spectrum in semi quantitative manner using EDS
spectral analysis.

Discussion

The morphology of the ferromanganese crust and
nodules depends on the source and influx of the
colloidal solution, mineralogy, crystallinity,
depositional ~ environment, sedimentation  rate,
hydrothermal inputs, bottom water currents, substrata,
form of nucleus, age, growth rate, hiatus, and
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Fig 9 — TIMA liberation mapping images of ROV-18 section showing Fe Vernadite as major constituent with quartz as detrital materials

diagenesis. The discontinuous layers or thinning of the
particular layers may indicate the low influx of the
colloids or even a possible hiatus. The low to
intermediate reflectivity indicates Fe rich, Fe-Mn
mixed, or admixtures of other major elements. In the
saddle areas of the laminations, brecciated quartz and
other detritals are noted, which also indicate the non-
precipitation or hiatus. These primary microstructures
and textures indicate that the nodules formation was
episodic. Micro-stromatolitic growth bands and
elongated segregates in each band or lamina indicates
possible direction of growth. Multinucleated growth
laminations indicate the earlier formed nodules which
acted as a nucleus for the accretion of ferromanganese
oxides.

From detailed scanning electron microscope studies,
alternate dark and light grey colour bands represent
different depositional environments with variations in
their geochemical parameters. The bright layers
indicate Mn rich phase todorokite with intermediate Fe
laminations, and the growth structure predominantly
depends on the colloids influx and depositional
environment®. The laminations are normally parallel,
columnar and shows micro botryoidal pattern
indicating hydrogenetic origin. Some of the Mn-Fe
phases are amorphous to low crystalline that are

difficult to detect under liberation analysis. BSE and
primary phase analyses indicate two distinct growth
episodes characterized by textural and compositional
variations. The growth episodes of nodules indicate
dense todorokite phase intermixed with thin
laminations of Fe-vernadite, but towards the rim,
dominance of todorokite and Mn rich phase with
micro-botryoidal texture can be observed. Individual
laminations show compositional variations, probably
representing the depositional environment prevailed
during its formations.

Depositional hiatuses indicate that the growth of the
oxide layers is not always continuous but the period of
the hiatuses remains unknown. The lighter bands are
more enriched in manganese content along with iron,
whereas the darker bands have enriched in iron content
compared to the lighter one giving its darker shade. The
discontinuous precipitation is mainly due to the various
reasons mainly by fracture, growth, burrowing,
fluidification, or by alteration®. The detrital grains are
mostly quartz, plagioclase feldspar and clay minerals,
which mainly occur as fracture or void fillings
sometimes as continuous laminations. The episodic
changes of the colloidal precipitation cause the
elemental variations in the laminations, which can be
related to the bottom water circulation and elemental
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Fig 10 — TIMA EDS spectrum of ferromanganese sample (ROV-6/4): a, b & c shows the manganese rich phases

influx. The presence of good amount of biogenous
matter also causes the increase in rate of diagenetic
process. Variations in the microstructures of these
nodules and crusts can be related to changes in bottom
current activity, diagenesis which causes the
replacement of the bioclasts to oxide minerals and
growth rate under changing oceanographic conditions®.

From the above observations, it is clear that the
ferromanganese crust and nodules from South
Andaman Sea have formed as alternate laminations
of Fe-Mn rich layers (todorokite, vernadite, Fe
vernadite) in a mixed environment of hydrogenetic as
well as hydrothermal which is indicated by the
presence of other trace elements from geochemical
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data®. Whereas, various mineral phases and internal
morphologies are interbedded with brecciated quartz
and detrital. In ferromanganese crust multi nucleated
laminations are also identified indicating various
growth series.

Summary

i The internal morphology of the crust and
nodules varies from dense parallel to sub parallel
laminations, botryoidal, stromatolitic, multi nucleated
to globular in nature.

ii. TIMA liberation analysis along with
backscatter and elemental mapping reveals that
ferromanganese crust and nodules are composed of
Mn and Fe rich mineral, todorokite and Vernadite
inter laminated with quartz and other detritus
minerals.
1. The various mineral phases identified include
todorokite, vernadite, Fe vernadite, cryptomelane,
ferrogedrite, glauconite, quartz, biotite, orthoclase,
illite, plagioclase, zinwaldite, romanechite and
amphibole. Unclassified phases may represent the
poorly crystalline and amorphous ferromanganese
colloidal phases.

iv. Identification of mineral phases in the
ferromanganese crust and nodules by conventional
powder diffraction method is a difficult task because
of the under developed crystalline phases formed by
the colloidal precipitation of Mn and Fe
oxyhydroxides from the ambient seawater. Automated
mineral analysis by TIMA provides comprehensive
mineral classes through elemental mapping and modal
analyses, which makes it an effective methodology
for understanding the mineralogy and microstructures
of ferromanganese crust and nodules.
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