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ABSTRACT

The Fe-rich deposits from Hakimpur (Bangladesh) are associated with a broad range of
rock types including BIF, biotite schist, quartzite and amphibolite. Geochemical analysis
coupled with petrographic studies indicates the BIF and BIF-hosted rocks were derived
from sedimentary protoliths. In the sediments, clay minerals were altered at a certain
thermobarometric condition during metamorphism: Clay (illite) — chlorite — biotite —
amphibole, which is evident from silicification, chloritization, biotitization, saussuritiza-
tion and epidotization in petrographic results. Monazite chemistry U-Th-Pb geochrono-
logical evidence indicates the deposit was affected by a single, medium-grade metamor-
phic event that occurred at 1728+28 Ma during the Basement rock’s magmatic event
activated. The metamorphic alteration was took place by the hydrothermal action or
orogenic activity due to magmatism of Palacoproterozoic basement rock occurred
surrounding the areas. The temperatures condition and oxygen fugacities obtained from
zircon and coexisting magnetite and ilmenite assemblages [677-692°C and 522—-809°C (at
107 to 10"'? f0,), respectively] are partly compatible with known crystallization condi-
tions of the dioritic basement rock in Bangladesh.
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Introduction

Precambrian banded iron formations (BIF) represent one of the
most distinctive rock types in the world and are formed from
marine chemical precipitates (Bhattacharya et al. 2007; Taner
et al. 2015). They typically comprise of >15 wt.% iron with
Fe-bearing minerals including primarily magnetite and minor
Fe-rich carbonate (siderite) finely interlayered with iron-poor
chert (Duan ef al. 2021). According to Beukes and Gutzmer
(Beukes et al. 2019), BIF is defined as “a variety of iron forma-
tion containing distinct finely laminated to thinly bedded chert

*Corresponding author’s e-mail: mehedi.mpc@gmail.com

layers that resemble bands originated in chert-bearing chem-
ical sedimentary rocks”. Based on thickness, BIF is primari-
ly categorized as macrobanded (meter-thick) to mesobanded
(centimeter-thick), while microbands (millimeter and
sub-millimeter layers) are sometimes present and these are
usually associated with episodic hydrothermal input (Kon-
hauser et al. 2017). Some iron formations are known as
granular iron formations (GIFs) composed of granular chert
and iron oxides or silicates,
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with primary diagenetic carbonate, chert or hematite cement
that fill pore space (Konhauser ez al. 2017). As a result, GIFs
lack the banding feature.

Banded iron formations can be up to several hundred meters
in thickness and extend laterally for several hundred kilome-
ters. BIF-hosted Fe-rich deposits with Fe >25 wt.%, have
typically been modified by diagenesis, metamorphism, and
migmatization, resulting in a progressive alteration in texture
and mineralogy (Klein et al. 2005). The upgraded deposits
account for more than 60% of global iron reserves and
provide most of the iron ore presently mined (Geymond ef al.
2022). Formations can be found in Australia, Brazil, South
Africa, Canada, India, Russia, Ukraine, and the United
States. Banded iron formations are variously described as
"itabarite" in Brazil, as "ironstone" in South Africa, and as
"BHQ" (banded-hematite-quartzite) or “BSF” (banded-sili-
ca-formation) in India.

Banded iron formations are almost exclusively Precambrian
in age, with most deposits dating to the late Archean
(2800-2500 Ma) with a secondary peak of deposition in the
Paleoproterozoic (1850 Ma) (Lambeck et al. 2012). Besides
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their immense economic value as the world’s primary source
of iron and steel, their study provides insightful information
regarding Earth’s pre-history, in particular providing key
chemical and isotopic information regarding the composition
and changing nature of the Earth’s hydrosphere and atmo-
sphere as well as the evolution of the Earth’s crust (Sylvestre
etal. 2015; Soh Tamehe ef al. 2021; Mloszewska et al. 2012).
While there is no generally accepted classification scheme
for BIF deposits, occurrences such as the Superior- and Algo-
ma-type BIFs in North America (Zhang et al. 2011) mostly
belong to meta-sedimentary, volcanic, sedimentary, complex
and magmatic types (Liu et al. 2014). Characteristically the
Algoma-types are associated with volcanic rocks deposited
in deep-water in the sequence of Archean greenstone belts,
whereas the Superior-types are strata-bound in fine—grained
sedimentary sequences extend over passive continental
margins (Zhai et al. 2011; Zhai et al. 2013).

Occurrences of metamorphosed BIF and BSF exist widely in
the East Indian shield, which includes parts of the states of
Bihar, Jharkand, Utter Pradesh, Odisha and West Bengal. The
iron ore deposits in eastern India near Dinajpur, Bangladesh
(Fig. 1) (Jones et al. 1934) are considered to be of volca-
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Fig. 1. (a) Location map of the Hakimpur banded iron formation deposits in Bangladesh, showing the various lithologi-
cal units and tectonic features of the Central Indian Tectonic Zone (CITZ) (Hossain et al. 2018). Here, BGB- Bara-
pukuria Gondwana Basin, BN- Bundhelkhand Craton, BC- Bastar Craton, BG- Betul Group, CGGC- Chotanag-
pur Granite Gneiss Complex, CIS- Central Indian Shear Zone, CH- Chattisgarh, DS- Darjeeling-Sikkim Himala-
ya, DT- Deccan Trap, DGB- Damodar Gondwana Basins, KG- Karimnagar Granulite Belt, M- Mohakoshal and
equivalents, R- Rajmahal Trap, SC- Singhbhum Craton, SG- Sausar Group, SMGB- Son Mahanadi Gondwana
Basins, SONA- Son Narmada Lineament, Si- Singhbhum (Paleoproterozoic), V- Vindhyan. (b) The studied bore-
holes (GDH-68 and GDH-73) in the Hakimpur in Dinajpur District are indicated
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no-sedimentary origin and recently, ironstone deposits have
been discovered in Hakimpur (Dinajpur district), Bangladesh
by the Geological Survey of Bangladesh (GSB). The region
contains the first-ever significant BIF iron ore accumulation
discovered in Bangladesh occurring as a 122 m thick
iron-rich layer at a depth of 405 m below surface and extend-
ing over an area of 6-10 km? (Angerer et al. 2015). This paper
presents the first whole-rock geochemistry, individual
BIF-hosted mineral (e.g. Fe-Ti oxide minerals, zircon, and
monazite) geochemistry and geochronology of U-Th-Pb
monazite sourced from well-preserved samples of the
Hakimpur BIFs recovered from diamond drillcores. The new
results aim to constrain the genesis and depositional age of
the studied BIFs as well as the tectonic environment from
which the BIFs were derived to provide an improved under-
standing of BIF genesis in Bangladesh.

Geological setting

Bangladesh lies in the northwest corner of the Indian subcon-
tinent at the head of the Bay of Bengal occupying the major
part of the Ganges-Brahmaputra delta, the largest of its kind
in the world in terms of sediment load carried to the ocean
(Orton et al. 1993). The geological evolution of the Bengal
Basin is related to the uplift of Himalayan Mountain ranges
to the north and northwest and the subsequent outbuilding of
a large deltaic landmass by the major Ganges-Brahmaputra
river systems originating from the uplifted Himalaya.

The long-lasting super-continental frameworks of the
Columbia and Gondwana disruption was first triggered by a
large mantle plume associated with the Kerguelen hotspot,
which is thought to have started seafloor spreading between
India and Antarctica about 132 million years ago (Davis et al.
2016). Subsequently, the Rajmahal-Sylhet Traps formed
from a single eruption with a very large diameter approxi-
mately 117-118 Ma ago (Baksi et al. 1995; Ray et al. 2005;
Talwani et al. 2016). The Bengal Basin was formed by the
collision of the Indian and Asian plates. The northwestern
part of Bangladesh (Bogra-Rangpur-Dinajpur area) was
originally connected to Antarctica, Australia and other coun-
tries along with the Indian landmass, forming the Gondwana
supercontinent in the southern hemisphere. About 110 Ma
ago, during the Cretaceous, the Gondwana supercontinent
began to breakup and India drifted north resulting in collision
between the Indian plate and the Asian plate. The collision
took place in stages beginning in the Eocene (55 Ma), when
initial uplift to produce a proto-Himalayan range occurred
(Molnar et al. 1975; Molnar et al. 1977; Curray et al. 1982).
By the late Eocene (40 Ma), the last remnant of the Tethys sea
between the Indian and Asian plates disappeared and the
newly formed depression was accompanied by further rise of
the Himalayan mountain range in the north.

Tectonically Bangladesh is divided into two major units: (i)
Stable Precambrian Platform in the northwest and (ii) Geosyn-
clinal basin in the southeast. A narrow northeast-southwest
trending Hinge Zone separates the two above mentioned units
almost in the middle of the country. The iron ore deposit in
Hakimpur is located on the Rangpur Platform/Saddle (Dinajpur
Slope) which forms the eastern continuation of the Indian
Shield as well as part of the stable platform in northwestern
Bangladesh. The Rangpur saddle formed in the hinge zone of
the basin or the basinward extension of the stable shelf. It is
composed of continental crust overlain by Cretaceous (144 to
66 Ma) to Recent sediments. The stratigraphic sequence of the
Rangpur Saddle has been established based on subsurface
drilling and geophysical data. Outside the basin area, the
crystalline basement is directly superimposed by Tertiary
sediments (Miah et al. 2002). The crystalline basement rocks
(Paleoproterozoic) in the sampling area are unconformably
covered by a thin sedimentary formation of Permian
(Lopingian) Gondwana fluvial sediments and Cretaceous to
Pleistocene sedimentary sequences exists with Recent alluvial
cover (Hossain et al. 2013).

Sampling

Two drill cores, GDH-73 and GDH-68 were examined for this
study. The locations of the two cores are shown in Fig. 1, while
detailed stratigraphic columns showing the lithological units
are provided in Fig. 2. Upper units consisted of Cenozoic age
sediments with the youngest being the Pleistocene Barind clay
unit comprising red soils dominated by clay minerals including
kaolinite, illite and chrysotile (Aftabuzzaman et al. 2013).
Beneath the Barind clay, the Dupi Tila formation is composed
of yellow to light brown, medium to very fine, moderately hard
to loose sandstone, siltstone, silty clay, mudstone and shale
with some conglomerates with clasts of petrified wood. This
unit represents the fluvial plain deposition, following the delta
filling of the basin. The next oldest unit is the Jamalganj forma-
tion and consists of deltaic sandstone, shale and siltstone,
which is above the Kopili formation, and composed of dark
grey to black fossiliferous shale with a few limestone beds. The
Kopili formation unit marks the end of open marine conditions
of deposition (Alam et al. 2009). The oldest Cenozoic unit is
the Tura formation. The lithology consists of sandstone with
subordinate shale and marl with occasional carbonaceous
shale. The sandstone is light grey, white, dirty white and light
brown and is fine to coarse-grained and even pebbly in places
(Howladar et al. 2018).

The basement was reached at a depth of ~398—403 m in both
drill cores. The basement was characterized by a well-de-
fined weathering layer representing an unconformity. In both
cores, the main iron-bearing units were immediately present
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Fig. 2. Stratigraphic columns with natural gamma log
and magnetic susceptibility log data for drillholes
GDH-68 (right) and GDH-73 (left) of the Hakimpur
iron deposit (modified after GSB, 2020). The bore-
hole data represents the stratigraphic correlation
and the variation in rock types with depth

below the weathered zone at depths greater than about
403-450 m (Fig. 2). At the top of each unit was a zone of
~27-50 m thick of magnetic rock consisting amphibolite and
biotite schist, which was immediately underlain by the main
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iron-bearing units occurring as a large continuous ~60-80 m
sequence in GDH-68 and as an ~200 m thick sequence of
iron-bearing units interbedded with series of thin layers
comprising amphibolite, biotite schist and quartzite in
GDH-73 (Fig. 2).

A natural gamma log of core GDH-73 was recorded from 435
to 503 m depth, corresponding to a section of the main
iron-bearing unit (Fig. 2). No significant variation in signal
intensity (intensities ranged between 4 and 138 cps) was
observed within this depth, although few distinct zones of
alternative high and low peaks were present. These may be
associated with a fracture zone known to be present within
the region (GSB). The natural gamma log at this depth in
GDH-68 also showed a similar result.

A magnetic susceptibility log of core GDH-73 was
performed within the same interval as the natural gamma
log. Results are provided in Fig. 2. The magnetic suscepti-
bility log values indicate the main iron-bearing unit consists
of three distinct zones. Zone-1 (432-457 m) is a high
magnetic susceptibility zone with values ranging from 1300
to 7464 cgs (5596 cgs on average), which indicates the
enrichment of magnetic minerals in the host rock. Zone-2
(458-488 m), a region where the magnetic susceptibility
ranges from 959 to 2757 cgs (1104 cgs on average) indicat-
ing a low proportion of magnetic minerals are present. This
corresponds to a zone where there are a higher proportion of
chert-like layers in the core. Likewise, for Zone-3 (489-503
m), the magnetic susceptibility values range from 1026 to
5053 cgs (2053 cgs on average) indicating moderate enrich-
ment of magnetic minerals.

Materials and method
Whole rock geochemistry

Two drill cores (GDH-68 and GDH-73) were examined in
this study. Representative rock types from different depths in
the core (samples labelled SXE 1-5, 7 are from GDH-68 and
samples SVT 13, 15, 16 are from GDH-73) were sampled
and sectioned into smaller pieces to analyze mineralogical
(optical microscopy, electron diffraction) and geochemical
variability. Depths and lithological units from which the
samples were taken are shown in Fig. 2.

Geochemical analysis of nine samples was conducted on a
Rigaku ZSX Primus XRF (x-ray fluorescence spectroscopy)
system at the Institute of Mining, Mineralogy and Metallurgy
(IMMM), BCSIR, Bangladesh. In order to have precise
homogeneity, the glass fusion bead method was used instead
of the pressed powder pellet method, since difficulties may
arise in preparing calibration standards because of its less
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homogeneity (Nakayama and Nakamura, 2005). Glass fusion
beads were prepared through the mixing of alkali flux i.e.,
lithium tetraborate (Li,B,0.) and lithium metaborate (LiBO,)
at 80% and 20% respectively. Sample to flux ratio was
remained 1:2 during heating in a high-frequency automatic
bead sampler (Tokyo Kagaku Co. Ltd.). According to
Nakayama and Nakamura (2005), this flux ratio improves the
accuracy and sensitivity of the elements from dilution glass
beds, in turn, gives better results compared to the convention-
al sample made with a flux ratio of 1:10. In this study, stream
sediments (JSD 1, JSD 2, and JSD 3) obtained from Geologi-
cal Survey of Japan (GSJ) and USGS rock standards (AVG 2,
BCR 2, BHVO 2, BIR 1, and GSP 2) were used as the
calibration standard aiming to validate the analytical
database. Noteworthy, the analytical uncertainties for major
elements were 1-5%.

XRD analysis

XRD patterns were recorded on micronizes (<5 um) samples
using a Panalytical XPERT-PRO (PW3040/60), Netherlands
diffractometer using Cu-Ka radiation generated at 40 kV and
30 mA. The diffractometer was equipped with a 1.52 mm
divergence slit and 0.5 mm receiving slit, a secondary mono-
chromator, a solid-state detector and a sample changer (sam-
ple diameter 16 mm). Samples were analyzed from 5° to 70°
20 with a step size of 0.02° 20 and a scan speed of 1.5° 2
6/min, with the measurement time being 1 s per step. The
top-loading technique was used for the sample preparation.

Samples were run on the diffractometer three times. The first
run used untreated or air-dried samples. Samples containing
ethylene glycol were used in the second run. Ethylene glycol
was used to expand swelling clays, and whether or not a clay
mineral expands, and the amount of expansion, can provide
essential supplementary information aiding clay-mineral
identification. Swelling clays include smectites (e.g., montmo-
rillonite, nontronite, and beidellite), some mixed-layer clays,
and vermiculite. In the third run, the samples were heated at
550°C for 1.5 hours. This triplicate procedure was used
because the existence of some clay minerals in BIFs may have
similar lattice structures (as indicated by similar diffractogram
patterns) that can react differently to glycolisation and heating.
In our sample, glycolisation did not affect the x-ray diffraction
patterns indicating that swelling clays were not present.

Monazite chemistry for geochronology

The geochronology of the sample SXE-3 was obtained using
Th-U-Pb (total) monazite dating utilizing monazite grains
from textural associations within the mineral assemblages in
the representative BIF and BIF hosted rocks from Hakimpur.
The polished thin section of the sample was used for the

petrographic  study, utilizing wavelength dispersive
spectrometry with an electron microprobe analyzer (JEOL
JXAS8530F Hyperprobe) at the Chemical Analysis Division
of the Research Facility Center for Science and Technology,
University of Tsukuba. The analysis was performed with 20
kV accelerating voltage and 50 nA beam currents for the
monazites and 10 nA for the standard materials, and utilizing
a beam diameter of three microns. The raw data were
processed using an oxide ZAF correction program supplied
by JEOL. The standard materials for quantitative analyses of
the monazites were synthetic glass for Pb (PbO=21.9 wt.%),
metallic uranium for U, endmember synthetic ultraphos-
phates (XP,O,,) for the REE (La, Ce, Pr, Nd, and Sm) and Y,
CeP.O, for P, and wollastonite for Ca and Si. The X-ray lines
were U-Mp, Pb-Mp, Th-Ma, P-Ka, Si-Ka, Ca-Ka, Nd-La,
Sm-La, Ce-La, La-La, Pr-La, and Y-La.

Mineral chemistry

The compositions of key minerals including Fe-Ti oxide
minerals and zircon were obtained by Field Emission Scan-
ning Electron Microscopy (ZEISS Gemini Sigma FE-SEM
300) at IMMM, Bangladesh. The geochemical data set for
minerals was obtained employing two different methods
involving element mapping and quantitative analysis.
FE-SEM mapping was fixed with the operating conditions
of 20 kV accelerating voltage. ED and WD signals both
were measured simultaneously at each step in the map to
confirm the chemistry of phases. WD detector was
equipped with thallium hydrogen phthalate (TAP) and
pentaerythritol (PET) crystals. For analyzing the elemental
suits of Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and Zr, the
calibration standards including albite (NaAlSi,O,), ortho-
clase (KAISi,O,), calcite (CaCO,), forsterite (Mg,SiO,),
rhodonite (MnSiO,), hematite (Fe,0O,), rutile (TiO,) and
zircon (ZrSiO,) were used. Mentioning, the standard
library was generated from 32mm (dia.) x 5Smm brass
mount mineral standards manufactured by MAC (serial
number 14172). The detection limits (in ppm) were in the
range of Si (500), Ti (350), Al (300), Fe (450), Mn (250),
Mg (250), Ca (100), Na (450), K (100) and Zr (420), while
the concentration of oxygen was calculated based on
valence difference. Elemental analyses were corrected for
atomic number (Z), absorption (A) and fluorescence (F)
using the ¢pz (Phi-Rho-Z) procedure. In addition, the
temperature and oxygen fugacity of co-existing Fe-Ti
oxide minerals were calculated using ILMAT, a magne-
tite-ilmenite geothermobarometry program (version 1.20)
developed by Lepage ef al. (2003).
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Results porphyroblastic texture exhibiting significant deformational
features due to metamorphism (e.g., SXE 1-5, 7 and SVT-15)
through to a schistose texture (e.g., SXE 2, 5 and 7) charac-
terized by a fine to medium grained minerals chiefly of
biotite-rich platy minerals. Based on texture, metamorphic
fabrics and mineral assemblages, the studied rocks have been
classified as BIF (banded iron formation), biotite schist,
amphibolite and quartzite. Each of these rock types is

Petrography

Thin sections were prepared for all nine samples (SXE 1-5, 7
and SVT 13, 15, 16) for detailed petrographic examination.
In general, the samples showed considerable textural and
mineralogical variation ranging from a coarse-grained

Table I. Modal compositions (%) of the selected rock samples from Hakimpur BIF deposits in Bangladesh

Mineral Opq Cal Sd Grt Qtz Pl Or Ep Hbl Bt Chl Mc Py Ilm Ap Zrn Tur Rock Type

SXEOI 347 9.7 215 82 232 2.8 BIF
SXE02 2.0 13.8 19.0 6.7 4.0 41.5 10.0 1.0 13 0.5 0.2 Amphibolite
SXE03 93 13 623 52 32 18 107 5.5 0.7 Biotite
schist
SXE4 42 27 712 45 08 0.7 13.0 1.7 0.8 03 02  Quartzite
SXE05 22 9.7 18.0 2.3 02 562 82 0.8 1.3 0.7 0.5 Amphibolite
SXE 07 4.0 37 75 123 1.5 49.8 19.5 12 03 02 Amphibolite
SVT-13 10.8 2.8 3.5 13323 33 17 05 36.0 7.3 0.5 0.8 Biotite
schist
SVT-15 448 10.7 153 5.6 20.4 32 BIF
SVT-16 7.1 1.1 27 15478 33 25 12 234 64 2508 Biotite
schist

Here, Opg- opaque, Cal- calcite, Sd- siderite, Grt- garnet, Qtz- quartz, Pl- plagioclase, Or- orthoclase, Ep- epidote, Hbl- hornblende,
Bt- biotite, Chl- chlorite, Mc- microcline, Py- pyrite, Ilm- ilmenite, Ap- apatite, Zrn- zircon, Tur- turmaline

Fig. 3. Petrographic microphotographs of the studied rocks. (a—f) display hand specimen of BIFs (SXE-1 and SVT-15),
where thinly bedded or laminated hematite/limonite exists with the layers of quartz, chert, siderite and calcite.
Overgrowth of quartz surrounding the boundaries observed in BIF and BIF-hosted rocks (c, e, k). Gt- goethite,
Mt- magnetite, Sd- siderite, Qtz- quartz, Py- pyrite, Cal- calcite, Bt- biotite, Pl- plagioclase, Ep- epidote, Chl-
chlorite, Ser- sericite, Hbl- hornblende and Zrn- zircon, Fb- fossil boundary. Magnetite and pyrite show a bright
white color in reflected light (b), (d) and (I). BIF (a—f), biotite schist (g—j), quartzite (k—-m), and amphibolite (n—p)
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discussed separately, below and modal compositions show-
ing the proportions of different minerals in each sample are
provided in Table I. The modal composition of rock types
was determined by using a percentage counting technique on
a grid pattern and results are expressed in percentage.

BIF (Banded iron formation)

Examination of samples SXE-1 and SVT-15 shows a thinly
bedded or laminated structure comprising magnetite and
hematite mixed with fine-grained limonite (possibly
goethite) which comprises 35-45% of the sample. The
Fe-rich oxides/oxyhydroxides are accompanied quartz
(20.4-23.2%), siderite and calcite with minor chlorite,
plagioclase and hornblende (Fig. 3a—d,f). The BIF samples
characteristically show a coarse-grained, porphyroblastic,
texture and exhibit preferred orientation in the form of band-
ing. The BIF is generally characterized by intercalated quartz
and magnetite/hematite/limonite-rich dark bands, where
minerals such as siderite and a goethite-rich yellowish-red
layer often occur between the Fe-rich layers, conveying a
reddish coloration to the BIFs. In regions dominated by
quartz and magnetite bands, the magnetite grains are subhe-
dral to euhedral in shape and may be distributed uniformly or
interconnected, forming larger aggregates. Grain boundaries
that are shared with other minerals are generally straight to
smoothly curved. Goethite veins are developed when a crack
is formed (Fig. 3a) allowing fluids to alter the primary
magnetite/hematite. Fine- to medium-grained siderite
crystals are also present, existing as subhedral rhomboids and
sometimes showing the development of rims, although the
edges often show corrosion cracks that have a clear core and
terminus with bright rims of uniform thickness that retain
Fe-enrichment. Quartz is intermixed with magnetite and
goethite, and many quartz grains display an inequigranular
texture, evident through undulose extinction. Samples (i.e.,
SXE-1 and 7) obtained from the vicinity of faults show a
partially cemented fracture network. Cementation in the
fractures shows quartz present as overgrowths on original
quartz detrital grains along the fracture plane (Fig. 3c, e, k).
Also in these regions, intergranular siderite cement is
encased with euhedral faces of formerly crystallized quartz.
In general, mineral cements contain calcite and silica phases
such as iron oxides.

In the studied borehole, the sample SXE-1 consists mainly of
hematite and limonite iron-rich minerals as observed from
hand specimen and high loss on ignition (LOI 9.94 wt.%),
although in XRD Fig. S1 shows goethite. It happens because
limonite is not a true mineral but a mixture of similar hydrat-
ed iron oxide minerals that are mostly made up of goethite,
therefore massive goethite and limonite can be indistinguish-

able (Bustamante et al. 2006). On the other hand, XRD Fig.
S1 for the sample SVT-15 displays, it consists chiefly of
goethite and magnetite. Noteworthy, the negative LOI (-0.65
wt.%) of this sample indicates a phase transformation associ-
ated with the oxidation of ferrous iron (Fe** ) to ferric iron
(Fe*") has taken place during ignition in goethite (Vandenber-
ghe et al. 2010).

Biotite schist

In the studied boreholes, biotite schists were present as
evidenced by examination of samples SXE-3, SVT-13, and
SVT-16. These samples are principally consisted of biotite,
quartz, chlorite, orthoclase, plagioclase, epidote, calcite,
apatite, and opaque minerals such as siderite, goethite, ilmen-
ite, magnetite (Table I). The mineral assemblages of these
rocks are very similar in microstructure and mineralogy (Fig.
3g—j) and are characteristically porphyroblastic, medium- to
coarse-grained in texture, and showing strong evidence of
preferred orientation. The grain boundaries of plagioclase
grains are conspicuously ragged and indented due to these
sites being the preferred locations for the initiation of corro-
sion and the precipitation of new phases. During alteration
during metamorphism, silicification has occurred and a silica
cement is now present, and this binds the quartz grains in
place. In contrast, chlorite is formed because of hydrothermal
alteration.

Generally, schistose texture and in some cases local crenula-
tion cleavages are present in the biotites resulting in the
formation of superimposed foliations. The core of the deposit
has undergone biotite-rich alteration peripherally (without
K-feldspar) in wall rocks, as well as propylitic alteration
zones containing epidote. Likewise, epidotization and sericit-
ization are most common in the studied biotite schist (Fig. 3h
and 3j respectively).

Calcite occurs in association with siderite and minor hema-
tite, but pure silica is also observed among the Fe-oxide
microlaminates. Hematite, magnetite, and siderite usually
contain inclusions of chert, which becomes trapped during
crystal growth or due to the coalescence of Fe-oxide-rich
microlayers. In addition, chertification in the sample has
occurred (Fig. 3g), when chert as silicon dioxide grows
within soft sediments that are chemically precipitated in the
sedimentary rock (Boggs, 2012; Blat et al. 2006).

Quartzite

Quartzite is a hard, non-foliated metamorphic rock. In the
studied boreholes, the mineral assemblages present in sample
SXE-4 are chiefly quartz (71%) and others (e.g., plagioclase,
orthoclase, biotite, chlorite, epidote, opaque, calcite, siderite,
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zircon, apatite, and tourmaline) (Table I). The sample
displays a very coarse-grained, not preferred oriented (mas-
sive), porphyroblastic texture. Quartz shows granoblastic
polygonal (Fig. 3k), where the equidimensional grains have
developed crystal faces resulting in straight grain boundaries,
and well-defined triple junctions are common. Fe-rich layers
are also present, and these display many cracks in which
magnetite is often partially replaced by pyrite (Fig. 31). Here,
chertification is evident and primary-level plagioclase
feldspar grains are present (Fig. 3m). Prograde metamor-
phism, sericitization in plagioclase feldspar and biotitization
are also visible in Fig. 3m.

Amphibolite

Mineral assemblage in samples SXE-2, SXE-5 and SXE-7 are
mostly composed of amphibole (primarily hornblende at
41-50%) and plagioclase, with variable amounts of quartz,
epidote, biotite, orthoclase, microcline, apatite, zircon, tourma-
line and opaque minerals (e.g. pyrite, magnetite and hematite).
The studied amphibolites show a very coarse-grained texture,
a non-preferred orientation (massive), and porphyroblastic
texture. Thin section studies indicate they are more cracked,
which presumably occurred before alteration. Biotitization
induces hornblende to be altered into biotite (Fig. 3n—p),
whereas saussuritization is formed where plagioclase feldspar
is altered into epidote by the replacement of K-feldspar (Fig.
3n). Epidote is identified by yellowish green color, one set of
perfect cleavages, a refractive index high, interference color
low second order to upper third order. Zircon metamictization
is also visible (Fig. 3p).

Whole rock geochemistry

The nine drilled core rock samples were analyzed for major
oxides and the results are listed in Table II.
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Major oxides

The rock samples had variable content of SiO, contents
extending from 18.34 wt.% in the BIF samples (SXE-1 and
SVT-15) to 55.35 wt.% in biotite-schist (SVT-1). The biotite
schist, amphibolite and quartzite samples all had relatively
high AL O, contents (15.24-18.99 wt.%), whereas the two BIF
samples were low in ALLO, (both ~1.05 wt.% Al O,) consistent
with mineralogy dominated by Fe-oxides and oxyhydroxides
and quartz. All samples had moderate compositions of alkalis
with K O ranging from 0.01 wt.% (BIF) to 5.51 wt.% (quartz-
ite), while Na,O ranged from 0.07 to 2.67 wt.%. The Fe,O,(T)
contents ranged from a minimum of 13.83 wt.% in the
biotite-schists to a maximum of 76.44 wt.% in the BIF. The
TiO, contents were relatively low in all samples, with the
lowest at 0.05 wt.% for the BIF to a high of 2.11 wt.% for the
quartzites. All the major elements of the BIF hosted rocks
exhibit decreasing Fe, O,(T) (r= -0.95) contents with increas-
ing SiO,, whereas AL O, (r= 0.86), TiO, (r= 0.67), MnO (r=
0.52), MgO (r= 0.58), CaO (r= 0.43), Na,O (r= 0.69) and K,O
(= 0.69) all broadly increased with Fe,O,(T) (Fig. 4). These
variations are compatible with the mineral compositions,
suggesting that these elements were not significantly altered
during later metamorphism (Dan et al. 2012) or hydrothermal
modification (Dai Yanpei et al. 2012).

Mineral chemistry of Fe-Ti Oxides

A thin section was prepared from SVT-16 rock sample for a
detailed petrogenetic study of Fe-Ti oxide minerals because
of its dominancy. From ore microscopic observation, it is
obvious the coexistence of magnetite/titanomagnetite with
ilmenite was hardly preserved in other studied samples.
Following accepted definitions for Fe-Ti oxides, exsolved
and intergrowth phases in solid solution are collectively
described as exsolution/intergrowth lamellac (Haggerty

Table II. Major element abundances of the selected rock samples from Hakimpur BIF deposits in Bangladesh

Oxidein  SXE-1 SXE-02  SXE-03 SXE-04 SXE-05 SXE-07  SVT-13 SVT-15 SVT-16

wt.% BIF Amphibolite  Biotite Quartzite Amphibolite ~Amphibolite Biotite Biotite
. . BIF .
schist schist schist

SiO, 18.34 45.60 46.44 46.19 40.85 42.71 55.35 26.02  40.50
AlLOs 1.08 15.68 17.88 15.24 17.19 16.57 15.69 1.03 18.99

Fe>O3(T) 76.44 17.72 13.83 14.95 20.24 16.97 14.48 66.15 23.26
MnO 0.17 0.34 0.24 0.24 0.34 0.32 0.24 0.12 0.15
MgO 1.00 3.48 3.58 6.85 3.55 5.50 2.69 1.17 498
CaO 1.91 11.21 11.33 5.76 12.10 12.88 3.72 3.53 3.75
Na,O 0.07 1.65 2.52 0.44 1.72 1.91 2.13 0.10 2.67
K,O 0.01 1.87 1.78 5.51 1.35 0.97 3.99 0.06 3.69
TiO; 0.05 1.11 0.90 2.11 1.23 0.94 0.96 0.23 1.53
P2Os 0.18 0.34 0.35 1.51 0.51 0.48 0.12 1.13 0.18
Total 99.24 99.01 98.86 98.81 99.08 99.27 99.37 99.54  99.70
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2018). Results from the textural analysis of the Fe-Ti oxides
indicate that there is no exsolution/intergrowth lamella in the
crystalline phases (Fig. 4). The homogenous phases are
dominantly magnetite/titanomagnetite (ave. 75%) with minor
ilmenite (ave. 24%) and rare rutile and chromite (ave. 1%).
The most common Fe-Ti oxides in the studied formation
show sandwich-type texture and representative images of the
Fe-Ti oxide phases are provided in Fig. 5.
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The compositions of ilmenite are presented in Supp. Table I.
As electron beam methods are unable to distinguish between
Fe’* and Fe*, all iron present is expressed as FeO(T) (Supp.
Table I). Redistribution of FeO and Fe,O, in ilmenite is based
on the charge balance and stoichiometry of ilmenite and
magnetite, respectively, using the method of LePage
(2003).The results indicate that the host ilmenite has TiO,
contents ranging from 31.89-50.69 wt.%. These numbers are
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Fig. 4. Harker variation diagrams for representative major elements (wt.%) of the Hakimpur BIF and BIF

hosted rocks in Bangladesh

Fig. 5. Back-scattered electron (BSE) images of Fe-Ti oxide minerals in sample SVT-16 (borehole GDH-73).
Different magnifications of the image are due to the small size of the grains
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Fig. 6. The diagram illustrates the equivalent nature of
igneous rock type (Reynolds, 1983), aiming to under-
stand the protolith (a) The general distribution of
MnO in Mtss and Ilmss as a function of defining rock
type. (b) Plots of oxygen fugacity vs. temperature of
coexisting magnetite-ilmenite pairs (Buddington ez al.
1964). (In Fig., MH- magnetite-hematite; NNO-
nickel-nickel oxide; FMQ- fayalite-magnetite-quartz;
WM- wiistite-magnetite). (c) Solid phases occurring in
the ternary system of FeO-Fe,O,~TiO,. The composi-
tions of the ilmenites are plotted near the shaded area,
suggesting that complex exsolution textures involving
Ilmss, Mtss and Hemss form upon cooling
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significantly lower than for pure stoichiometric ilmenite
which contains 52.75 wt.% TiO, (Deer, 1985), and
37.21-57.54 wt.% (45.21 wt.% in average) FeO(T). A higher
content of TiO, than the stoichiometric value occurs when Ti
is leached with other cations during low-temperature diagen-
esis; conversely, a lower TiO, content indicates the existence
of hematite and/or magnetite that is exsolved with ilmenite
(Rao et al. 2014). The latter phenomenon is predominantly
witnessed in petrographic studies with magnetite lamellae
(Fig. 5), containing up to 78.91-98.25 wt.% (96.13 wt.% in
average) FeO(T) and 0.00-0.63 wt.% (0.24 wt.% in average)
TiO, measured.

Ilmenite or Fe-Ti oxides are widespread accessory minerals
in igneous and metamorphic rocks. In the series of solid
solutions in the ternary phase diagram of FeO-Fe,0,-TiO,
(Fig. 6a), the end members are ferropseudobrookite (fsp-Fe-
Ti,O,)-pseudobrookite (psb-Fe,TiO,), ilmenite-hematite and
ulvospinel (Fe, TiO,)-magnetite. The fsp-psb series applies
only to high Ti and high temperature conditions (T >800°C),
and is not discussed further (i.e. at lower temperatures both
fsp and psb become unstable compared to ilmenite, rutile and
hematite). In contrast, there is complete miscibility (solid
solution) between ilmenite and hematite at temperatures
>800°C. However, during crystallization and cooling, hema-
tite and ilmenite segregate to form titanohematite, which is
characterized by lamellae of hematite in varying amounts in
which ilmenite is intercalated. Titanomagnetite can also
develop in the FeO-Fe O,~TiO, system. The two spinels
magnetite and ulvdspinel are completely miscible at high
temperatures (T >600°C). As the temperature drops, the rate
of segregation into magnetite, ilmenite and ulvospinel
depends on the prevailing oxygen partial pressure and also
the Fe:Ti ratio. Yet a complete segregation into pure magne-
tite and ulvospinel does not take place in nature. I[lmenite, in
addition, can be exsolved in the octahedral magnetite in the
form of fine lamellae, although it depends on the cooling rate,
since the slower the cooling, the coarser the segregation
structure is. Due to the preferred incorporation of Fe instead
of Ti, the content of TiO, in ilmenite can be lower compared
to the stoichiometric value reported in the literature (52.65
wt.%) (Rahman et al. 2020), which is consistent with our
studied ilmenites (Fig. 6a).

[lmenite grains were only found in borehole GDH-73, where
a common intergrowth pattern was found in ilmenites
coexisting with magnetite. The concentration of MnO
indicates the ilmenite source is of intrusive igneous origin
i.e., gabbroic and granodioritic protoliths (Fig. 6b). Based on
the ILMAT method for calculating the crystallization
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temperature and oxygen fugacity of the ilmenite-magnetite
pairs, the calculated temperatures (T) and oxygen fugacities
for the coexisting magnetite and ilmenite assemblages
indicate a large range of variation in T range from 522°C to
809°C with oxygen fugacities (f0,) of 10*? to 10™""* (Supp.
Table I). Plotting the temperature and oxygen fugacity
ranges in Fig. 6¢c indicates that the Fe-Ti oxide mineral
assemblages were equilibrated in a T-fo, field that is very
close to the Ni/NiO buffer curve, signifying a crustal source
(Buddington ef al. 1964). The composition of ilmenites
originating from tholeiitic magmas typically have MgO
contents <3 wt.% and are usually a late crystallizing miner-
al (Haggerty 1976; Reynolds 1983), whereas ilmenites with
high MgO contents (4 to 10 wt.%) are typically formed in
basaltic magma at the early stage of crystallization (Caw-
thorn et al. 1985). The ilmenites in GDH-73 have MgO
contents varying between 0.00—4.79 wt.% MgO indicating
that the parent rocks were mostly tholeiitic magmas. It is
likely however that the studied ilmenites were deposited in
Hakimpur basin from different sources. In general, ilmenite
forms from acidic igneous rocks in a late phase of crystalli-
zation, which is accompanied by a significant replacement
of Fe by Mn and a minor replacement by Mg, which usually
accounts for >1 wt.% MgO (Haggerty, 1976; Reynolds et
al. 1983; Cawthorn et al. 1985; Lipman et al. 1971).

Mineral chemistry of zircon

The compositions of the zircon grains have ZrO, contents in
the range between 53.58 and 63.47 wt.% and SiO, contents
between 17.50 and 19.80 wt.% (Table 3). Minor amounts of
other elements are also present in the zircons and these
include 1.55-13.01 wt.% FeO, 8.06-16.14 wt.% of HfO,
and 0.05-1.03 wt.% of TiO, (Table 3). The content of HfO,
in the zircons is characteristic of zircons formed in granitic
pegmatites. The most Hf-enriched zircons occur in intru-
sive rocks in which the abundance of Hf in zircon increases
with magmatic differentiation (Sawka et al. 1988; Wark et
al. 1993; Hoskin et al. 2000). According to Linnen and
Keppler (2002), the Zr and Hf fractionation in zircon-crys-
tallizing melts (i.e. metaluminous and peraluminous granit-
ic melts) will decrease the Zr/Hf ratio of the residual melt,
whereas it causes the enrichment of HfO, in zircon. The
composition of metamorphic zircon in equilibrium with an
anatectic melt is not significantly different from that of
igneous zircon (Rubatto et al. 2002). The only obvious
systematic difference between igneous zircon and meta-
morphic zircon is the Th/U ratio, which is very low for the
latter (<0.07) (Rubatto et al. 2002). Unfortunately, the
value of U was not measured in this study.

In order to calculate zircon saturation temperature, the model
proposed by Boehnke et al. (2013) was used, which is as
follows:

(10108 + 32)

T (K) =
(K) ImDZr+ (1.16 £ 0.15)(M— 1) — (148 £ 0.09)
Where, InDZr = Zr (ppm) iT?Zircon’ and M Na+K+2.Ca
Zr (ppm) in melt Al Si

In particular, the calculation of M is required to convert wt.%
oxides to atomic fractions, renormalize to total moles, and
then insert the molar fractions of Na, K, Ca, Al, and Si (over
the total number of moles) into the M formulation. Using the
thermometer, the calculated temperature of the studied zircon
ranges from 677 to 692°C.

Mineral chemistry of monazite

Monazite and xenotime, orthophosphate minerals are included
in the idealized formula of A(PO,) and REE(PO,) respectively,
where ions of REE belonged to A-site can be substituted by
non-REE species by the following: 2REE*" «» Ca?* + Th*,
which is similar to the substitution occurred in cheralite
[Ca, Th(PO,),] (Williams et al. 2007). In monazite, a coupled
substitution is required in a second series of compositional
exchange that occurs at the A-site and tetrahedral site simulta-
neously: P**+ REE** «» Si*" + Th*". Huttonite [Th(SiO,)], a rare
monoclinic mineral, is generated in high-temperature magmatic
as well as metamorphic rocks (i.e. granulite facies) (Kucha
1980). Thus, monazite [2REE(PO,)], cheralite [Ca, Th(PO,),]
and huttonite [2Th(SiO,)] form the three end members of a
ternary system (Wu ef al. 2019). The average end-member
compositions of the studied monazites comprise of 87.39 %
monazite, 7.18 % huttonite and 5.44 % cheralite (Table IV),
which are classified as monazite (Pyle et al. 2001).

Twenty-two points were analyzed on monazite grains to
determine if there was any age difference between the core
and rim, if any. However, in all cases, the core and rim of
monazite grains indicated almost uniform ages. The ThO,
concentrations of the analyzed monazite grains range from
3.83 to 6.12 wt.%, while UO, concentrations vary from 0.16
to 0.35 wt.%, and those of PbO lie between 0.35 and 0.53
wt.% (Table IV). Despite these variations, single grain core to
rim shows largely uniform PbO/ThO, ratios (0.08-0.10),
suggesting monazite formation occurred in a single thermal
event. The age was obtained from 22 concordant analyses,
yielding a weighted mean age of 1728 + 28 Ma (MSWD =
2.3; Fig. 7a, b), which is consistent to the crystallizing age of
the Palacoproterozoic basement rocks in Bangladesh (Hos-
sain et al. 2007; Ameen et al. 2007).
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Table III. Representative SEM-EDS analysis of zircon (wt.%) sourced from Hakimpur BIF deposits
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(SVT-16)
wt.% F3 2 F27 10 F30_1 F31 1 F3106 F3109 F3110 F3111 F3112 F3113
7Zr0; 62.95 5372 60.82 6252 5660 6347 59.75 58.65 59.49 59.15
HfO, 9.24 14.06 1327 1392 11.06 806 16.14 11.67 1231 14.96
Si0, 19.62 18.12 19.16 19.75 18.18 19.80 1878 18.66 18.53 18.60
TiO; 0.10 0.65 0.25 0.72 0.05 0.84 0.53 1.03 0.28 0.89
FeO 7.34 435 5.46 2.92 10.02  5.48 1.55 7.94 7.25 3.33
MnO 0.27 0.00 1.02 0.00 0.67 0.00 0.00 0.00 0.00 0.00
CaO 0.00 6.92 0.00 0.14 0.00 0.51 1.00 0.86 0.77 2.72
Cr03 0.09 0.85 0.01 0.03 1.10 0.00 0.86 0.30 0.03 0.00
ThO> 0.00 0.76 0.00 0.00 1.66 0.64 1.33 0.00 0.00 0.00
99.61 9944 9998 100.00 99.33 98.79 99.95 99.11 98.66 99.65
Based on 4 oxygen
Zr 1.09 0.95 1.07 1.09 1.01 1.10 1.06 1.03 1.06 1.04
Hf 0.09 0.15 0.14 0.14 0.12 0.08 0.17 0.12 0.13 0.15
Th 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00
Ca 0.00 0.27 0.00 0.01 0.00 0.02 0.04 0.03 0.03 0.11
Ti 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.03 0.01 0.02
Fe 0.22 0.13 0.16 0.09 0.31 0.16 0.05 0.24 0.22 0.10
Cr 0.00 0.02 0.00 0.00 0.03 0.00 0.02 0.01 0.00 0.00
Mn 0.01 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.00
>Zrsite 142 1.55 1.41 1.34 1.50 1.39 1.37 1.46 1.45 1.43
Si 0.70 0.66 0.69 0.70 0.67 0.70 0.68 0.67 0.68 0.67
>Sisite  0.70 0.66 0.69 0.70 0.67 0.70 0.68 0.67 0.68 0.67
T (°C) 678 692 681 678 687 677 682 684 683 683
Table II1. Continue
wt.% F3114 F3115 F3116 F3117 F3118 F3119  Avg. Min Max
V4(0]} 53.58 5827 6147 6048 5833 5846 5923 5358  63.47
HfO, 12.74 13.90 12.57 13.89 16.03 13.54 12.96 8.06 16.14
SiOs 17.50 18.58 19.02 19.77 19.71 19.30 18.94 17.50 19.80
TiO, 0.44 0.46 0.63 0.21 0.80 0.59 0.53 0.05 1.03
FeO 13.01 8.22 4.07 2.33 1.69 2.08 5.44 1.55 13.01
MnO 0.27 0.00 0.00 0.00 0.00 0.56 0.17 0.00 1.02
CaO 0.00 0.00 1.58 1.36 327 417 1.46 0.00 6.92
Cr20; 0.50 0.00 0.00 0.22 0.00 0.00 0.25 0.00 1.10
ThO, 0.00 0.00 0.00 0.94 0.00 0.37 0.36 0.00 1.66
98.04 99.44 9933 9920 99.83 99.07 99.34  98.04 100.00
Based on 4 oxygen
Zr 0.98 1.04 1.08 1.06 1.02 1.03 1.04 0.95 1.10
Hf 0.14 0.14 0.13 0.14 0.16 0.14 0.13 0.08 0.17
Th 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Ca 0.00 0.00 0.06 0.05 0.13 0.16 0.06 0.00 0.27
Ti 0.01 0.01 0.02 0.01 0.02 0.02 0.01 0.00 0.03
Fe 0.41 0.25 0.12 0.07 0.05  0.06 0.17 0.05 0.41
Cr 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.03
Mn 0.01 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.03
>Zr site 1.56 1.45 1.41 1.35 1.38 1.43 1.43 1.34 1.56
Si 0.66 0.68 0.68 0.71 0.71  0.70 0.69 0.66 0.71
>'Si site 0.66 0.68 0.68 0.71 0.71  0.70 0.69 0.66 0.71
T(°C) 692 685 680 681 684 684 683 0// 692

Note: Temperature is measured following the thermometer of Boehnke et al. (2013)
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Magmatic monazite, along with other ecarly accessory
minerals such as zircon and xenotime, generally occurs as
an interstitial mineral in rock-forming minerals such as
quartz, feldspars and biotite, hydrothermal
monazite typically occurs as inclusions in secondary
phyllosilicates, quartz, albite and amphiboles, or grain
boundaries with sulfides and oxides (Schandl ef al. 2004).
The igneous and metamorphic monazite differs from the
hydrothermal monazite mainly in the higher ThO, content
and Th/Ce ratio (>1 wt.% and >0.04 respectively) (Fig.
8a). The monazite samples from the bore hole GDH-68

while
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(SXE-3) have high ThO, contents (avg. 4.73 wt.%),
suggesting an igneous and metamorphic origin (Fig. 8a).
Acting upon the compositional difference of igneous,
metamorphic, hydrothermal, and carbonatite monazite,
Wu et al. (2019) proposed a geochemical discrimination
diagram to understand the rock type in which it occupies.
Accordingly, almost all monazite samples in this study
were classified as metamorphic (Fig. 8b). This is further
supported by its coexistence with biotite, disseminated in
the biotite-schist rocks (Fig. 7a).

Table IV. Representative electron probe micro analysis of monazite (wt.%) sourced from Hakimpur BIF deposits in

Bangladesh
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14
SiO; 048 051 030 047 053 050 048 055 062 041 031 063 136 0.52
[8[0)3 030 023 030 030 031 023 016 021 026 027 035 033 032 029
ThO, 420 530 424 438 416 523 597 472 409 451 416 423 398 4.67
PbO 040 046 042 041 038 047 052 040 035 043 042 040 037 042
Ce:O3 2729 26.04 27.57 27.81 2799 2701 2574 27.03 2759 27.61 2792 2793 27.75 27.5l1
La,0O; 14.00 13.21 13.51 1396 14.17 13.13 12.19 13.18 1339 1321 13.64 13.84 14.00 14.07
SmOs; 2.16 205 215 210 208 199 202 224 216 219 210 214 2.09 2.09
Nd,O; 12.01 11.50 11.76 11.69 12.10 11.48 1097 11.79 12.16 11.71 11.88 1226 11.92 12.00
ProOs  4.00 384 393 399 406 385 374 398 407 404 412 412 396 4.01
CaO 094 143 1.19 104 093 140 172 1.14 087 117 1.16 093 0.81 1.15
Y203 221 273 231 231 228 273 288 230 207 230 223 218 2.08 232
P,Os  28.41 2828 27.09 2745 2738 2730 27.17 27.14 27.10 2736 2790 28.85 28.66 29.17
Total  96.40 95.59 94.76 9591 96.36 9532 93.54 94.67 94.73 9521 9620 97.85 97.29 98.19
Based on 4 oxygen
Si 0.02 0.02 0.01 002 0.02 002 002 0.02 003 0.02 001 0.02 0.05 0.02
P 098 098 096 096 096 096 096 096 096 096 097 098 097 098
>P 1 1 1 1 1 1 1 1 1 1 1 1 1 1
U 0.00 0.00 0.00 000 0.00 0.00 000 0.00 000 0.00 0.00 0.00 0.00 0.00
Th 0.04 0.05 0.04 004 0.04 005 006 0.04 004 0.04 004 004 0.04 0.04
Pb 0.00 0.00 0.00 000 0.00 000 000 0.00 000 0.00 000 0.00 0.00 0.00
Ce 041 039 042 042 042 041 040 041 042 042 042 041 040 040
La 021 020 021 021 022 020 019 020 021 020 021 020 021 021
Sm 0.03 0.03 0.03 003 0.03 003 003 0.03 003 0.03 003 0.03 003 0.03
Nd 0.17 017 o0.18 0.17 0.18 0.17 0.16 0.18 018 0.17 0.17 0.17 0.17 0.17
Pr 0.06 0.06 0.06 006 0.06 006 006 0.06 006 0.06 006 0.06 0.06 0.06
Ca 0.04 0.06 0.05 005 0.04 006 008 0.05 004 0.05 005 0.04 0.03 0.05
Y 0.05 0.06 0.05 005 0.05 006 006 0.05 005 0.05 005 0.05 0.04 0.05
>A 1 1 1 1 1 1 1 1 1 1 1 1 1 1
End
member
Monazite 093 090 095 095 096 093 090 094 095 094 094 092 091 091
Cheralite  0.05 0.07 0.06 0.05 0.05 0.07 0.08 006 0.04 006 006 0.05 004 0.05
Huttonite  0.06 0.07 0.05 0.06 0.06 007 0.08 007 0.06 0.06 005 0.06 009 0.06
1.031 1.036 1.063 1.059 1.064 1.065 1.057 1.059 1.058 1.057 1.049 1.031 1.038 1.027
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Table IV. Continue

Bangladesh: a petrogenetic study

No. 15 16 17 18 19 20 21 22
SiO; 0.51 0.55 0.55 0.61 0.61 0.80 1.10 5.34
[8[0)3 0.20 0.29 0.27 0.16 0.17 0.20 0.25 0.28
ThO; 4.98 4.71 4.87 6.08 6.12 5.10 445 3.83
PbO 0.46 0.45 0.46 0.53 0.52 0.44 0.39 0.37
Cex0s 26.84 27.57 2734 2628 2633 26.60 27.38 26.48
La,0; 13.16 1397 1345 1291 1268 13.17 13.50 12.90
Smy03 2.03 2.26 2.11 2.16  2.08 2.16 2.24 2.07
Nd>03 1149 12,12 12,13  11.54 11.71 1215 12,67 11.96
Pr0; 3.92 3.93 3.91 3.93 3.68 4.05 4.01 3.83
Ca0O 1.54 1.17 1.20 1.68 1.68 1.30 1.02 0.98
Y203 2.66 2.32 2.62 2.82 286 2.49 2.21 2.03
P,0:s 28.86 28.89 2890 29.60 29.34 29.34 28.88  27.67
Total 96.64 9821 97.82 9829 9777 97.81 98.11 97.74
Based on 4 oxygen
Si 0.02 0.02 0.02 0.02 0.02 0.03 0.04 0.20
P 0.98 0.97 0.98 0.98 0.98 0.98 0.97 0.89
>P 1 1 1 1 1 1 1 1
U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Th 0.05 0.04 0.04 0.05 0.06 0.05 0.04 0.03
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ce 0.39 0.40 0.40 0.38 0.38 0.38 0.40 0.37
La 0.19 0.21 0.20 0.19 0.18 0.19 0.20 0.18
Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Nd 0.16 0.17 0.17 0.16 0.17 0.17 0.18 0.16
Pr 0.06 0.06 0.06 0.06 0.05 0.06 0.06 0.05
Ca 0.07 0.05 0.05 0.07 0.07 0.06 0.04 0.04
Y 0.06 0.05 0.06 0.06 0.06 0.05 0.05 0.04
YA 1 1 1 1 1 1 1 1
End member
Monazite 0.90 0.92 0.91 0.87 0.87 0.89 0.91 0.83
Cheralite 0.07 0.06 0.06 0.07 0.08 0.06 0.05 0.04
Huttonite 0.07 0.06 0.07 0.08 0.08 0.08 0.08 0.24
1.032  1.036 1.034 1.024 1.027 1.024 1.039 1.114
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Fig. 7. (a) Representative Th-U-Pb weighted average age plots of monazites. The inset shows part of a thin section of
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Discussion

Detrital input in BIF and BIF hosted rocks

In most cases, iron formations are free of detritus (Bau ef al.
1996; Beukes et al. 1990; Dymek ef al. 1988; Peng et al.
2018), nevertheless, terrigenous contamination is not uncom-
mon worldwide (Aoki et al. 2018; Ghosh ef al. 2017; Gourc-
erol et al. 2016; Hou et al. 2019; Pecoits et al. 2009; Sun et
al. 2018; Sylvestre et al. 2017; Tamehe et al. 2018). Even,
chemically precipitated pure BIFs may co-exist with impure
BIFs within the same depositional environment (Haugaard et
al. 2013; Viehmann ef al. 2015; Wang et al. 2015; Barrote et
al. 2017; Ndime et al. 2019).

As observed from the petrographic study, all rock types in
the Hakimpur iron deposits were subjected to moderate to
high-grade metamorphic alteration with varying degrees of
migmatization. Analysis of the chemistry of the rocks of the
Hakimpur region may be used to provide constraints on the
petrogenesis and tectonic setting (Liu ef al. 2012; Zhang et
al. 2012). Overall, the oxides particularly Al,O,, MgO and
TiO,, are excellent monitors for detecting terrigenous
contamination (Manikyamba ef al. 1993; Arora et al. 1995;
Rao et al. 1995). To understand the nature of their protoliths,
we used an AL O, vs (Na,0O+K,O) discrimination diagram

with the results showing that all samples plot in the field
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2007 of magmatic rocks except the BIF samples (e.g. SXE-1 and
1804 SVT-15) (Fig. 9). On the SiO,~ (Na,0+K,0) diagram
"_l_ 1 60: (Defant et al. 2002), the protolith of the amphibolite and
= ; biotite-schist are more likely gabbroic rock type, albeit
E 1‘1":": quartzite shows ijolitic nature (Fig. not shown), which are
gmju very misleading because enrichment of Fe is indicating
= 100: basic and ultrabasic in the TAS diagram. However, this
L:‘: ; phenomenon is common in the case of the BIF. Hence,
2 BD-‘ compositionally the amphibolite and biotite-schist samples
E‘ B0 4 manifest basic, whereas BIFs indicate ultrabasic, with
- 40: mean SiO, contents of 45.24 wt.% and 22.18 wt.% respec-
El. ; tively. Surprisingly, compared to the typical composition of
< 201 basic and ultrabasic rocks (Winter, 2001), the content of
0 ,P — r AlLO,, MgO and TiO, in BIF, amphibolite and biotite-schist

0 20 40 B0 80 100 120 14C
Na,0+K,0 (molecular number x 1U3]

Fig. 9. A1,O,—(Na,0+K 0) diagrams for differentiating
sedimentary from igneous rocks (Defant et al. 2002).
The BIF samples cluster in the sedimentary rocks
field whereas the host rocks plot in the magmatic
area. Noteworthy, the arrowhead represents the
direction of a lower concentration of sub-greywacke
and feldspar sandstone. The molecular number is
calculated by coordinates multiplied by 1000

resemble ambiguous (Table II), indicating the protoliths
are sedimentary. The petrographic studies of these rocks
support this view too, because the sources of sedimentary
signatures are obvious in the samples particularly (i) quartz
overgrowth and preferred orientation of banding and
lamination in BIFs (Fig. 3e, g, m and a—f, respectively), (ii)
chertification in biotite schist (Fig. 3g), (iii) metamict and
eroded zircon in amphibolite, and (iv) granoblastic polygo-
nal quartz in quartzite (Fig. 3k).
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Fig. 10. SiO, vs. Al,O, discrimination diagram indicating the hydrothermal affinity of the studied BIF. (b) Composition
of the Hakimpur BIF and its host rocks plotted on a Fe/Ti vs. Al/(Al+Fe+Mn) discrimination diagram (Teutsong et
al. 2017). This diagram is proposed for estimating the relative contribution from hydrothermal inputs in the fluid

from which BIF precipitated
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(Hagemann et al. 2016). Arrows showing alteration
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The studied BIFs are chemically pure that constitute the
major components of SiO, and Fe,O, (T) (Table II), and they
retain with low concentrations of AL,O, and TiO, (Al,O, +
TiO, = 1.12-1.26 wt.%). Because Al,O, and TiO, cannot be
introduced in solution, they are commonly defined as traces
of detrital contamination in BIFs (Basta et al. 2011; Lan et al.
2014), which indicates that terrigenous clastic materials were
involved during the deposition of the Hakimpur BIF. Addi-
tionally, all the major elements (Fe,0,, ALO,, TiO,, MnO,
MgO, CaO and Na,O, except K O) of biotite schist, quartzite
and amphibolite show weak to strong negative correlation
with SiO, (Fig. 4), which may imply incorporation of terrige-
nous components.

Source of the hakimpur BIF

Banded iron formations are chemically precipitated
sediments formed from iron and silica solutions consisting of
a mixture of seawater and hydrothermal fluids. The main
contaminants are usually terrigenous sediments carried by
rivers or winds, deposited by volcanic activity (Kato et al.
1998; Klein et al. 1989) or pelagic sediments (Lascelles et al.
2007). The technique for distinguishing the sources of seawa-
ter, hydrothermal, biogenic and detrital is defined particularly
based on the mineralogical, chemical and isotopic evidence.

Based on the relative abundance of SiO, and AL, O, (Fig. 10a),
Bonatti (1975) proposed that hydrothermal metal-rich depos-
its can be distinguished from hydrogenous deposits that
occurred by diagenetic processes. In this diagram, BIFs
(SXE-3 and SVT-15) from the studied samples plot in the
hydrothermal field, whereas the majority of the samples
cluster in the field of deep-sea pelagic sediment. The Fe/Ti
vs. Al/(Al + Fe + Mn) diagram also shows consistent results
(Fig. 10b; Teutsong et al. 2017). In the diagram, pure hydro-
thermal chemical sediments are enriched in Fe and Mn,
whereas Al and Ti characterize the clastic or volcanic materi-
al (Gonzalez et al. 2009). This diagram illustrates that the
studied BIFs cluster close to the hydrothermal deposits,
whereas the BIF-hosted rocks plot closer to pelagic continen-
tal sediments (Fig. 10b). Partly due to scavenging processes,
the chemical composition of iron-rich hydrothermal precipi-
tates is very similar to the hydrogenous precipitates (Marchig
et al. 1982). Therefore, all of the methods proposed by
Bischoff and Rosenbauer (1977); Bostrom (1975) and
Dymond et al. (1976) should be used carefully. It is evident
from Fig. 10b, where, the modern metalliferous sediments
cluster near to hydrothermal deposits, and cannot distinguish
between hydrothermal and diagenetic metalliferous
sediments. Mineralogical and paleontological investigations
offer the possibility of differentiating between them
(Marchig et al. 1982). They documented fossil or trace of
fossil boundary is typically present in the fraction of diage-
netic metalliferous sediments, in contrast, well-crystallized
goethite exists in hydrothermal metalliferous sediments. The
studied samples are diagenetic metalliferous sediments, since
the former evidence is well-preserved in the sample SXE-14
(Fig. 3f), in which the fossil contents were disappeared yet to
be diminished its boundary during metamorphism.

Based on the ratios of SiO,/Fe,O, (T) and (MgO + CaO +
MnO)/Fe O, (T) (Fig. 11) (Hagemann et al. 2016; Angerer et
al. 2012), the studied BIFs show low- to medium-grade
siliceous BIF, where Fe-rich mafic mineral i.e. amphibole
and biotite is very less. Compared to this, the associated host
rocks i.e. biotite schist, quartzite and amphibolite contain
high amount of amphibole and biotite. Petrographic study
and geochemical classification reveal that the precursor
mineral might be clay minerals, which was changed into the
following minerals subsequently at a certain pressure and
temperature during metamorphism:

Clay (illite) — chlorite — biotite — amphibole.

In our studies, magnetite is the dominant Fe-rich mineral of
the BIF. Due to the high degree metamorphism and recrys-
tallized habit of the magnetite crystals, it is not possible to
accurately link the evolution of this mineral to the primary
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process of iron precipitation from seawater. As suggested
in many models of BIF formation, the primary iron mineral
precipitated directly from seawater was most likely an Fe**
oxyhydroxide, a mixed valence Fe-silicate or a Fe?*-car-
bonate (e.g., siderite) (Fischer er al. 2009). Studies of
low-grade metamorphosed BIF suggest that such primary
minerals often transform into Fe-rich minerals (e.g.,
magnetite, hematite and siderite) and several iron silicate
phases through a variety of possible abiotic or microbi-
al-mediated processes (Bontognali ef al. 2013; Smith et al.
2013; Posth et al. 2013). In BIF, siderite is transformed into
magnetite by diagenetic processes.

Implication for the age of the basement complex and
correlation with the BIF

Recent geochronological studies of basement rocks in the
northwestern part of Bangladesh indicate that Paleoprotero-
zoic (1720-1730 Ma) tonalitic/granitic pegmatite to diorite
rocks are considered a continuation of the Central Indian
Tectonic Zone (CITZ) in the Columbia supercontinent
configuration (Hossain ez al. 2007; Ameen et al. 2007) that
occur in the Maddhapara area at shallow depths (128 m). The
overlying stratigraphic column is covered by successive units
of the Permian Gondwana Group, the Pliocene Dupi Tila
formation, the Pleistocene Barind Clay formation and Recent
alluvium (Hossain et al. 2009). The age of the Palacoprotero-
zoic basement rocks in Bangladesh is similar to the age of
metamorphic event in the Hakimpur BIF deposits (Fig. 7a).
In Table IV, monazites show uniform PbO/ThO, ratios giving
and age of 1728 Ma (mean), suggesting the protolith was
subjected to a single metamorphic event. In order to estimate
the same age of the basement rock and the Hakimpur BIF
deposits, it can be inferred that the metamorphic alteration in
the BIF’s mineral assemblages was influenced by the
tectonomagmatic nature of the crystalline basement magma.

The calculated temperature (T) conditions of the zircon and
the coexisting magnetite and ilmenite assemblages are
677-692°C and 522-809°C (at 10**? to 10""? f0,), respec-
tively (Table III and ), which is consistent with the P-T condi-
tions (680-725°C at 4.9-6.4 kbar) that occurred during
crystallization of dioritic basement rock in Bangladesh (Hos-
sain et al. 2009). Based on the T-fo, conditions (Fig. 6¢), the
Fe-Ti oxide minerals hosted in felsic rocks are sourced from
crustal origin of tholeiitic magma. Also, the content of Hf
indicates that zircons were sourced from felsic suits. The
studied BIF and BIF-hosted rocks are seemingly formed
from a mafic and/or ultramafic protolith, however additional
evidence such as the presence of olivine and pyroxene was
not present in the petrographic studies. Since the studied BIF
and BIF-hosted rocks are developed in sedimentary protolith,
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the lack of mafic and ultramafic components (with lower Mg
content; Table II) in our studies may indicate felsic nature,
which is not uncommon in BIF deposits throughout the world
(Hagemann et al. 2016).

Conclusions

The Hakimpur BIF deposit is a recently discovered iron
deposit located in the Basement Complex in Bangladesh. The
iron deposit is characterized by the presence of BIF, biotite
schist, quartzite and amphibolite. Combining whole rock
geochemistry, mineral geochemistry and monazite geochro-
nological studies of the Hakimpur BIFs, the following
conclusions were made:

Variable high Fe,O,+SiO, contents and the texture in petro-
graphic studies suggest that their chemical precipitation was
influenced by variable terrigenous input, and later metamor-
phosed by hydrothermal influence or orogenic activity due to
magmatism of Palacoproterozoic basement rock in surround-
ing areas.

Monazite geochronology reveals that the Hakimpur BIFs
experienced a single metamorphic event that occurred at ca.
1728428 Ma during the Basement rock’s magmatic event
activated.

Thermometry of the studied minerals (zircon, and coexisting
magnetite and ilmenite assemblages) demonstrate the studied
rocks went through medium grade metamorphism, since
zircon shows temperatures of 677—692°C, and the later
magnetite/ilmenite assemblage display 522-809°C, which is
partly consistent to crystalline temperature of the Basement
rock in Bangladesh.
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