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Valuable heavy minerals from the Brahmaputra
River sands of Northern Bangladesh
M. A. Rahman1, M. I. Pownceby∗2, N. Haque2, W. J. Bruckard2 and M. N. Zaman1

The sands of Bangladesh’s rivers are potentially economically important hosts for heavy mineral
(HM) resources. Characterisation tests carried out by the authors on 50 sand samples collected
from sand bars of the Brahmaputra River in northern Bangladesh revealed that the HM
assemblage of the predominantly quartz-rich sands ranged from 4.5 to 17.0% (by weight) HM.
The HM assemblage of the samples tested predominantly comprised amphibole, epidote,
garnet, kyanite and feldspars along with minor amounts of the valuable heavy mineral (VHM)
components of ilmenite, magnetite, rutile and zircon. The HMs were generally well liberated and
had an angular to sub-round texture. A grain size analysis of a composite sample prepared from
a subset of 7 of the 50 samples collected indicated that >75% of the total HM assemblage was
within the +250 to −125 µm size fraction with VHMs enriched in the size fractions −250 to +125
µm and −125 to +63 µm. The total HM contents in the coarser −500 to +250 µm size fraction
and the finer −63 µm size fractions were negligible. The potentially recoverable VHM
components of the composite included magnetite (∼3%), ilmenite (∼4%), titanite (∼1%),
titanomagnetite (∼1%), zircon (∼0.5%) and rutile (∼0.4%). Preliminary laboratory separation
studies on a bulk sample indicated that magnetite-, ilmenite-, rutile- and zircon-rich concentrates
could be prepared from the sands. Analyses of the ilmenite indicated that the ilmenite was
primary in composition (∼34% Ti), low in detrimental impurities and would be suitable for
pigment production via the sulphate processing route. The zircon and rutile components were
also low in total impurities and as such, little or no further processing would be required to
produce saleable concentrates of these VHMs. However, the magnetite concentrate was
contaminated by composite magnetite/silicate particles and further work involving fine grinding
would be required to liberate the magnetite particles and generate a magnetite-rich product.
Keywords: Valuable heavy minerals, Brahmaputra river, Bangladesh

Introduction
Heavy mineral (HM) sands are occurrences of high
specific gravity (SG > 2.9) detrital minerals such as rutile,
zircon, ilmenite, magnetite, kyanite, sillimanite, monazite,
xenotime, chromite, tourmaline, garnet and staurolite.
These HMs are chemically stable, are resistant to abrasion
and can withstand diagenetic alteration – with the excep-
tion of ilmenite, which can be beneficiated in titanium
grade under certain conditions (Force 1991). Nearly, all
major economic deposits that contain rutile, zircon and
ilmenite occur as detrital accumulations in young (Plio-
cene or younger) shoreline or beach placer deposits.
Non-marine fluvial accumulations of these minerals do

occur, however, these deposits are rarely economically
viable. One notable exception is the Gbangbama District
in the southern province of the Republic of Sierra Leone,
where rutile is exploited from proximal alluvial placers
(Force 1991). More often, fluvial deposits are exploited
for other commodities, such as gold or cassiterite, but
some of these deposits do contain titanium oxide and
zircon minerals that are recoverable as a valuable by-
product (e.g. Flinter 1959; Achalabhuti et al. 1975; Aral
et al. 2008).
Bangladesh has many HM sands occurrences along the

southern and southeastern coastlines of the country where
the HMs occur in shoreline placer deposits and in associ-
ated sand dunes (Mitra et al. 1992; Islam 1997; Bari et al.
2011; Zaman et al. 2012). These shoreline deposits are
typically high grade and can contain up to 20–25% (by
weight) HM. Current and past mineral sands develop-
ment opportunities in Bangladesh have focused on devel-
oping these high-grade coastal sand deposits. However,
many of the development opportunities are limited as
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some deposits are located in populated, environmentally
sensitive areas and some of the contained VHM minerals
have high levels of radioactivity. Both make exploitation
potentially problematic. There is, however, an emerging
potential for sourcing HM sands from the widespread
river sand placer deposits associated with some of the
extensive river systems in Bangladesh (Rahman et al.
2012, 2014).
The Brahmaputra River is the second largest river sys-

tem in Bangladesh and within the country, this river is
known as the Jamuna River. The river originates in
Manassarabar, Tibet, flows through the northern Hima-
layas and drains the Tibetan Plateau of China (which is
dominated by upland tributaries originating in the Hima-
layas) before entering India and flowing through the Shil-
long Massif. The river flows over and erodes a large
variety of rock types including Precambrian meta-
morphics (high-grade schists, gneisses, quartzites and
metamorphosed limestones), felsic intrusives and Palaeo-
zoic–Mesozoic sandstones, shales and limestone, before
entering Bangladesh in the Nagaeshwari Thana region
of the Kurigram District.
In Bangladesh, the Brahmaputra River broadens into a

large, sand-bedded braided river system having a ∼15 km
width, with individual channels 2–3 km wide – refer to
Fig. 1 (Coleman 1969; Rahman et al. 2012). The river
bed elevations vary from 7 to 20 m above the mean sea
level (Rahman 1972) and estimates of the suspended
load sediment annual flux range from 402 to 1157 Mt
(Islam et al. 1999 and references therein). The alluvial
sediments contain both light and HMs with the HM
usually deposited on the bed of the river system in sand
bars that are up to 44 m in thickness. The bars are variably

enriched in HMs (Umitsu 1987). Compared to HM sand
accumulations in beach sand deposits, the concentration
of HMs in river sands is generally lower, with as little as
5–10% HM (Force 1991). Table 1 is a list of the HMs
commonly found in the alluvial sand deposits of the Brah-
maputra River system.
Apart from defining the volume of potentially viable

sands in a HM deposit, the critical components in mineral
resource assessment of HM deposits include identifying
the mineralogical assemblage, quantifying the HM
grade and assessing the quality of the contained mineral
species for potential end-use applications. This study
extends earlier works completed on the magnetic proper-
ties and compositional variation within the iron- and tita-
nium-rich components of the Brahmaputra River sands
(Rahman et al. 2012, 2014). Specifically, this study exam-
ined the morphology, mineralogy, grain size, composition
and grade of the HM sands.
Testing of the physical separation of each of the VHM

components from abulk HMCwas also completed. These
data are useful for the potential evaluation of any future
exploitation proposal of the mineral sands of the Brahma-
putra River.

Previous work
The Brahmaputra River is a comprehensively studied
river system. The drainage region in the Bengal Basin
forms an important alluvial basin due to the size and
location of the system, density of human population,
often catastrophic deposition of sediments, flooding
events and the generally low elevation above the mean
sea level of the basin. Previous studies on the river system

1 Map showing the region where the river sand samples were sourced as well as the locations of the seven samples that were
subject to further analysis (location map from Rahman et al. 2014)
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have focused on measurements of sediment discharge
(Milliman and Meade 1983; Milliman and Syvitski
1992) and sediment bed load distribution (Islam et al.
1999). The textural, mineralogical and chemical nature
of the river sediments have also been extensively studied
with these aspects of the system having an important
bearing on the environmental quality of the basin, as
well as for the Bay of Bengal.
While extensive chemical and sedimentological data

have been gathered for the entire Brahmaputra River sys-
tem, including the associated tributaries, only limited data
exist for the HMs occurring within the region considered
in the current study – specifically, the pre-confluence
region with the Tista River. Moreover, until recently,
data for the HM contents were mainly confined to the
total HM content without regard to the potential recovery
and processing of the individual VHM components such
as rutile, ilmenite and zircon.
Singh and France-Lanord (2002) sampled Brahmapu-

tra River bank sediments in the region of Chilmari,
∼1–2 km north of the confluence with the Tista. They
found that the bank sediments were silty-sand and domi-
nated by quartz, muscovite, feldspars, biotite and lithic
fragments. These researchers found that the major oxide
components of the sediments in the area of sampling
were 73–77% SiO2, 10–12% Al2O3, 3.9–4.2% Fe2O3,
1.2–1.7% MgO, 2.0–2.4% CaO, 1.8–2.0% Na2O, 2.0–
2.5% K2O, 0.5–0.6% TiO2, 0.05–0.09% MnO and
∼0.1% P2O5.
Garzanti et al. (2004) reported that the pre-Tista area

sediments were dominated by quartz (59%), feldspars
(27%) and metamorphic lithic fragments (12%) with
minor volcanic and subvolcanic lithic fragments. These
researchers concluded that quartz, garnet and epidote
had been sequestered in the bed load and trapped on
the coastal plains in sand bars, whereas feldspars and
amphiboles had been concentrated in the suspended
load and eventually deposited in the sea. Mineralogical
and petrographic analysis of the very fine to fine sand
fraction indicated ∼10% of HMs. These included amphi-
bole (55%), epidote (24%), garnet (10%), pyroxene (4%)
and high-grade metamorphic minerals (kyanite/sillima-
nite/staurolite – 2%). The ultra-stable HMs of zircon,

tourmaline and rutile made up a combined 10%. How-
ever, no ilmenite was reported in this prior study.
Similar measurements of bed sediments of the Brahma-

putra River north of the Tista/Brahmaputra confluence
by Datta and Subramanian (1997) indicated 14.7% of
HM in the size range +63 to 200 µm. In this study, the
HM assemblage was found to be dominated by ‘unstable’
minerals (garnet, magnetite, ilmenite, hornblende and
augite) followed by ‘semi-stable’minerals (apatite, stauro-
lite, kyanite and epidote). The content of ‘stable’ and
‘ultra-stable’ minerals (zircon and rutile) was very
minor. The relatively high amount of unstable and semi-
stable HMs in the sediment indicated that little chemical
alteration occurred during sediment transportation. The
majority of the HMswere interpreted to have been eroded
from high-grade metamorphic and mafic igneous rocks.
In the most comprehensive dataset available, Jasy,

Rahman and Yeasmin (2010) examined the HM content
of 14 samples of Brahmaputra River sands from the Kur-
igram District and found that the HMs in the samples
were dominated by amphibole (∼45.8%) and epidote
(∼31.1%) with lesser garnet (∼10.1%), apatite (∼1.9%),
tourmaline (∼3.4%), sillimanite (∼1.4%), kyanite
(∼1.8%), zircon (2.4%), rutile (0.6%) and staurolite
(∼1.1%). The dominance of amphibole and epidote in
these Brahmaputra River sand samples was in agreement
with the previous results reported by Huizing (1971) and
Heroy et al. (2003).
In 2012, preliminary work by the Bangladesh Council

of Scientific and Industrial Research, that concerned the
mineralogy, morphology, magnetic properties and com-
position of the sands from the Brahmaputra River,
found that the valuable magnetic HMs included ilmenite,
titanomagnetite, magnetite and garnet while the valuable
non-magnetic heavy mineral suite comprised zircon,
rutile, xenotime, monazite and sillimanite (Rahman
et al. 2012). In a 2014 follow-up study that focused on
the characterisation and assessment of the potential pro-
cessing of the titanium-rich components of the sands
(Rahman et al. 2014), it was found that the bulk VHM
content in the samples tested to be ∼10–15% VHM, and
that the VHM fraction was dominated by ilmenite
(4.7%), magnetite (4.4%), titanomagnetite (0.9%), titanite
(0.9%) and rutile (<0.1%).

Experimental
Sample collection
A barrel auger was used to collect samples at 50 locations
characterised by well-developed, stable sand bars. During
the fieldwork, a visual inspection of the surface and core
samples was used not only to identify key physical sand
features such as colour, grain size, shape and size as well
as the presence (or not) of HM, but also to guide the
sampling. Samples were collected after the monsoon sea-
son and focused within a region east of Chilmari in the
Kurigram District, ∼1–2 km north from the confluence
of the Tista and Brahmaputra Rivers (refer to Fig. 1).
All samples were collected from the surface to a maxi-

mum depth of ∼1 m. From each sample, the HM fraction
was separated and recovered using a heavy liquid bromo-
form (SG = 2.89) separation method. Using criteria of the
total amount of HM concentrate recovered and the
locations of individual samples, seven samples were

Table 1 Minerals with SG > 2.9 commonly associated with
Brahmaputra River HM sands

Mineral Ideal formula SG†

Ilmenite Fe2+TiO3 4.7–4.8
Magnetite/
titanomagnetite

Fe2+(Fe3+,Ti)2O4 ∼5.1

Rutile/anatase TiO2 3.8–5.5
Zircon ZrSiO4 4.6–4.7
Monazite (La,Ce,Th)PO4 5.0–5.3
‘Spinel’ group General name for mineral group

with formula – AB2O4

3.5–5.2

Garnet group (Ca,Mn,Mg,Fe2+)3Al2Si3O12 3.5–4.3
Amphibole group e.g. Hornblende (Na,K)Ca2(Mg,

Fe,Al)5[Si6Al2O22](OH,F)2
3.0–3.5

Staurolite (Fe2+,Mg)2Al9Si4O22(OH)2 3.7–3.8
Tourmaline e.g. Schorl

NaFe2+3 Al6Si6B3O27(OH)4
3.0–3.2

Sillimanite/kyanite Al2SiO5 3.2–3.6
Epidote Ca2(Fe,Al)Al2(SiO4)(Si2O7)O(OH) 3.3–3.6
Apatite Ca5(PO4)3(OH,F,Cl) 3.1–3.2

Note: SG = specific gravity.
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selected for further detailed studies to identify the valu-
able HM suite and to examine the morphology, mineral-
ogy, composition and grade of the HM sands. These seven
samples represented the samples with the maximum and
minimum HM recoveries. The samples were previously
used in the study by Rahman et al. 2014 examining the
Ti-rich components of the sands. The sample area and
coordinates for the locations of the seven samples studied
in detail are listed in Table 2 and the locations are plotted
in Fig. 1.

Sample analysis
Size analysis

Prior to size analyses, any organic matter in the samples
was removed by gently washing each of the 50 samples
in 1 MHCl and then rinsing the sands with triple-distilled
water. A ≈100 g fraction was split from each sample and
then machine sieved into six size fractions (+500 µm,
−500 to +250 µm, −250 to +125 µm, −125 to +63 µm,
−63 to +45 µm and −45 µm) to provide quantitative
data to model the size distribution of the HM particles.
Three size fractions (−500 to +250 µm, −250 to +125
µm and −125 to +63 µm) were then selected for detailed
examination using a combination of optical microscopy,
X-ray fluorescence spectroscopy (XRF), X-ray diffraction
(XRD), scanning electron microscopy and electron probe
microanalysis (EPMA). The three size fractions examined
in detail were typical of the sizes of ilmenite, rutile and zir-
con particles routinely processed from HM deposits.
Finer grained HM materials (those with diameters <70–
80 µm) are currently unable to be effectively processed
using existing technologies, for example, the fine-grained
WIM-style deposits of the Murray Basin in southeastern
Australia (Bruckard et al. 2015).

Optical microscopy

The VHMs of ilmenite, rutile, zircon, monazite, that were
present in the fine- to medium-sized sand fractions (−500
to +250 µm, −250 to +125 µm and −125 to +63 µm), were
identified using a polarising microscope and a binocular
microscope under transmitted and reflected light. The
mineral proportions in each fraction were quantified by
point counting of at least 200 grains in each sample
using the ribbon method (Mange and Maurer 1991).

Bulk chemistry (XRF) and mineralogy (XRD)

Chemical and mineralogical studies were carried out on
each of the seven selected HM fractions. Bulk chemical

analysis was carried out by XRF using a pressed powder
preparation method. The selected samples were crushed
for 20 min in a planetary ball mill (Model: PM-200,
Retsch, Germany) to produce <75 µm powders, which
were then mixed with a steric acid binder using a binder
to sample ratio of 1:10, and then pulverised for an
additional 2 min. The mixtures were then placed into
30 mm diameter aluminium caps and pressedwith a man-
ual hydraulic press using a pressure of 137.9 MPa for 2
min to produce the final pellets for XRF analysis. Ana-
lyses were made using a Rigaku ZSX Primus XRF analy-
ser equipped with an Rh-anode X-ray tube.
The XRD analyses of the powdered samples were per-

formed using a Philips PANalytical X’Pert Pro MPD
(PW3040) automated powder diffractometer equipped
with a Cu X-ray radiation source operating at 40 kV
and 30 mA. Samples were continuously scanned over
the range 10–80° 2θ at a step size of 0.020 2θ, and count-
ing times of 0.50 s per step. The patterns were interpreted
using ‘X’Pert High Score Plus’ software available on the
PANalytical X-ray system, which employs a search-
match routine based on the ICDD Powder Diffraction
File.

EPMA mapping and quantitative analysis

A composite ‘bulk’ HM sample of 350 g was prepared by
combining all seven samples described above, and a sub-
sample was split and then mapped using a high-resolution
field emission gun-equipped EPMA (JEOL 8500F
Hyperprobe) to determine the distribution of major and
minor mineral phases. An optically flat, polished grain
mount was mapped over a grid of analysis points covering
3800 × 3800 µm using a combination of wavelength dis-
persive (WD) and energy dispersive (ED) spectroscopic
techniques. The elements mapped using the WD spectro-
scopic technique included Cr, P, K, Ti and Zr. Standard
reference materials were used to calibrate the EPMA
WD spectrometers prior to mapping and included syn-
thetic eskolaite (Cr2O3), synthetic aluminium phosphate
(AlPO4), adularia (KAlSi3O8), rutile (TiO2) and badde-
leyite (ZrO2). The elements that were not measured by
WD spectroscopy were measured using two ED spec-
trometers operating in parallel. To ensure that the com-
plete chemical spectrum was obtained for each step
interval in the map, both the ED and WD signals were
measured simultaneously. The additional ED information
was important when trying to identify phases that con-
tained elements not present in the main WD element
map suite. Operating conditions for the microprobe
during mapping were an accelerating voltage of 15 kV, a
beam current of 80 nA, a step size of 2 µm (in x and y)
and a counting time of 15 ms per step. The beam was
defocused to 2 μm for the analysis. The EPMA map
data were used to identify individual mineral
phases based on chemistry before using the data to con-
struct a series of phase-patched maps that depicted the
distributions and textures of all phases in the HM
concentrate.
The chemical compositions of individual VHMs within

the combined bulk HM sample were quantitatively deter-
mined using the JEOL 8500F Hyperprobe. Approxi-
mately, 80 grains were randomly selected from the
sample and analysed to determine the dominant elements
in each grain. The analysis position within each grain was

Table 2 Coordinates of the seven samples selected for
detailed mineralogical analysis

Sample no.
Location

(local name) Coordinates

Sample 01 Khewar Alga 25°47.976′ N 89°45.763′ E
Sample 04 Near Mollar Hat

(∼1 km East)
25°45.993′ N 89°45.093′ E

Sample 14 Jahager Alga 25°45.248′ N 89°46.193′ E
Sample 25 Ekdilkharia 25°44.844′ N 89°46.785′ E
Sample 31 Char Durgapur 25°43.436′ N 89°47.903′ E
Sample 41 Kaijar Char 25°42.643′ N 89°45.916′ E
Sample 48 Near Ghugumari

Char
25°39.712′ N 89°45.136′ E

Note: Locations are indicated in Fig. 1.
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random. For the quantitative analyses, the microprobe
was operated at 20 kV and 20 nA with the electron
beam defocused to 10 µm to accommodate any within-
grain inhomogeneity. Counting times were 20 s on the
main peak and 20 s on the background (i.e. 10 s on either
side of the main X-ray peak). A suite of 13 elements ana-
lysed were analysed (Na, P, Fe, Cr, K, Ti, Si, Mg, Mn, Zr,
Y, Al and Ca). The oxygen concentration was calculated
by difference, based on valence. The calibration standards
used included wollastonite (CaSiO3), synthetic spinel
(MgAl2O4), rhodonite (MnSiO3), hematite (Fe2O3), rutile
(TiO2), synthetic eskolaite (Cr2O3), adularia (KAlSi3O8),
baddeleyite (ZrO2), albite (NaAlSi3O8), synthetic alu-
minium phosphate (AlPO4) and yttrium vanadate
(YVO4). All analysis positions were determined to be
homogeneous and flat through viewing the secondary
electron image of the area to be analysed (at 5000×
magnification). Elemental analyses were corrected for
atomic number (Z ), absorption (A) and fluorescence (F )
using the ϕρz (Phi-Rho-Z) procedure of Armstrong
(1988).

Results
Bulk HM content
The results from the separation of HM components from
the initial 50 bulk samples are listed in Table 3. The aver-
age bulk HM content for all 50 samples was 8.82% HM
but total HM contents in each sample vary, ranging
from a minimum of 4.72% HM in Sample 48 to a maxi-
mum of 16.55% HM in Sample 14.

Grain size analysis
Grain size analysis results are listed in Table 4 and plotted
on a line plot in Fig. 2. The most frequent grain size was
the +250 to −125 µm fraction (Samples 14, 25, 31 and 41).
Within these four samples, there was a narrow grain size
distribution with >75% of particles falling within the
+250 to −125 µm fraction, which indicated that the sedi-
ments were well sorted. In contrast, Samples 1 and 4 had
grain size populations that were skewed more towards the
coarser −500 to +250 µm fraction, whereas Sample 48

had a higher proportion of grains reporting to the finer,
sub −125 µm fraction, which indicated a higher silt
component.

Table 3 HM (SG > 2.9) percentages in the Brahmaputra River
sand samples

Sample
no.

%
HM

Sample
no.

%
HM

Sample
no.

%
HM

01 8.60 18 6.95 35 9.77
02 7.25 19 7.83 36 7.63
03 9.26 20 9.83 37 8.56
04 10.34 21 7.53 38 8.64
05 10.55 22 10.16 39 7.80
06 8.35 23 8.89 40 8.15
07 8.90 24 9.28 41 5.22
08 9.32 25 7.38 42 8.50
09 10.10 26 8.25 43 8.57
10 7.48 27 9.22 44 11.27
11 9.39 28 8.52 45 11.34
12 10.50 29 7.70 46 10.44
13 9.24 30 8.61 47 7.38
14 16.55 31 8.94 48 4.72
15 8.87 32 7.74 49 8.51
16 7.64 33 8.80 50 9.53
17 7.61 34 9.44 Average 8.82

Note: The samples in bold were selected for further detailed
analysis.

2 Grain size distribution results for the seven bulk samples

Table 4 Weight percentages for each grain size fraction in
the seven bulk samples

Sample no.

Grain size

+500
µm

−500 to
+250
µm

−250 to
+125
µm

−125 to
+63 µm

−63 to
+45 µm

−45
µm

Sample 01 0.25 33.00 58.27 7.35 0.30 –

Sample 04 0.40 65.50 32.10 1.40 0.15 –

Sample 14 – 3.00 84.30 12.00 0.40 –

Sample 25 0.08 6.75 81.46 10.32 0.85 –

Sample 31 0.15 12.27 77.73 9.21 0.29 –

Sample 41 0.08 11.55 79.70 7.57 0.45 –

Sample 48 0.03 0.85 33.98 47.51 11.10 6.03
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The HM distributions within the size fractions −500 to
+250 µm, −250 to +125 µm and −125 to +63 µm samples
are listed in Table 5. For all samples, the highest concen-
tration of HM was in the fine (−125 to +63 µm) size frac-
tion with contents ranging from ∼18% (Sample 41) to
∼4.5% (Sample 14). Less HM reported to the coarser
fractions with the lowest HM concentrations always
found in the coarser −500 to +250 µm size fraction,
with contents typically below ∼3–5%. The total HM con-
tents in the finest (sub −63 µm) fraction was negligible.

Chemical (XRF) analysis
The bulk chemistry for each of the seven sand samples is
listed in Table 6. All samples were dominated by the pres-
ence of silica (69.8–74.7% SiO2) and alumina (12.4–14.8%
Al2O3), with these concentrations indicating a high pro-
portion of quartz and/or aluminosilicates. The samples
were also characterised by relatively high iron oxide
(3.6–4.7% Fe2O3), high potassium oxide (2.8–4.1%
K2O) and high calcium oxide (2.0–3.6% CaO) contents.
These analyses were consistent with the presence of
heavy aluminosilicate mineral phases such as amphiboles,
garnet and epidote (refer to Table 1), which are known to
be present in Brahmaputra sediments. In terms of poten-
tial valuable titanium-rich HMs such as ilmenite and
rutile, titanium levels were generally low across all seven
sites ranging from 0.30% TiO2 in Sample 04 to 0.75%
TiO2 in Sample 14. Oxide analyses of zirconia and

phosphorus pentoxide, which may be considered diagnos-
tic of the VHMs zircon and monazite, respectively, were
also very low ranging from 0.01 to 0.06% ZrO2 and
from 0.07 to 0.24% P2O5.
The XRF data for the size fractions of the bulk sample

produced by combining the HM-rich component from all
seven locations are listed in Table 7. In all size fractions,
iron-, calcium- and potassium-rich silicates and alumino-
silicates dominate, and titanium was also concentrated.
Titanium was present as >2% TiO2 in all three fractions
but was most concentrated in the −250 to +125 µm frac-
tion, which grades 2.71% TiO2. In comparison, zirconia,
representing the valuable HM component zircon, was
most concentrated in the −250 to +125 µm fraction,
which grades 0.37% ZrO2.

Mineralogical analysis
XRD phase analysis

XRD analysis of the seven samples revealed that all
samples were quartz-rich (>70%) with a large number of

Table 5 HM distribution according to grain size fraction

Sample
name

HM concentration (%)

−500 to
+250 µm

−250 to
+125 µm

−125 to
+63 µm

Sample 01 1.62 5.27 8.13
Sample 04 1.90 3.90 15.25
Sample 14 3.08 6.66 16.85
Sample 25 2.92 9.50 10.55
Sample 31 4.36 7.06 18.27
Sample 41 5.03 9.54 11.37
Sample 48 0.00 5.34 4.52
Average 2.13 6.75 12.13

Table 6 Bulk chemical results (XRF) in mass% for the seven Brahmaputra River samples

Component (as oxide)

Sample

01 04 14 25 31 41 48

Al2O3 12.4 12.4 12.9 13.1 14.8 12.7 12.5
SiO2 72.6 74.7 70.3 72.2 69.8 73.0 73.4
P2O5 0.110 0.071 0.236 0.146 0.124 0.142 0.139
K2O 2.91 3.43 2.78 3.18 4.08 3.02 3.02
CaO 2.73 1.96 3.64 2.86 2.27 2.90 2.90
TiO2 0.456 0.305 0.751 0.420 0.402 0.417 0.433
Cr2O3 0.475 0.405 0.218 0.209 0.175 0.249 0.249
V2O5 n.d. n.d. n.d. n.d. 0.013 n.d. n.d.
Fe2O3 4.34 3.60 4.70 3.85 3.83 3.71 3.72
NiO 0.0081 0.0079 0.0063 0.007 0.0073 0.0073 0.0087
CuO 0.0032 0.0035 0.0030 0.0036 0.0029 0.0040 0.0028
ZnO 0.0046 0.0040 0.0051 0.0053 0.0053 0.0044 0.0050
Y2O3 0.0068 0.0048 0.0091 0.0066 0.0052 0.0073 0.0071
ZrO2 0.0244 0.0093 0.0594 0.0199 0.0087 0.0186 0.0157
ThO2 n.d. n.d. 0.0026 n.d. n.d. 0.0020 n.d.

Note: n.d. = not determined.

Table 7 HM concentration XRF results (mass %) for a sized
composite HM sample from the Brahmaputra River

Component
−500 to
+250 µm

−250 to
+125 µm

−125 to
+63 µm

Na2O 0.87 1.41 1.26
MgO 6.39 3.48 6.58
Al2O3 17.95 13.12 15.83
SiO2 42.38 54.00 44.48
P2O5 0.25 0.65 0.50
K2O 4.89 1.46 1.40
CaO 7.48 8.59 12.38
TiO2 2.15 2.71 2.19
Fe2O3 16.08 12.91 13.80
NiO 0.015 0.01 0.015
CuO 0.004 0.004 <DL
ZnO 0.025 0.011 0.016
Y2O3 <DL 0.017 0.026
ZrO2 0.030 0.375 0.102
ThO2 <DL 0.009 0.004

Notes: The sample was produced by combining the HM-rich
component from the seven samples in Table 5. <DL = less
than detection limit.
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minor phases including amphibole, epidote, garnet, kya-
nite and feldspars. The valuable HM components were
found to be generally below detection (i.e. less than 1–
2%) in the bulk sediments except in Sample 14 where a
trace amount of ilmenite was observed. Analysis of the
HM concentrates produced from the bulk sediments con-
firmed the presence of HMs such as garnet (almandine),
zircon, ilmenite, sillimanite, xenotime, rutile, chlorite,
monazite, kyanite plus other amphibole and pyroxene
group minerals.

Modal abundance of HMs

The concentrations of VHMs in each sample were deter-
mined by point counting using optical and reflected light
microscopy. The results of these analyses are listed in
Table 8. The abundances of VHMs in the size fractions
−500 to +250 µm, −250 to +125 µm and −125 to +63
µm for each sample were also determined (refer to
Table 9). In terms of HMs, there was a marked enrich-
ment in some VHMs such as zircon, ilmenite, xenotime,
magnetite, rutile and sillimanite in the size fractions
−250 to +125 µm and −125 to +63 µm. In contrast, the

concentrations of VHMs were either low or absent in
the −500 to +250 µm size fraction.

Textures of the VHMs

Figure 3 contains back-scattered electron (BSE) images of
the textures of the VHMs such as ilmenite, titanomagne-
tite and magnetite. Figure 4 contains similar images for
the minerals rutile, zircon and huttonite, which is a thor-
ium silicate, ThSiO4, with some uranium in solid solution.
Textural examination indicated that the majority of

ilmenite grains were >100 µm in size, well liberated and
occurring as angular to sub-rounded particles with little
or no gangue minerals attached to surfaces (refer to Fig.
3a and b). HM grains from fluvial environments typically
have a much poorer roundness than equivalent grains
from the aeolian and coastal environments.
The ilmenite grains had few features diagnostic of

chemical alteration during weathering and transport –
except for minor alteration along outer grain surfaces or
within fracture surfaces. Based on the angular nature of
the HM grains and the lack of evidence for substantial
alteration, the interpretation is that the ilmenite was

Table 8 Weight percentage of valuable heavy minerals (VHM) in each sample determined by optical grain counting

Mineral Sample 01 Sample 04 Sample 14 Sample 25 Sample 31 Sample 41 Sample 48

Garnet 1.76 5.71 5.11 4.85 2.16 4.95 4.74
Ilmenite 4.25 5.05 6.14 5.44 4.60 5.69 5.65
Kyanite 1.23 0.86 1.00 1.37 2.61 1.22 1.28
Magnetite 1.05 2.21 3.24 3.45 0.37 2.91 1.02
Monazite 0.43 0.60 0.96 0.56 0.41 0.63 0.35
Rutile 0.14 0.40 0.34 0.75 0.24 0.46 0.13
Sillimanite 0.13 0.20 1.35 0.72 0.39 0.83 1.10
Xenotime 0.35 0.42 0.63 0.85 0.40 0.57 0.81
Zircon 2.21 2.48 3.41 3.10 2.46 1.47 2.87

Table 9 Weight percentage of valuable heavy minerals (VHM) in each sample according to size fraction

Mineral

Sample 01 Sample 04 Sample 14 Sample 25

−500 to
+250 µm

−250 to
+125 µm

−125 to
+63 µm

−500 to
+250 µm

−250 to
+125 µm

−125 to
+63 µm

−500 to
+250 µm

−250 to
+125 µm

−125 to
+63 µm

−500 to
+250 µm

−250 to
+125 µm

−125 to
+63 µm

Garnet 2.16 2.27 4.11 2.62 5.64 6.12 4.67 7.43 9.16 3.53 5.28 5.49
Ilmenite 2.56 6.16 8.65 3.80 5.82 9.30 5.61 5.60 6.16 4.45 5.32 7.09
Kyanite 4.88 1.67 5.08 2.22 1.85 1.28 8.68 1.70 1.47 – 3.97 3.90
Magnetite – 0.95 2.93 0.00 2.48 3.63 2.26 2.17 3.56 1.42 1.33 2.66
Monazite 0.85 0.90 0.89 0.78 0.69 0.82 – 0.98 2.06 0.79 1.95 2.54
Rutile – – 0.59 – 0.00 0.92 – 0.46 0.67 – 0.54 0.86
Sillimanite – – 1.84 – 0.29 3.73 – 0.96 3.77 – 0.56 3.25
Xenotime – 0.37 0.91 – 1.04 0.92 0.38 0.90 1.16 – 0.89 1.74
Zircon – 1.32 2.45 – 2.26 2.58 0.00 1.50 2.07 – 1.80 1.92

Mineral

Sample 31 Sample 41 Sample 48

−500 to
+250 µm

−250 to
+125 µm

−125 to
+63 µm

−500 to
+250 µm

−250 to
+125 µm

−125 to
+63 µm

−250 to
+125 µm

−125 to
+63 µm

Garnet 3.48 4.82 6.57 2.12 5.78 6.02 3.12 3.42
Ilmenite 6.22 6.67 7.92 4.51 5.75 6.60 6.43 7.50
Kyanite 1.77 4.70 4.54 1.19 2.11 2.73 1.87 7.18
Magnetite 0.97 1.95 0.76 0.85 1.52 3.67 1.22 1.22
Monazite 1.59 2.23 0.75 1.26 2.08 0.81 1.67 1.55
Rutile 1.04 0.39 0.41 - 0.48 1.22 - 0.30
Sillimanite 1.42 1.12 0.72 - 0.95 3.95 3.98 3.45
Xenotime 1.31 1.20 0.77 0.29 1.22 0.72 1.15 0.82
Zircon 1.46 2.87 4.80 1.54 1.92 2.82 3.08 3.52

Note: Modal data determined by optical grain counting.
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relatively primary in composition. However, there was a
small population of ilmenite grains that were not fully lib-
erated or clean. These grains were attached to gangue sili-
cates (refer to Fig. 3c) or contained numerous inclusions,
usually of quartz (refer to Fig. 3d and e). Additionally,
many Fe/Ti grains showed exsolution features typical of
slow-cooled, partially oxidised Fe/Ti oxides. The most
common type of exsolution involved the formation of
coarse-oriented ilmenite rods within titanium-rich magne-
tite grains (refer to Fig. 3f and g).
The magnetite particles in the river sands occurred as a

mixture of fully liberated to particles (refer to Fig. 3h and
i) that formed complex intergrowths with silicate gangue
minerals (refer to Fig. 3j and k). The majority of magne-
tite particles were angular in appearance indicating a
resistance to abrasion during transport.
The rutile grains in the river sands ranged from fine-

grained (<30 µm) composite particles (refer to Fig. 4a
and b) to fully liberated sub-rounded grains up to 100–
150 µm in diameter (refer to Fig. 4c). Some grains showed
evidence for inclusions (refer to the apatite in Fig. 4d ).
Similar textures were observed for zircon, which tended

to occur as fine-grained inclusions in silicates or ilmenite
grains (refer to Fig. 4e and f ) or as coarser, up to 100 µm
in diameter, fully liberated grains (refer to Fig. 4g). A
small proportion of the fully liberated zircon grains con-
tained inclusions of other minerals. These were primarily
quartz (refer to Fig. 4h) or monazite grains. Other poten-
tially recoverable minerals included rare-earth-element
(REE)-rich monazite (not shown) or a thorium silicate
phase, huttonite (ThSiO4, refer to Fig. 4i). Huttonite is
dimorphous with thorite and isostructural with monazite,
and preliminary EDX analysis of grains indicated rela-
tively high U and P contents.

Mineralogy by automated EPMA mapping

Data from the EPMA mapping of the split sample pro-
duced from the bulk, un-sized HM concentrate were ana-
lysed via a clustering algorithm (Wilson and MacRae
2005) to identify the mineral phases presence. The con-
centrate contained a large number of HM’s, broadly
separable into aluminosilicates (amphibole, garnet, epi-
dote, mica, feldspars and chlorite), silicates (quartz,

3 Representative BSE images showing textures of the valuable heavy minerals ilmenite, titanomagnetite and magnetite in the
Brahmaputra river sands. Key to abbreviations: Im = ilmenite, Tim = Titanomagnetite, Mt =Magnetite. Gangue heavy mineral
grains are not labelled
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pyroxene and zircon), phosphates (apatite, trace amount)
and Fe/Ti mineral phases (Fe-oxides, ilmenite, titanite
and rutile) (refer to Fig. 5). Trace amounts of chrome spi-
nel and carbonates were also identified. Modal analysis of
the 2D map of Fig. 5b gave the following abundances for

each group (in area percent): aluminosilicates ∼81%; sili-
cates ∼10%; phosphates <0.1%; Fe/Ti oxides ∼9%.
Within the aluminosilicates, amphibole (∼36%) and gar-
net (∼22%) were most commonly represented with lesser
amounts of epidote (∼8%), chlorite (∼7%), feldspars

4 Representative BSE images showing textures of the valuable heavy minerals rutile, zircon, huttonite and apatite in the Brah-
maputra river sands. Key to abbreviations: R = rutile, F = feldspar, Im = ilmenite, Z = zircon, Qtz = quartz, H = huttonite, Ap =
apatite.

5 aBack-scattered electron (BSE) image of the bulk HM concentrate showing the distribution and textures of all minerals within
the mapped area, b Phase-patched map showing the distribution of the main mineral groups; aluminosilicates, silicates,
phosphates, and Fe/Ti oxide phases
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(∼5%), micas (∼3%) and kyanite/andalusite (<0.2%).
Figure 6a is an image of the distribution of each of
these mineral phases within the mapped area. For the sili-
cates (refer to Fig. 6b), the main mineral phases identified
were pyroxene (∼6%), quartz (∼4%), zircon (∼0.5%) and
olivine (<0.1%). The Fe/Ti oxide phases present in the
HM concentrate are potentially recoverable for further
processing and these have been identified as comprising
a mixture of magnetite (∼3%) ilmenite (∼4%), titanite
(∼1%), titanomagnetite (∼1%) and rutile (∼0.4%).
Figure 7 is an image of the distribution of these oxide
phases.

Quantitative EPMA

Quantitative EPMA data were acquired to evaluate the
‘quality’ of the potentially valuable components of the
river sands which included rutile, ilmenite, magnetite,
titanomagnetite, titanite and zircon. The results are
listed in Table 10 with compositions also plotted on a
Ti versus Ti/[Fe + Ti] scatter plot (refer to Fig. 8) to
highlight the variation between the different titania min-
eral groups.
The data for the Fe/Ti oxide components of the river

sands plot over an extended compositional range from
∼0% to ∼34% Ti (∼0–0.5 Ti/[Fe + Ti] ratio) and as such,
represent a wide spectrum from relatively pure magnetite
to titanium-rich primary ilmenite compositions. Beyond
∼34% Ti, there was no further increase in titanium content
indicating that the ilmenites had not been altered to any
extent. This observation is in contrast to ilmenites that
are typically found in beach sand HM deposits where the
combination of continuous high energy wave action fol-
lowed by post-depositional alteration leads to hydration,
oxidation and leaching of iron from ilmenite, which results
in enriched titanium contents in altered ilmenites due to the
formation of alteration phases such as hydrated ilmenite
and pseudorutile (Pownceby 2010). The titanium-rich clus-
ter of results in the region ∼60% Ti was from rutile par-
ticles, while the data cluster at ∼22–23% Ti represented
titanite (or sphene – CaTiSiO5).
The major impurities present in the ilmenite grains

were manganese oxide (1.79% MnO) and magnesium
oxide (0.21% MgO). These were both likely to be present
within the structure of the ilmenite grains as the solid sol-
ution components pyrophanite (MnTiO3) and geikielite
(MgTiO3). Other minor impurities in the ilmenite grains
included silica (0.05% SiO2), alumina (0.03% Al2O3)
and calcium oxide (0.03% CaO). These oxides do not sub-
stitute into the ilmenite structure and most likely rep-
resented fine-grained contaminant silicate and
aluminosilicate minerals present in pores and/or fractures
of the ilmenite grains. The titanomagnetite grains com-
prised up to 12.5% TiO2 and had significantly less

6 Final phase-patched maps for the bulk HM concentrate showing the distribution and textures of; a all aluminosilicate phases,
and, b all silicate phases

7 Phase-patched map showing the distribution and textures
of all Fe/Ti oxide phases in the bulk HM concentrate
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manganese oxide (0.25% MnO) than ilmenite but con-
tained more magnesium oxide (0.37%MgO) and alumina
(0.44% Al2O3) – the latter two interpreted to be mag-
nesium aluminate (MgAl2O4) or hercynite (FeAl2O4) spi-
nel solid solution components. The magnetite comprised
relatively pure grains with minor impurities including
alumina (0.24% Al2O3), titania (0.15% TiO2) and manga-
nese oxide (0.14% MnO).
Analyses of the rutile grains indicated a composition

containing 96.7% TiO2 with impurities comprising hema-
tite (1.24% Fe2O3) and zirconia (0.09% ZrO2). Both are
typical impurity elements in rutile grains capable of sub-
stituting directly into the rutile lattice (Bramdeo and
Dunlevey 1999). Silicon substitution is not compatible
except at extreme conditions and the level of 0.11%
SiO2 indicates either contamination by inclusions or
material in pores and fractures.
Zircon grains were of high purity with total contami-

nants <2.5% of the total chemistry. The major contami-
nant was hematite (1.07% Fe2O3). Note that zircon
grains typically contained ∼1–1.5% HfO2 and also may
contain elevated levels of uranium and thorium albeit
these elements were not analysed in the initial study. How-
ever, a follow-up examination using EDX analysis

indicated that minor hafnium was present, but uranium
and thorium were below detection levels.

Feasibility of physical separation
Based on the abundance of VHMs and the observation
that the majority of HM grains were fully liberated, a
study into the physical separation of each of the VHM
components from a 10 kg bulk HMC was conducted.
The separation was performed using a combination of
routine industry HM separation techniques including
gravity (shaking table), magnetics (induced roll magnetic
separator [IRMS]) and electrostatics (plate separator).
Figure 9 is a flow sheet summary of the procedure applied
to the bulk sample.
The bulk sand composite was first processed using awet

gravity shaking table to separate the heavy and light com-
ponents. The light fraction was discarded. The highly
magnetic magnetite was then separated from the heavy
fraction using a rare-earth hand magnet. The remaining
heavy fraction was then separated into ferro-magnetic,
para-magnetic and non-magnetic fractions with an
IRMS run at 0.3 A (2000 Gauss) and 3.0 A (20 000

Table 10 Compositions (%) of the valuable HM components determined by quantitative EPMA

Oxide Rutile Ilmenite Titanite Ti-magnetite Magnetite Zircon

Na2O – – 0.14 – 0.02 –

P2O5 <d.l. 0.01 0.29 – 0.01 –

K2O 0.03 0.01 0.04 0.02 – 0.01
Fe2O3 1.24 52.42‡ 1.13 86.18 100.87‡ 1.07
TiO2 96.65 47.38 39.52 12.54 0.15 0.03
MgO 0.01 0.21 0.04 0.37 0.03 –

SiO2 0.11 0.05 29.80 0.13 0.06 34.41
ZrO2 0.09 – 0.08 – – 62.68
MnO 0.01 1.79 0.05 0.26 0.14 0.02
Y2O3 0.01 – 0.03 – – 0.04
Al2O3 0.03 0.03 1.28 0.44 0.24 0.04
CaO 0.08 0.03 26.99 0.02 0.02 0.04
Total 98.24 101.92 99.39 99.93 101.53 98.28∗

# Analyses 8 21 5 15 15 7

– indicates below detection limit.
‡Note that totals higher than 100% are due to Fe being calculated as Fe3+. In all phases, a considerable proportion of Fe is likely to be in
the 2+ oxidation state.

∗Zircon typically also contains ∼1–1.5% HfO2 which was not measured in the dataset.

8 Ti versus Ti/[Fe + Ti] scatter plot for the Ti-rich components of the Brahmaputra river sands
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Gauss). The fractions separated by the IRMS were then
processed using an electrostatic plate separator operating
at 25 kVand a feed rate of 20 rpm to separate the conduc-
tive and non-conductive minerals from each of the IRMS
fractions. The full process produced mineral-rich frac-
tions that were either ilmenite-rich, garnet-rich, rutile-
rich, zircon-rich or one of two mixed fractions from the
para-magnetic concentrate.
Figure 10 contains BSE images from each of the sep-

arated VHM fractions for magnetite, ilmenite, rutile
and zircon. The images revealed that with an optimis-
ation of a separation regime to remove silicate and alu-
minosilicate gangue particles, relatively clean
concentrates of ilmenite, zircon and rutile could be pre-
pared. Additional process optimisation may also
recover, as separate streams, the REE-phosphates and
thorium-silicates which at present report to the rutile,
zircon (and also garnet) streams. Examination of the
magnetite concentrate, however, indicated considerable
contamination by silicates and aluminosilicates, primar-
ily due to composite magnetite/silicate particles. Further
work involving fine grinding may be required to fully

liberate the magnetite particles to generate a magne-
tite-rich product stream.

Discussion
In extensively studied fluvial systems, the distribution of
titanium-rich HMs occurs in predictable ways, generally
decreasing in HM grade further away from the source
(Minard et al. 1976). The grade trend is due to a combi-
nation of lag effects and dilution by other debris. In the
Brahmaputra drainage system, dilution from other sys-
tems, including the Tista and Ganges rivers, has the
potential to dilute the HM content of the Brahmaputra
River sands downstream. As such, this study was limited
to samples sourced before the confluence with the Tista
River, which is expected to have a significant diluting
effect.
The results indicate that the upper 1 m of Brahmaputra

River sands contain a HM suite that, depending on the
sample site, varies between ∼4.5 and 16.5% total HM.
Furthermore, the HM fraction was enriched in the
VHMs ilmenite, titanomagnetite, rutile and zircon.

9 Preliminary flow sheet for the separation of valuable heavy components from the Brahmaputra river sands. The concentrates
circled were examined by BSE imaging and are shown in Fig. 10
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Along with other potentially VHMs such as magnetite,
garnet and REE-phosphates, these made up approxi-
mately 10–15% of the HM. The low concentration of
these VHMs was consistent with amounts typically
observed in fluvial placer deposits. However, the main
attraction of the Brahmaputra sands is that there is a
large volume of material that could potentially be
processed.
Preliminary testing has indicated that the grain sizes of

the VHM components in the HM, predominantly within
the −250 to +63 µm size range, are within the size ranges
typically processed by simple physical separation and
upgrading methods. The separation testing has demon-
strated that clean concentrates of ilmenite, zircon and
rutile can be produced, while magnetite concentrates
may require further processing. The chemistry of the ilme-
nite concentrate produced in the preliminary tests indi-
cated that the major impurities present in the ilmenite
included manganese oxide (1.79% MnO) and manganese
oxide (0.22% MgO) and minor impurities were alumina
(0.03% Al2O3), silica (0.05% SiO2) and calcium oxide
(0.03% CaO). The ilmenite composition was similar to
that previously reported by Rahman et al. (2014) for ilme-
nites sourced from the Brahmaputra River sands.
Although not all possible impurity elements were ana-
lysed in the current study, based on the compositions
measured, the most likely route for processing the

ilmenite-rich component of the HM sands would be to
produce pigment via the sulphate route. The sulphate pro-
cess route is more likely since the chloride route requires a
feedwith a higher titania grade. Other VHM components,
zircon and rutile, were low in total impurities indicating
that little or no further processing would be required to
produce saleable concentrates.
While the current study has demonstrated that only

relatively low grades of VHM could be recovered from
the Brahmaputra River sands, the authors caution that
the samples collected are derived from the top 1 m of
exposed sand bars. Importantly, Garzanti et al. (2011)
showed that within the Brahmaputra River system,
there was considerable compositional variability with
depth and that HM concentrations were found to steadily
increase with depth relative to micaceous phases and
clays. Additionally, a systematic depth analysis of selected
boreholes indicated a general increase in the amount of
opaques (such as ilmenite, magnetite and rutile) and zir-
con with depth and as such the results presented here
may understate the HM and VHM potential of the
study area. Moreover, the increase in HM content with
depth was consistent with more general studies on alluvial
placers by Raufuss (1973) and Minard et al. (1976). It is
recommended that more work is required in the Brahma-
putra River locations to determine if depth is a significant
factor contributing to the lower HM contents.

10 BSE images showing the minerals, textures and grain sizes from each of the HM separates. a Magnetite concentrate. Mag-
netite grains (bright) are angular and relatively homogeneous. Note the high proportion of composite magnetite/silicate par-
ticles; b Ilmenite concentrate. The ilmenite grains are the brightest contrast phase in the image. Variation in the contrast is
due to the presence of titanomagnetite-rich grains and exsolution which are also present. Compared to the magnetite con-
centrate, the ilmenite concentrate is a cleaner separate with less overall silicates and aluminosilicates. The majority of
gangue particles present are associated with composite ilmenite/gangue particles. c Rutile concentrate. The concentrate
contains mainly rutile (mid-grey contrast phase) but with a significant amount of silicates (various shades of dark grey)
and RE phosphates and Th-rich silicates (bright phases). d Zircon concentrate. Except for two very bright contrast phases
(RE phosphates) the majority of the sample is zircon with minor silicates/aluminosilicates (darker grey). Note the high
degree of liberation of zircon grains. In all images the scale bar is 1 mm
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While the results of this study indicate that the Brahma-
putra River system has the potential to profitably recover
VHMs, work by Garzanti et al. (2011) suggests that the
Ganges River may be more attractive (see Table 1 in
Garzanti et al. 2011). The limited data in this Ganges
River study indicate ‘opaque’ HM concentration to be
between 10 and 25% HM total in the Ganges, which is
much higher than the concentrations determined in this
study. Unfortunately, the depth and locations of the
samples studied by Garzanti et al. (2011) were not
reported. A similar study to that conducted here is rec-
ommended for the Ganges River.

Summary
The Brahmaputra River is one of the largest fine-grained,
sandy braided river systems in the world. The river tra-
verses a long course through many and varied geologic
formations carrying enormous quantities of sediment
annually forming numerous relatively stable sand bars.
The HM assemblages of the Brahmaputra River sands
are marked by the predominance of amphibole and epi-
dote, followed by garnet, apatite, tourmaline, sillimanite,
kyanite and staurolite. A bulk HM concentrate produced
by combining samples from seven individual sites
revealed that there was a marked enrichment in some
VHMs such as zircon, ilmenite, magnetite, rutile and tita-
nomagnetite in the size fractions −250 to +125 µm and
−125 to +63 µm whereas the concentration of VHMs
was either low or absent in the coarser −500 to +250
µm size fraction. Modal analysis of a combined HM con-
centrate indicated that Fe/Ti oxide phases (∼9–10% in
total) were the main VHM present in the HM concentrate
that are potentially recoverable for further processing.
These have been identified as comprising a mixture of
magnetite (∼3%) ilmenite (∼4%), titanite (∼1%), titano-
magnetite (∼1%) and rutile (∼0.4%). Zircon, also a poten-
tially recoverable VHM, was present at levels of ∼0.5%.
Preliminary laboratory separation studies successfully

prepared ilmenite, rutile, garnet and zircon-rich concen-
trates from a bulk composite sample. The ilmenite
would most likely be suitable for producing pigment via
the sulphate route while the other VHM components, zir-
con and rutile, were low in total impurities indicating little
or no further processing will be required to produce sale-
able concentrates. Based on the results of this preliminary
characterisation study, the authors recommended that a
comprehensive mineral resource estimation study is
undertaken to assess the resource potential of HMswithin
the Brahmaputra River sands.

Acknowledgements
The authors wish to acknowledge who have contributed
to the work reported, in particular CSIRO co-workers
Cameron Davidson (EPMA sample preparation) and
Nick Wilson and Aaron Torpy (EMPA characterisation).
Dr Graham Sparrow is thanked for critically reviewing
the final draft this manuscript.

Funding
The authors also acknowledge the generous financial sup-
port provided by the Honourable State Minister, Ministry
of Science and Technology, Bangladesh and the BCSIR

for supporting the secondment of Mr Aminur Rahman
to CSIRO as a visiting scientist.

Disclosure statement
No potential conflict of interest was reported by the
authors.

References
Achalabhuti, C., Irarangkoon, P., Ratanawong, S., Aeo-Phanthong, V.,

Kulvanich S. and Suwanasing, A. 1975. Heavy minerals in southern
Thailand. Thailand Department of Mineral Resources Economic
Geology Bulletin, 9, 109p.

Aral, H., Pownceby, M. I. and Im, J. 2008. Characterisation and benefi-
ciation of zircon-rich heavy mineral concentrates from central
Kalimantan (Borneo, Indonesia). Transactions of The Institution
of Mining and Metallurgy B, 117, 77–87.

Armstrong, J. T. 1988. Quantitative analysis of silicates and oxide min-
erals: comparison of Monte-Carlo, ZAF and Phi-Rho-Z pro-
cedures, in Analysis microbeam, (ed. D. E. Newbury), 239–246;
San Francisco, CA: San Francisco Press.

Bari, Z., Rajib, M. and Ameen, S. M. M. 2011. Heavy mineral assem-
blages of the beach sands of Kuakata, southern Bangladesh.
Jahangirnagar University Journal of Science, 34, 143–158.

Bramdeo, S. and Dunlevey, J. N. 1999. Mineral chemistry of rutile, in
Proceedings of the Symposium on Heavy Minerals 1999, (ed. R.
E. Robinson), 63–65; Johannesburg: South African Institute of
Mining and Metallurgy.

Bruckard, W. J., Pownceby, M. I., Smith L. K. and Sparrow, G. J. 2015.
Review of processing conditions for Murray Basin ilmenite concen-
trates. Transactions of The Institution of Mining and Metallurgy C,
124, 47–63.

Coleman, J. M. 1969. Brahmaputra River: channel processes and sedi-
mentation. Sedimentary Geology, 3, 129–239.

Datta, D. K. and Subramanian, V. 1997. Texture and mineralogy of sedi-
ments from the Ganges-Brahmaputra-Meghna river system in the
Bengal Basin, Bangladesh and their environmental implications.
Environmental Geology, 30, 181–188.

Flinter, B. H. 1959. The alteration of Malayan ilmenite grains and the
question of “arizonite”. Economic Geology, 54, 720–729.

Force, E. R. 1991. Geology of titanium-mineral deposits. Geological
Society of America, Special Paper, 259, 112.

Garzanti, E., Vezzoli, G., Andò, S., France-Lanord, C., Singh, S. K. and
Foster, G. 2004. Sand petrology and focused erosion in collision
orogens: the Brahmaputra case. Earth and Planetary Science
Letters, 220, 157–174.

Garzanti, E., Andó, S., France-Lanord, C., Censi, P., Vignola, P., Galy, V.
and Lupker, M. 2011. Mineralogical and chemical variability of flu-
vial sediments 2. Suspended-load silt (Ganga-Brahmaputra,
Bangladesh). Earth and Planetary Science Letters, 302, 107–120.

Heroy, D. C., Kuehl, S. A. and Goodbred Jr, S. L. 2003. Mineralogy of
the Ganges and Brahmaputra Rivers: implications for river switch-
ing and late Quaternary climate change. Sedimentary Geology, 155,
343–359.

Huizing, H. G. J. 1971. A reconnaissance study of the mineralogy of sand
fractions from East Pakistan sediments and soils. Geoderma, 6,
109–133.

Islam, M. A. 1997. Areal variation of monazite, zircon, magnetite and
ilmenite in Cox’s Bazar, Bangladesh. Journal Indian Association
of Sedimentologists, 16, 243–247.

Islam, M. R., Begum, S. F., Yamaguchi, Y. and Ogawa, K. 1999. The
Ganges and Brahmaputra rivers in Bangladesh: basin denudation
and sedimentation. Hydrological Processes, 13, 2907–2923.

Jasy, J. B., Rahman, M. J. J. and Yeasmin, R. 2010. Sand petrology of the
exposed bar deposits of the Brahmaputra–Jamuna River,
Bangladesh: implications for provenance. Bangladesh Geoscience
Journal, 16, 1–22.

Mange, A. M. and Maurer, H. E. W. 1991. Schwerminerale in Farbe,
Stuttgart (Ferdinand Enke Verlag), 148.

Milliman, J. D. andMeade, R. H. 1983. World-wide delivery of river sedi-
ment to the oceans. Journal of Geology, 91, 1–21.

Milliman, J. D. and Syvitski, P.M. 1992. Geomorphic/tectonic control of
sediment discharge to the ocean: the importance of small mountai-
nous rivers. Journal of Geology, 100, 525–544.

Rahman et al. Valuable heavy minerals from the Brahmaputra River sands of Northern Bangladesh

14 Applied Earth Science (Trans. Inst. Min. Metall. B) 2016



Minard, J. P., Force, E. R. and Hayes, G. W. 1976. Alluvial ilmenite pla-
cer deposits, central Virginia. U.S. Geological Survey Professional
Paper, 959-H, 15p.

Mitra, S., Ahmed, S. S. and Moon, H.-S. 1992. Mineralogy and chem-
istry of the opaques of Cox’s Bazar (Bangladesh) beach sands
and the oxygen fugacity of their provenance. Sedimentary
Geology, 77, 235–247.

Pownceby, M. I. 2010. Alteration and associated impurity element
enrichment in detrital ilmenites from the Murray Basin, southeast
Australia: a product of multistage alteration. Australian Journal
of Earth Sciences, 57, 243–258.

Rahman, M. A. 1972. Flood control and sediment transportation of the
rivers of Bangladesh. Proceedings of the Seminar on Flood Control,
1972, 153–158.

Rahman, M. A., Biswas, P. K., Zaman, M. N., Miah, M. Y., Hossain, T.
and Imamul Huq, S. M. 2012. Characterisation of the sand of
Brahmaputra river of Bangladesh. Bangladesh Journal of
Scientific and Industrial Research, 47, 167–172.

Rahman,M. A., Pownceby, M. I., Haque, N., Bruckard,W. J. and Zaman,
M. N. 2014. Characterisation of titanium-rich heavy mineral

concentrates from the Brahmaputra River basin, Bangladesh.
Transactions of The Institution of Mining and Metallurgy B, 123,
222–233.

Raufuss, W. 1973. Structur, schwermineralführung, genese, and bergbau
der sedimentären Rutil Lagerstätten in Sierra Leone (Westafrika).
Geologische Jahrbuch, D56, 179–195.

Singh, S. K. and France-Lanord, C. 2002. Tracing the distribution of ero-
sion in the Brahmaputra watershed from isotopic compositions of
stream sediments. Earth and Planetary Science Letters, 202, 645–
662.

Umitsu, M. 1987. Late Quaternary sedimentary environment and land-
form evolution in the Bengal lowland. Geographical Review of
Japan, 60, 164–178.

Wilson, N. C. and MacRae, C. M. 2005. An automated hybrid clustering
technique applied to spectral data sets. Microscopy and
Microanalysis, 11, (Suppl. 2), 434CD.

Zaman,M., Schubert, M. and Antao, S. 2012. Elevated radionuclide con-
centrations in heavy mineral-rich beach sands in the Cox’s Bazar
region, Bangladesh and related possible radiological effects.
Isotopes in Environmental and Health Studies, 48, 512–525.

Rahman et al. Valuable heavy minerals from the Brahmaputra River sands of Northern Bangladesh

Applied Earth Science (Trans. Inst. Min. Metall. B) 2016 15


	Abstract
	Introduction
	Previous work
	Experimental
	Sample collection
	Sample analysis
	Size analysis
	Optical microscopy
	Bulk chemistry (XRF) and mineralogy (XRD)
	EPMA mapping and quantitative analysis


	Results
	Bulk HM content
	Grain size analysis
	Chemical (XRF) analysis
	Mineralogical analysis
	XRD phase analysis
	Modal abundance of HMs
	Textures of the VHMs
	Mineralogy by automated EPMA mapping
	Quantitative EPMA


	Feasibility of physical separation
	Discussion
	Summary
	Acknowledgements
	Disclosure statement
	References



