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Abstract

The mineralogical and geochemical assessments are presented in this paper to constrain the
mineralogy and copper concentrations of the shale-hosted copper in the Middle Buanji Group of
the Upper Paleoproterozoic (1.67 Ga). The XRD analysis revealed that illite and chamosite are the
major clay minerals present in the shales together with pseudomalachite, quartz, and muscovite
that constitute over 95% by proportion of the sample. The minerals biotite, birnessite, ferroselite,
bearsite, chloritoid, and anatase are present in association with shale-hosted copper in low amounts
(i.e., <5% by proportion of the sample). The pseudomalachite [Cus(PO,),(OH),] is considered as
ore mineral of copper in the shales of the Middle Buanji Group. Field observations revealed the
presence of different shale layers within the Middle Buanji Group such as red, grey and green/blue
in which copper mineral is distributed. On average, the copper concentrations in the shale layers
were unevenly distributed throughout the red-grey-green shales layers with values of 0.31 wt%,
5.2 wt% and 13.19 wit%, respectively. A noticeable amount of copper mineralization up to 25.7
wit% was restricted within the green shale layer as compared to red (0.31 wt%) and grey (10.9
wt%) layers.

Keywords: Pseudomalachite; Supergene enrichment; Shale-hosted copper; Green shale layer.

Introduction

Various studies have put forward several
criteria for the formation of sediment-hosted
copper deposits in various geological
environments such as the availability of
oxidized source rocks (red beds/red shale;
Oszczepalski  1999), mafic minerals and
volcaniclastic materials (Brown 2006), highly
reduced strata, the evaporite that acts as a
hydrological seal and low-temperature brines
(Brown 1997, Hitzman et al. 2010). Many of
the sediment-hosted copper deposits are well
reported to form in areas where continental
break-up has played a significant role and
subsequently lead to the formation of fault-

controlled basins within 20° to 30° of the
equators (Kirkham 1989, Hitzman et al. 2010)
where the red beds are thin and pinched out
(Selley et al. 2005). Globally, studies on the
paleo plate reconstruction throughout the
Earth’s history have demonstrated the presence
of large, economical and mineable sediment-
hosted copper deposits in the Neoproterozoic to
Permian basins (Volodin et al. 1994, Hitzman
et al. 2010). However, the deposits that form
within the late Paleoproterozoic through early
Neoproterozoic contain very small sediment-
hosted copper deposits (Hitzman et al. 2010)
and have attracted less attention in terms of
mining operations. Generally, these deposits
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are hosted within thin sedimentary layers with
a thickness of <30 m, but the common being <3
m containing the mineable and economic
copper deposits of about 1-5% (Brown 1997).

In Central African copper-bearing belts
endowed with sediment-hosted copper deposits
of Neoproterozoic in age have been reported in
Zambia and Katanga-Congo (Cailteux et al.
2005, Hitzman et al. 2005). Copper deposits in
Tanzania have received limited attention.
However, Leger et al. (2018) on their
explanatory notes for the Minerogenic map of
Tanzania explained that the occurrence of
copper  deposits are associated  with
mafic/ultramafic, sedimentary, volcanogenic-
sedimentary and metamorphic rocks from
Archean to Cenozoic time. Copper has been
mined in Lake Victoria, Lupa and Mpanda
Gold Fields, and recovered as a by-product
from the mafic/ultramafic intrusion related to
massive sulfides ores, whereas in other
settings, copper deposits are present in small
amounts which have attracted small-scale
mining operations (Schoneveld et al. 2018,
Leger et al. 2018).

In the study area, the copper deposits occur
in the Paleoproterozoic sediments of the
Middle Buanji Group which trends in the NE-
SW direction (Mbede 2002, Manya 2013). The
presence of copper deposits within the Middle
Buanji Group for years has been attracting the
small-scale miners to participate in mining
operations with hopes of getting significant
income. In the study area, there is limited
information on the mineralogical, geochemical
assay results, exposures (outcrops) that outline
the continuation of copper hosted rocks and
knowledge on the nature of copper deposits.
These setbacks have been affecting the small-
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scale miners’ ability to access the deposits, thus

opting random and unplanned mining
operations. Therefore, the present study
focused on the mineralogy and copper

concentrations in the shale-hosted copper
deposits within the Middle Buanji Group to
constrain the distribution of copper in the
shales.

Study area and geological settings

The study area is located in Mbarali district-
Mbeya region and is confined within latitudes
and longitudes 8° 48' 50.24" and 8° 59' 11.15"
South, 34° 1' 11.24" and 34° 17' 23.86" East
(Figure 1). The study area falls within the
Buanji Group rocks that were mapped and
described on the Quarter Sheet 246 by Harpum
and Brown (1958). The area is dominated by
the sedimentary rocks and lavas that overlie
unconformably on the Proterozoic (2.1-1.8 Ga)
(Manya 2013, Kazimoto et al. 2015) Ubendian
high-grade metamorphic rocks, gabbros and
granitic intrusives (Lenoir et a. 1994, Boven et
al. 1999).
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Figure 1: Map showing geology and the locations of the collected samples (solid lines indicate
faults, red-spots indicates sample points) in the modified Buanji group geological map (Modified

after Harpum and Brown 1958, Manya 2013 and Kasanzu et al. 2017).

Stratigraphically, the Buanji Group is
subdivided into three sections (Figure 2) based
on the lithological distribution which include
the Lower, Middle and Upper Buanji Groups
(Harpum and Brown 1958, Manya 2013) with
approximate thicknesses of 245 m, 366 m and
457 m, respectively as reported by Kasanzu et
al. (2017). The Lower Buanji Group contains
the conglomerate which is comprised of
pebbles of agate and jasper, red shales with
intermittent quartzitic sandstones (Manya 2013,
Kasanzu et al. 2017). The Middle Buanji Group
consists of brown and green shales, dolomitic
limestone, conglomerates, quartzite, sandstone
and micaceous siltstone (Kasanzu et al. 2008,
Manya 2013, Kasanzu et al. 2017).

The Middle Buanji shales are characterized
by the cupriferous shales (Manya 2013) from
which copper was constrained and locally

mined by the small-scale miners. The Upper
Group is characterized by greenish or greyish
shales, mudstone, siltstone intercalated with
sandstone and, the horizon of conglomerate and
quartzite, above which they are overlaid by
overlapping dolomite with chert banding. The
Upper Buanji division ends with effusive
volcanism represented by highly vesicular
lavas on Chaufukwe Mountain (Manya 2013,
Kasanzu et al. 2017). Furthermore, some of the
rocks that form the Middle Buanji Group are
rarely exposed due to the presence of thick soil
cover in lowlands; however, at the hill-sides
and tops, most of the rocks are exposed. The
whole area of Buanji Group was tectonically
affected by compressional  deformation
mechanisms that have led to various regional
metamorphism and local thrusts (Harpum and
Brown 1958).
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Figure 2: A stratigraphic section showing Buanji Group (Modified after Kasanzu et al. 2017).

Materials and Methods
Materials

A total of 18 rock samples were collected
from the outcrop (rock exposures) and their
locations are given in Figure 1. The collected
samples were based on the physical properties
of the shales (i.e., green and/or blue colours as
an indicator of copper) both laterally and
stratigraphically.

Methods

A total of 18 samples were submitted and
analysed at the Geochemical Laboratory-
Geological Survey of Tanzania (GST). The
analyses employed the Nilton and MiniPal4
XRF pieces of equipment to determine major
and trace elements concentrations in the
samples. Three (3) samples out of eighteen (18)
samples were analysed at the Geochemical
Laboratory, Department of Geology-University
of Dar es Salaam to determine the

mineralogical assemblages using X-Ray
Diffractometer (XRD) with model innovX
InXitu Bench-BTX Top XRD, 231, cobalt (Co)
X-ray tube, 30 kV acceleration voltage and
0.25 mA current. Determination  of
concentrations of the major and trace elements,
and mineral assemblages of the samples using
the XRF (X-ray fluorescence) and XRD,
respectively, followed the standard procedures
as illustrated in Petruk (2000).

Results
Mineralogy of the shale-hosted copper

XRD analysis of selected shale samples
from the Middle Buanji Group showed the
dominance of mineral assemblages in the range
of silicates (quartz, muscovite, biotite, and
chloritoid, ferroselite, bearsite, anatase and
birnessite), non-silicate clay minerals like illite,
chamosite and phosphate mineral
pseudomalachite (Table 1). Only three samples
out of eighteen samples were selected for XRD
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analysis based on their physical properties (i.e.,
green colour) to establish their mineral
assemblages present in the shales. Green colour
in shale samples was an indicative factor for
the presence of copper ore minerals. Thus, the

samples Cy,, Cy4 and C;g showed to have most
dominated with green colour compared to other
shale samples.

Table 1: Mineral assemblages from the shale samples

Cp Cu Ci
Mineral phase Wt % Wt % Wt %
Ilite 19.51 10.19 41.37
Chamosite 17.28 -- 17.18
Quartz 56.43 12.83 28.95
Birnessite 4.68 -- --
Pseudomalachite 2.10 -- 6.09
Muscovite -- 74.21 --
Ferroselite -- 0.47 --
Bearsite -- 0.70 --
Chloritoid -- 1.60 --
Anatase -- -- 3.67
Biotite -- -- 2.74

-- = value not detected

Major elements

The results of major elements of the Middle
Buanji Group shale samples are given in Table
2. The results showed significant compositional
variations, of which silica (SiO,) ranged from
38.84 to 59.6 wt%, (average = 49.31 wt%). The
shale samples also contained CuO (0.39-32.2
wt%, average = 12.26 wt%), Al,0; (0.1-10
wt%, average = 8.02 wt%), Fe,O3 (4.23-10.4
wt%, average = 7.31 wt%), K,O (2.19-3.04
wt%, average = 2.59 wt%), CaO (0.15-0.78
wt%, average = 0.34 wt%) and ZrO, (0.14-0.26
wt%, average = 0.19 wt%). The conversion of
CuO to elemental composition (Cu metal)
shows the variation of copper concentrations
among red shales (0.31 wt%), grey shales
(0.35-10.9 wt%, average = 5.2 wt%) and green
shales (0.31-25.7 wt%, average = 13.17 wt%).
The trace element composition of the analysed
shale samples displayed wide variations in
terms of concentrations, such as Mn 290-19600
ppm, Ti 3560-4680 ppm, P 3700-4610 ppm, Ba
130-7730 ppm and S 10-3050 ppm (Table 2).
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Table 2: Major elements (wt%) and trace elements (ppm) compositions of Middle Buanji group shales

Sampled Red

shale shale Grey shale layer Green shale layer

layers layer

Ingple Ci [C2 Cs Cuo Cu Cis ClG\ /Cs C4 Cs Cs C; Gy Cu Cp Cu Cyp C18\
Concentration (wt%o)

Sio, 524 3884 543 474 59.6 436 519 51.3 474 512 444 52 46.8 521 52 442 459 524
Al,O4 9.5 8.1 98 7.8 0.1 95 7.8 10 88 95 68 9 76 79 17 74 87 84
Fe,03 748 104 583 859 423 951 889 6.09 891 434 659 648 893 461 10 475 6.48 9.49
CaO 033 021 03 037 05 033 0415 017 029 0.16 051 031 03 039 078 043 03 027
K,0 304 222 301 242 248 219 276 289 281 249 23 2.85 237 231 259 228 283 272
ZrO, 019 018 022 021 022 018 026 017 016 02 014 02 02 019 019 017 018 0.19
CuO 039 1063 17 27 136 99 044 179 212 266 28 8.5 10 322 322 128 0.39 10.6
Cu 031 849 139 216 109 79 035 143 169 213 224 6.79 8 25,7 257 102 0.31 8.49
Concentration (ppm)

Ti 4400 4010 3830 4110 3620 4140 4140 4680 4230 3780 3560 3980 4180 3720 4060 3630 3770 4240
Mn 290 19600 2870 2650 3470 2220 1520 460 1460 710 2030 2440 1450 940 2640 1580 2220 530
S 10 10 10 190 490 280 670 200 1970 1110 2350 3050 10 230 1050 1420 2200 10

P 4090 4270 4130 3960 4420 4290 3740 4610 3970 4430 3830 3900 4390 3700 4560 4120 4040 4050
Ba 510 1310 640 7000 190 230 150 1830 2520 1880 7730 510 740 130 210 170 210 400
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Discussion
Mineralogy

The results of bulk mineralogy showed that
the illite and chamosite are clay minerals
present in the shales (Table 1). Neither
kaolinite nor smectite was found in the shales.
The other dominant non-clay minerals are
quartz that ranged between 12.83 and 56.43
wit%, (average = 23.69 wt%) (Table 1), bearsite
and ferroselite have displayed lower
concentrations that ranged between 0.47 and
0.7 wt%. Dayal and Mani (2017) reported that
illite commonly occurs in the shales controlled
by the condition of weathering and high relief.
Chamosite (chlorite-group minerals) occur as
authigenic materials and form during the
process of diagenesis in the shallow-marine
environment (Ryan and Hillier 2002). The
presence of mineral illite and chamosite
(chlorite-group minerals) is an indication of
older age formation and occur in restricted
shallow marine environments in warm bottom
water (>20 °C) as an ideal formation condition
for these clay minerals (Net et al. 2002). The
presence of chamosite in the Middle Buanji
Group probably indicates a shallow-marine
environment in which shales were deposited.
The pseudomalachite [Cus(PO,),(OH),] is the
phosphate copper-bearing mineral associated
with other silicate minerals like muscovite,
birnessite, anatase and biotite.

Major elements

The results of the concentrations of
analysed major elements are presented in Table
2, and the correlations of the elements of the
shales are shown in Table 3. The oxides of
potassium (K,0) and zirconium (ZrO,) were
observed to be the most abundant in the shale
samples because of their high positive
correlations (i.e, r = 053 and 0.54,
respectively) with SiO, (Table 3). The Ti, V,
As, Cr, Ba and Nb were observed from the
shale-hosted copper as trace elements. The
copper is positively correlated with calcium
and barium elements, but weakly correlated
with phosphorus.

Copper concentrations and distribution

Hitzman et al. (2010) reported that
sediment-hosted copper deposits formation is
considered to form in geological environments
characterized by the fault-controlled basins in
which copper-bearing fluids migrated and
precipitated in the overlying strata. Several
fault sequences have been identified in the
study area (Figure 1) which probably indicates
the major conduit structures resulting in
migration of the copper-rich fluids from its
sources to the overlying strata and surrounding
lithologies. A similar observation has been
reported in sedimentary rock-hosted stratiform
copper deposits through Earth’s history in
Australia (Hitzman et al. 2010). Basin
characteristics are among the important factors
in controlling the escape, migration and
precipitation of copper-rich metal into
geological formations. This has also been
reported elsewhere, that precipitated copper-
rich fluids are found in association with
overlying marine or lacustrine shales,
sandstone and carbonates (Jowett 1986, Brown
1992, Hitzman et al. 2010).

384



Tanz. J. Sci. Vol. 47(1), 2021

Table 3: Correlation matrix of the major and trace elements in shales from Middle Buanji Group

Si0, AlLO; Fe,0; CaO  K,O ZrO, CuO Ti Mn S P \Y Zn Sr As Cr Ba Nb

Sio, | 1.00 -034 -043 013 053 054 007 -002 -051 -006 0.09 -022 -049 000 -024 -0.26 -0.10 -0.52
Al,O; 1.00 0 -044 033 -020 -0.15 045 -010 -0.03 -0.09 0.24 -0.03 -0.03 -0.05 0.18 -0.36 -0.05
Fe,O3 1.00 001 -0.06 0.00 -027 056 036 -018 004 025 009 025 -024 068 -0.08 0.56
CaO 100 -025 -022 047 -039 -010 023 013 -021 -029 023 -021 0.11 051 -0.09
K.0O 100 024 -047 033 -035 0.00 -0.05 0.08 -057 006 -004 019 -035 -0.13
ZrO, 100 -0.34 004 000 -031 -009 -0.17 -0.15 -0.23 -0.38 -0.31 -0.48 -0.11
CuO 1.00 -025 -006 021 023 -006 016 024 015 -0.04 056 -0.34
Ti 1.00 -0.08 -026 031 046 018 026 0.09 052 -031 0.18
Mn 100 -015 013 049 024 016 045 036 -001 0.86
S 1.00 -0.28 -037 000 026 021 -0.18 045 -0.14
P 100 065 010 038 015 028 005 0.15
\Y 1.00 0.07 010 050 042 -0.10 0.58
Zn 1.00 009 032 005 032 017
Sr 1.00 012 051 034 012
As 1.00 019 020 042
Cr 1.00 0.17 0.53
Ba 1.00 -0.03
Nb 1.00
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The copper concentrations within the
Middle Buanji Group are dominated within the
green shale layer ranging between 0.31-25.7
wit%, average = 13.19 wt%; whereas the
concentrations of 0.35-10.9 wt%, average = 5.2
wit% and 0.31 wt% were found in the grey and
red shale layers, respectively. The enrichment
process is supported by the observed copper
concentrations (Table 2) that increase from red,
grey and to green shale layers (Figure 4). This
indicates that copper has been leached from the
sediments (probably from the red shales and
surrounding rocks), infiltrated and accumulated
further downward in the green shales. This is

e -

Figure 3: A and B - Shale layers with variable colours from the réd to the green sh-alé

well observed in Figure 4 where copper
concentrations increase from 0.31 wt%, 8.49
wt% and 14.3 wt% Cu in red, dark and green
shales, respectively. This is well described in
Figure 3 A and B from which the colour of
shales changed from the red, grey to green/blue
relative to the increase of  copper

concentrations. This indicates that green shales
in the sedimentary succession within the
Middle Buanji Group are the major copper
hosting, characterized by fine-grained and
disseminated copper mineralization (Figure 3 C
and D).

f&r-:(v s

.Cand D -

disseminated fine-grained copper minerals in the shales.
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Figure 4. Down-ward increase of copper concentration throughout the shale layer succession (C1,
C2 and C3 are sample numbers with their respective copper concentrations from Table 2).

The geochemical results showed variable
sulfur concentrations that ranged between 10
ppm (red shale), 10-670 ppm (grey shale) and
10-3050 ppm green shale. The low sulphur
concentrations in the shales indicate lower
mobilization and more suppressed oxidation
conditions prevailed during the deposition.
Similar depositional conditions were reported
by Mukherjee et al. (2020) in the Bihaigarh
shales in India. Thus, sulfur has a direct effect
on the increase of copper concentrations
between shale layers, i.e., from red to green
shales. Therefore, the presence of variable
sulfur concentrations in the Middle Buanji
shales indicates that sulfur might have acted as
the reductant material through which copper
metals were able to precipitate out of their
solutions into the shales. Other studies reported
that the presence of reductant materials, for
example, insitu organic matter or hydrocarbons
in the rocks form the chemical trap that
facilitates the copper-bearing fluids to
precipitate  (Brown 1992, Brown 1997,
Hitzman et al. 2005, Hitzman et al. 2010).

Phosphate-bearing copper mineral
(pseudomalachite)
Phosphorus-bearing mineral apatite has

been reported to be among the most common
minerals that constitute the Earth’s crust as
primary and secondary grains in shales,
limestone and coal (Donelick et al. 2005).
Geochemical analysis of shale samples in the

study has reported the presence of phosphorus
concentrations between 3740 and 4560 ppm
(Table 2). This indicates that phosphorous
might have been sourced from the phosphate-
bearing minerals apatitte and become
equilibrated with shales. This has also been
revealed through XRD analysis of the Middle
Buanji Group shales (Table 1). Crane et al.
(2001) and Hewawasam (2013) reported that
the aqueous solutions that infiltrate into a
deeper depths leach and replace malachite
[Cu3(OH)»(CO3)] to form pseudomalachite
[Cus(PO,)2(OH),]. It is  suggested that
phosphate ions are considered to have
contributed to replacing the carbonate ions
from the copper-rich carbonates (malachite) to
form pseudomalachite mineral. Thus, the
increase of copper concentrations downward
into the green shale (Figure 4) is tied with
continuous leaching, replacement of COz* ions
by PO, ions resulting to downward
percolation and concentration of
pseudomalachite mineral. This is in agreement
with the supergene enrichment process
controlling the formation of pseudomalachite
(El Desouky et al. 2010, Hewawasam 2013).
Therefore, it can be highlighted that the
supergene enrichment process is the possible
formation of the phosphate copper-bearing
mineral (pseudomalachite) within the shales of
the Middle Buanji Group.
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Conclusion
Mineralogy and geochemistry study of the
Middle Buanji shales have revealed the

following: (1) The most dominant minerals in
the shale-hosted copper of the Middle Buaniji
Group include clay minerals illite and
chamosite which indicate the shallow-marine
depositional ~ environment and  non-clay
minerals; pseudomalachite (phosphate-bearing
copper mineral), muscovite, quartz and anatase.
(2) The copper concentrations were unevenly
distributed throughout the shale layers (i.e.,
red, grey and green) within the Middle Buanji
Group. The green shale layers are dominated
with the copper concentrations ranging from
0.31 to 25.7 wt%, average = 13.19 wit%,
whereas grey and red shale layers contained
0.35-10.9 wt%, average = 5.2 wt% and 0.31
wit%, respectively. Furthermore, the study has
investigated the presence of disseminated
copper mineralization within fine-grained
green shale in the Middle Buanji Group. The
mineralization has been revealed to occur
within ~ the  phosphate-bearing  mineral
pseudomalachite referred to as an ore mineral.
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