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Abstract

Rare earth elements and valuable elements within Mkuju uranium core samples were analysed
using EDXRF. Mean elemental concentrations for selected elements including Al, P, K, Ti, V,
Mn, Fe, Y, Mo, Ag, Ba, La, Ce, and U were determined as 96445.79 pg/g, 547.19 ug/g,
25296.88 pg/g, 5926.33 pg/g, 116.26 pg/g, 455.02 ng/g, 60.1 ng/g, 142.34 pg/g, 15.8 pg/g,
493.98 pg/g, 67.53 pg/g, 118.68 ug/g, and 128.37 pg/g respectively. The Rare Earth elements:
Y, La and Ce and valuable elements: Mo, Ag and U have enrichment factor of EF >1.5 which
indicates that, these elements were formed from rocks through geological processes and can be
mined at a profit. The valuable elements AL, P, K, Ti, V, Mn, Fe and Ba have enrichment
factor of EF < 1.5 which indicates that, these elements were formed from natural weathering
processes. It is concluded that, despite the low concentration of the Rare Earth and valuable
elements, the possibility of recovering both valuable and Rare Earth elements in Mkuju deposit

is significant.
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Introduction

Tanzania witnessed extensive uranium
exploration investments which lead to
discoveries of several sites with economically
viable uranium deposits at Bahi, Manyoni
and Mkuju. Currently the Mkuju River
Project located in Ruvuma region, southern
Tanzania is the most advanced project.
Uranium is mainly used for production of
electricity and powering of submarines.
Although uranium ores from many parts of
the world are known to also contain Rare
Earth Elements (REE) which include the
lanthanide series elements (La, Ce, Pr, Nd,
Pm, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb,
and Lu) plus Sc and Y. These REE are
reported to have magnets properties which
are essential for emerging alternative energy
technologies, such as electric vehicles,
energy-efficient lighting and wind power
(Rene 2008, Long et al. 2012, Zakrzewska et
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al. 2014 and Chen and Graedel 2015).
Uranium ore also found to contain valuable
elements which are significant in terms of
volume consumed and monetary value such
as Al, Cu, Fe, Pb, Ni, Zn, Co, Mo, Sn, Pt, Pd,
Au and Ag. For this reason, some uranium
mining nations like Australia, China, United
States of America (USA) and Poland extract
U-238 as primary product and recovers some
of Rare Earth and valuable elements as
secondary products from uranium mines
(Keegan et al. 2008, Frackiewicz et al 2012
and Zakrzewska et al. 2014).

In Africa there are several uranium mining
countries as well as countries with potential
uranium deposits. One of the countries with
potential uranium deposits is Zambia. As
Zambia is in the stage of extracting uranium
and following the realisation of the presence
of other elements that associated with
uranium ore, Zambia has modified the
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uranium mining licenses to include extraction
of other valuable elements such as copper
(Kinnaird and Nex 2016). It has been
reported that the same uranium belt is shared
by Zambia, Malawi and Tanzania, it can be
expected that the concentrations of the
valuable elements in uranium deposits found
in Zambia, Malawi and Tanzania are similar
(Bowden and Shaw 2007). Therefore, both
Malawi and Tanzania will enjoy huge
benefits if they will adopt the Zambia
uranium mining strategy.

Previous studies conducted at Mkuju river
project (Mohammed and Mazunga 2013 and
Banzi et al. 2015) analysed -elemental
composition and radioactivity level of the
surface soil to shallow depth soil (0 — 30) cm,
water and plants grown in the area. These
studies focused on the environmental effect
of the radioactivity and heavy metals to the
population living near the uranium deposit.
Also, the data obtained were used for
establishment of baseline but did not
investigate the presence of rare earth and
valuable elements. Unlike those studies, the
present study aimed to analyse the
concentration of rare earth and valuable
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elements found in uranium deposit, for the
purpose of optimising the uranium extraction
process to improve the economy of the whole
project.

Materials and Methods
Study area

Mkuju River Project is a uranium
development project located within the
Selous Sedimentary Basin in Southern part of
Tanzania between latitudes 9° 45’ to 10° 30’ S
and longitudes 36° 30" to 37° 00" E in
Namtumbo district, Ruvuma region as shown
in Figure 1. Mkuju uranium project has
licensed area of ~3000 km? deposit and its
uranium is hosted in sandstone deposit and its
subtype deposit is tabular (Banzi et al, 2015,
Boytsov et al. 2014). The characteristics of
Mkuju cross section demonstrates the shallow
depth of mineralization within 26 - 56 m and
depth of underground water is at 21.8 — 24 m.
Mkuju deposit has planned to use open pit
mine and for the ore body which are either
too deep, too low grade or too small in-situ
leaching will be used (Boytsov et al. 2014).
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Figure 1:

Sample collection

The selection of sampling points considered
the characteristics of Mkuju cross section on
the depth of drilled boreholes, colour of soil
and their distance apart. This approach
enabled 20 samples of uranium cores to be
collected to determine the concentration and
variation of REE and valuable elements for
recovery. 200 g of cores at each borehole was
collected and packed in plastic bags. These
plastics bags were labeled as S1 to S20 with
their specific depth interval in meter (m) as
follows; S1(0 — 1) m, S2(9 — 10) m, S3(10 -
11) m, S4(18 — 19) m, S5(20 — 21) m, S6(21
— 22) m, S7(27 — 28) m, S8(32 — 33) m,
S9(34 — 35) m, S10(35 — 36) m, S11(36 — 37)
m, S12(37 — 38) m, S13(38 —39) m, S14(38 -
39) m, S15(50 — 51) m, S16(77 — 78) m,
S17(83 — 84) m, S18(89 — 90) m, S19(90 —
91) m and S20(140 — 141) m. The sample
was then sent to Tanzania Atomic Energy
Commission (TAEC) laboratory in Arusha
for elemental composition analysis.

Sample preparation

The samples were put into an oven to dry at
60°C for 24 hours and then grinded into fine
powder using pestle and mortar. The powder
was then sieved by plastic sieve to increases
penetration depth of X-rays. Afterwards, 4 g
of a sieved powder sample was mixed well
with 0.9 g of binder to enhance binding and
then pulverised at speed of 180 rpm for 10
minutes in order to make the sample
homogenous. The homogenised mixture was
then poured into the die and pressed with 15
tons to make a pellet with 32 mm diameter.
Three pellets were made from each sample
and placed in sample holders in EDXRF
machine for elemental analysis. Each pellet
sample was irradiated for 15 minutes where 5
minutes was for each of three secondary
targets present within EDXRF  for
modification of spectrum (a) HOPG target,
excites Na — V, (b) Mo-secondary target,
excites Cr — Y and Pr — U and (c) Barkla
Al,Os target, excites Zr — Ce.

Mkuju uranium deposit (Boytsov et al. 2014).

Concentration of the Elements in the
Sample

The Spectro EDXRF system incorporated
with X-Lab Pro™ software with Turboquant
(Tq9232) algorithm for matrix effect
correction was used to calculate the
concentration of elements in a given sample.
The software corrected the matrix effects and
the interference effects base on fundamental
parameter methodology. Also corrected for
the background effect on spectral line
intensity, given as counts per second (cps).
Then the software converted measured net
intensities into concentrations of the element
using Equation 1 (Rousseau 2013).

Ci=K;ol,eM, (

Where: C, concentration of the i™ element

calibration factor,
th

in the sample, K,

I, measured net intensity of i element,

M,, factor correcting the effect of the

specimen matrix composition on the intensity
of i™ element.

Limit of Detection (LOD)

In this study the turboquant method
incorporated in the X-Lab Pro™ software
package using Equation 2 (Rousseau and
Bouchard 2005) was used to calculate LOD
of elements in Table 1, by distinguishing the

peak intensity (| p) from the fluctuations of
the background intensity (l,) due to

counting statistics or background noise (T, ).

The system had lowest LOD (< 3 pg/g) for
Ag and U unlike other elements. This is due
to having high atomic number which produce
desired peak compared to elements with
lower atomic number (Rousseau 2001).

LOD=ﬁ\/g @
Ip_lb T,
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Where: C; minimum concentration level of
the analyte, | p Peak intensity, |, background

intensity and T, counting statistics or

background noise.

Quality Control
The value of C, obtained from equation 1

may not be the actual concentration of the
given element this is because experimental
value can deviate from actual value due to
contamination during sample preparation
and/or instruments error. The precision and
accuracy of the EDXRF result was checked
with standard reference, IAEA-Soil 7 and
2711a Montana Soil. The accuracy between
measured and certified elemental
concentration  values  displays  good

agreement as shown in Table 1. The trueness
for each element was obtained using
Equation 3 and 4 interchangeably depending
on value for measured and certified (Olujimi
et al. 2014). The accuracy value of the
EDXRF system for each element was
characterized as excellent below 10%, good
between 10% and 25%, fair between 25%
and 50% and poor above 50%.

_ measured —certified

Bias = — When
certified
certified > measured 3)
. measured — certified
Bias = When
measured
measured > certified 4)

Table 1:  Elemental concentrations of certified and measured reference materials for IAEA-
Soil 7and 2711a  Montana soil and LOD by EDXRF
IAEA-Soil 7 2711a Montana soil
Elements LoD Certified Measured  Accuracy Certified Measured — Accuracy
Al 2000 47000 4999558 599 67200 217747 747
P 6.48 460 930:58 1326 842 107771 2187
1000 12100 1150471 492 25300 2373574  -6.18
Ti 500 3000  3727.24 1951 - - -
V] 37.05 66 92.20 2842 807 20.17 -75.01
Mn 14.41 631 770.52 1811 675 658.10 25
Fe 500 25700  27990.03  8.18 28200 »8gp3.18 2.3
Y 700 21 23.89 12.1 - - -
Mo 11.38 25 0 -100 - - -
Ag 201 - - - - - -
Ba 37.15 159 155.10 -2.45 730 674.39 -7.62
La 4450 28 (BDL) 28.23(BDL) BDL 38(BDL) 43.86(BDL) BDL
Ce 62.19 61 67.19 9.21 - - -
U 261 2.6 1.90 2692 301 7.13 57.78

Accuracy with negative sign means that certified value is greater than measured value and (-)

means not reported

Results and Discussion
Elemental Concentrations in
Deposit

The mean concentration results for 20
samples (S1 — S20) of uranium cores are

Mkuju

presented in Table 2. Rare Earth Elements
(Y, La and Ce) were detected unlike to Pr,
Nd, Pm, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm,
Yb, Lu and Sc which were below LOD of the
system used. The selected valuable elements
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were Al, P, K, Ti, V, Mn, Fe, Mo, Ag, Ba and
U

Table 2: Weighted mean results of elemental composition of uranium cores samples from 20
boreholes at Mkuju uranium deposit (ug/g + SEM)

Z Symbol Element Weighted mean results
13 Al Aluminum 96445.79 + 2638.05
15 P Phosphorus 547.19 + 116.68

19 K Potassium 25296.88 + 1475.67
22 Ti Titanium 5026.33 + 441.93
23 v Vanadium 116.26 + 9.92

25 Mn Manganese 455.02 + 55.02

26 Fe Iron 32274.26 + 2788.70
39 v Yttrium 60.10 + 4.43

42 Mo Molybdenum 142.34 + 972

ar Ag Silver 15.80 + 0.45

56 Ba Barium 493.98 + 39.99

57 La Lanthanum 67.53 + 7.49

58 Ce Cerium 118.68 £ 10.92

92 U Uranium 128.37 + 28.71

In Table 2, Valuable elements whose
concentrations were above 1000 ppm
included Al, K, Ti, and Fe. Whereas Fe
shows higher concentration in Mkuju deposit
due to being in the same basin with Liganga
iron ore deposit at southern Tanzania
(Maboko 2001). While, REEs (Y, La and
Ce), and valuable element (P, V, Mn, Mo,
Ag, Ba and U) showed concentrations below
1000 ppm.

Crustal Abundance (CA) and Enrichment
Factor (EF)

Crustal abundance is an average abundance
of an element in the earth crust while
enrichment factor is the extent to which an
element must be enriched by geological
processes for it to be mined at a profit. The
enrichment factor of Mkuju uranium cores
was calculated by Equation 5 as given by
(Earle 2015, Barbieri 2016) in order to asses
geological deposition of selected element.
The mean concentrations of elements in this
study were higher than their crustal
abundance by a factor shown as enrichment
factor in Table 3, 4 and 5 except for Fe, Mn,

V and P which were below their abundance
in earth crust.

EF = ﬁ

CA (5)
Where, EF is enrichment factor, Csil is
concentration of element in soil and CA is
average crustal abundance.

In Table 3, 4 and 5, the values of 0.5 < EF <
1.5 implies elements concentration come
from natural weathering processes while EF
>1.5 implies elements concentration was
delivered by other sources like geological
process (Barbieri 2016). This shows that
selected elements at Mkuju deposit which
includes Al, P, K, Ti, V, Mn, Fe and Ba
occurred from natural weathering process
while rare earth elements (Y, La and Ce),
Mo, Ag and U occurred from rock through
geological process and can be mined at a
profit.

Variation of Rare Earth Elements and
Valuable Elements at Different Depth

This was determined by splitting (S1 — S20)
samples into different depth intervals of 0 —
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28 m (S1 — S7) had 7 samples, 29 — 57 m (S8
— S15) had 8 samples, 58 — 86 m (S16 & S17)
had 2 samples, 87 — 115 m (S18 & S19) had
2 samples and 116 — 141 m (S20) had 1
sample. 0 — 28 m and 29 — 57 m depth
intervals were selected to provide a near
surface elemental composition, within ore
body elemental composition and below
underground water elemental deposition for
open pit extraction respectively. 58 — 86 m,
87 — 115 m and 116 — 141 m were selected to
provide elemental composition for depth in
which in-situ leaching will be used. The

mean concentration and weighted mean
concentration values in pg/g at different
depth interval for selected element were
calculated as shown in Table 3, 4 and 5.

Variation of Rare Earth Elements at
Different Depth

Y, La and Ce in Mkuju deposit showed
high concentration at lower depth interval
below Mkuju mineralisation depth (0 — 28) m
which will use open pit extraction as shown
in Table 3.

Table 3: Mean concentrations in pg/g at different depth of rare earth elements

Weighted CA EF
Mid-point Mean Meal’l (Hg/g)
Depth depth (M)  Concentration ~ Concentration
Element (m) (ng/g + SEM) (ng/g)
0-28 14 57.99 + 7.10
13 60.10 33 1.82
2957 53.14 +7.30
58 - 86 2 75.24 + 11.76
Y 101
87 - 115 83.80 + 1.17
116141 129 52.72 + 0.53
0-28 14 49.66 +5.20
13 67.53 39 173
2957 77.47 +15.85
58-86 (2 70.32 + 23.74
La 101
87 - 115 66.32 +6.15
116141 129 109.96 + 11.79
0-28 14 92.35 + 10.14
13 118.68 665  1.78
2957 119.78 + 2259
58 — 86 2 150.86 + 2.42
Ce 101
87 - 115 156.19 + 26.31
116141 129 154.76 + 16.62

In Table 3, Ce showed high average
concentration in all depth intervals with mean
concentration of 118.68 pg/g compared to La
and Y which showed high mean
concentration at depth interval of 116 — 141
m and 87 — 115 m respectively. This is
because Ce is enriched more than Laand Y in
weathering process but also Ce has high

crustal abundance followed by La and Y.
Furthermore, Ce and La are in same sub-
group of light rare earth elements which
increase their deposition in ore due to being
mobile during weathering process unlike Y
which is in sub-group of heavy rare earth
elements (Jordens et al. 2013).
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Figure 2:

In figure 2, Ce showed high concentration
in all depth intervals compared to La and Y.
Whereas, La and Y showed high mean
concentration at depth interval of 116 — 141
m and 87 — 115 m respectively.

Variation of Valuable Elements at
Different Depth

Valuable elements V, Fe, Ba and U had
high mean concentration in depth of
mineralisation of Mkuju ore body which
started at depth of 26 m. Whereas; Al, P, Mn,
K, Ti, Mo and Ag showed high mean
concentration in lower  depth  of
mineralisation due to  presence of
underground water table at depth of 21.8 - 24
m which facilitate downwards migration of
mobile elements which cause their deposition
at those depth as shown in Table 4 and 5.

In Table 4, valuable elements whose
concentrations were above 1000 ppm in
Mkuju deposit. Al showed higher mean

Mean concentration of rare earth elements at different depth in Mkuju deposit

concentration in all depth interval compared
to other valuable elements followed by Fe
which showed low mean concentration at 87
— 115 m and 116 — 141 m compared to K. K
and Ti showed high mean concentration at
depth interval of 87 — 115 m also showed
again low mean concentration at depth
interval of 0 — 28 m due to being mobile and
depleted at near soil. Al had higher
concentration than other valuable elements
due to its high crustal abundance of 82300
ppm where weathering process enrich its
concentration in ore body. Furthermore, all
valuable elements above 1000 ppm at Mkuju
deposit occurs from natural weathering
process as explained by Equation 5 results.

In figure 3, Al showed higher mean
concentration in all depth interval compared
to other valuable elements followed by Fe
except at 87 — 115 m showed low mean
concentration compared to K. Ti displayed
low mean concentration in all depth interval
compared to other valuable elements.

Table 4: Mean concentrations (above 1000 pg/g) at different depth of valuable elements

Weighted CA EF
Mean Mean (ng/g)
Depth Concentration Concentration
Element  (m) (ug/g £ SEM) (ng/g)
Al 0-28 95069.56 + 6155.93
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29 - 57 98696.71 + 3340.30 96445.79 82300 1.17

58-86  97325.26 + 1485.46
87-115  89025.48 + 10864.14
116 -141 101153.72 +521.13
0-28 23560.26 + 2554.22

2057 25000.04+ 272864 o000 20000 Lt
K 58-86  27339.68 + 1104.82

87-115  28944.16 + 5992.46

116 -141  27720.62 + 81.29

0-28 5127.26 + 499.07 £006.93 5560  1.07

29-57  5187.04 +461.75
Ti 58 — 86 7885.99 + 1688.63

87-115 957457 +1200.53

116 -141 6218.30 + 15.76

0-28 38585.37£7030.23 ., o 56300 057

29-57  28234.33 +1986.93
Fe 58 — 86 36584.05 + 1064.61

87-115  27831.82 +4221.06

116 - 141  20681.20 + 105.78

Valuable elements (above 1000 ugr"g)

_ 120000
7]
&0 100000
80000 -
60000 -
40000 -
20000 -
0 -

Concentrations ()

116-141

14 129

Depth interval and mid-point

Figure 3: Mean concentration (above 1000 pg/g) of valuable elements at different depth in

Mkuju deposit
Table 5: Mean concentrations (below 1000 ug/g) at different depth of valuable elements
Mean Weighted Mean CA EF
Depth Concentration Concentration (ng/g)
Element (m) (ug/g £ SEM) (ng/g)
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Mn

Mo

Ag

Ba

0-28

29 -57
58 — 86
87-115
116 — 141
0-28

29 - 57
58 — 86
87-115
116 — 141
0-28

29 - 57
58 — 86
87 -115
116 - 141
0-28

29 —-57
58 — 86
87-115
116 - 141
0-28

29 -57
58 — 86
87-115
116 — 141
0-28

29 - 57
58 — 86
87-115
116 — 141
0-28

29 - 57
58 — 86
87-115
116 - 141

628.65 + 303.91
386.22 + 109.30
824.56 +160.34
19.04 +94.98
296.14 + 3.27
139.45 + 22.29
116.75 + 8.48
86.59 + 21.69
64.23 £ 16.97
113.42 +10.42
436.96 + 62.92
510.91 +£120.92

1048.69 + 100.25

478.08 + 15.92
114.70 +5.25
117.14 +5.93
122.23 £3.97
217.40 £22.98
221.69 +8.39
170.72 + 2.30
1476 £ 0.75
16.56 £ 0.73
1545+ 1.79
15.76 £ 0.26
17.76 £ 0.85
427.91 +59.32
604.50 + 70.80
397.25 £70.27
388.82 +2.38
476.16 + 28.88
163.56 + 30.66
164.46 + 58.39
7.10+£7.10

92.60 + 0.59

547.19 1050
116.26 120
455.02 950
142.34 1.2
15.80 0.075
493.98 425
128.37 2.7

0.52

0.97

0.48

118.

62

210.
67

1.16

47.5
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In Table 5, valuable elements whose
concentrations were below 1000 ppm in
Mkuju deposit. Mn and P showed high mean
concentration at depth interval of 58 — 86 m
of 1048.69 ppm and 824.56 ppm respectively
when compared to other valuable elements in
all depth intervals followed by Ba with 604.5
ppm at 29 — 57 m. This is because Mn, P and
Ba has high crustal abundance where
weathering process enrich its concentration in
ore body unlike to Ag with crustal abundance
of 0.075 ppm which is present in ore due to
geological settings in addition to Mo and U.
V showed high mean concentration at depth
interval of 0 — 28 m due to being immobile

Mo and Ag showed high mean concentration
at depth interval of 87 — 115 m and 116 — 141
m respectively because of being mobile and
depleted at near soil. Ba and U displayed high
mean concentration at depth interval of 29 —
57 m because of mineralisation in Mkuju
deposit begins at depth of 26 m. Ba and U
revealed low mean concentration at depth
interval of 87 — 115 m and 58 — 86 m
respectively in which all these depths were
below water table and ore body depth. For
this reason, elements in Mkuju ore body can
be recovered and processed unlike to poor ore
bodies such as earth crust which needs to
process large amount of ore leadings to

on top soil. environment contamination and loss of
energy.
Valuable elements (below 1000 ng/g)
1200
"‘3 1000
WA
2 300 &
S mBa
= 600
'E M Mn
§ 400 = Mo
S 200 - -
0] mu
116-141 v
129
Depth interval and mid-point
Figure 4: Mean concentration (below 1000 ng/g) of valuable elements at different depth in

Mkuju deposit

In figure 4, Mn showed high mean
concentration of 1048.69 ppm at depth
interval of 58 — 86 m when compared to other
valuable elements in all depth intervals
followed by P with 824.56 ppm at same depth
interval then Ba with 604.5 ppm at 29 — 57
m. Ag displayed low mean concentration in
all depth interval with concentration between
14 ppm and 18 ppm except at depth interval
of 58 — 86 m and 87 — 115 m where U

showed low mean concentration of less than
8 ppm.

Comparison of Mean Concentrations of
Rare Earth Elements in Mkuju Deposit
with other Mineral Deposits

The presence of REEs is considered to be
significance if they occur in significant
concentration, but different mineral deposits
have different concentration values of REEs.
Table 6 shows the mean concentration of
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REEs in Mkuju uranium deposit compared to
other deposits.

Table 6: Comparison of the mean concentrations of rare earth element in Mkuju deposit and in

other mineral deposits.

Average

elements

Deposit concentration in pg/g Reference

Y La Ce
Mkuju (Tanzania) 60.10 67.53 118.68  This study
Operating uranium Keegan et al. 2008,
mines, Australia % 23 223 IAEA 2009

Table 6 shows, Ce and Y showed higher
mean concentrations values in operating
uranium mines in Australia than the values
obtained in Mkuju uranium deposit. La in
Mkuju deposit has higher mean concentration
value than the values reported in operating
uranium mines in Australia. The different in
values may be due to different geographical
location and uranium host rock. Furthermore,
REEs in Australia was averaged from

different operating uranium deposits which
are Beverly, Ranger and Olympic Dam.

Comparison of Mean Concentrations of
Valuable Elements in Mkuju Deposit and
in other Mineral Deposits

Valuable elements at Mkuju uranium
deposit were compared with other uranium
deposits and  their  economic  ore
concentrations were presented in Table 7.

Table 7: Comparison of the mean concentrations in pg/g of valuable element in Mkuju deposit

and in other mineral deposits.

Country
Element Tanzania Poland Australia Tanzania Ore Grade %
(Mkuju (Peribaltic  uranium (Manyoni
sandstone deposit) deposits deposit)
deposit)
Al 96445.79 - 1055 - 24 -32
P 547.19 - - 200 -
K 25296.88 - - - -
Ti 5926.33 - 26 2900 21.5-86
\% 116.26 1886 60 120 -
Mn 455.02 - 135 500 -
Fe 32274.26 75000 31185 20000 34.8-40.6
Mo 142.34 296 107 - 0.1
Ag 15.80 - 2.2 - 0.008 -0.1
Ba 493.98 - 7 - -
U 128.37 1,316 340 454 0.1-04
Reference  Presentstudy Gajda et Keegan et Ngulimi Nelson 2012,
al. 2015 al. 2008, and Ishiga Dahlkamp
IAEA 2016 2013 and Earle
2009 2015

Means not reported

Most of the elements in Mkuju uranium
deposit have mean concentration values
above the concentration values reported for
Manyoni uranium deposit in Tanzania except

for three elements; V, Mn and U as shown in
Table 7. The mean concentration value of
Mo, V, Ag, Ba, Al and Ti in Mkuju uranium
deposit is higher by a factor of 1.33, 1.94,
7.18, 70.57, 91.42 and 227.94 respectively
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compared to the mean concentration values
of those elements reported in operating
uranium deposit in Australia.

Fe in Mkuju uranium deposit showed low
mean concentration value (32274.26 ug/g)
compared to the concentration value reported
in Poland (75000 pg/g) and Australia (31185
ng/g) deposits. In Mkuju uranium deposit V,
U and Mn have concentration values less by
factor of 1.03, 3.54 and 1.1 respectively
compared to the values reported in Manyoni
uranium deposit. V showed less mean
concentration value by a factor of 6.62
compared with the mean concentration value
reported in Poland deposits. However, all
elements across the discussed deposits,
particularly in Poland and Australia remain
below the ore grade threshold for them to be
extracted as targeted mineral rather a
secondary product. This implies that Mkuju
deposit is in good position for doing recovery
of secondary elements along with uranium
extraction.

Comparison of Mean Elemental
Concentrations in Mkuju Deposit with
Estimate of Extractable Global Resources.

Geological studies on the basis of the
distribution of known deposits of minerals
estimated the extractable amount of all
mineral resources to be between 0.01% (100
ppm) and 0.001% (10 ppm). This is due to
proportionality of the total amount of
enriched deposits to the crustal occurrence of
the mineral. Furthermore, in the top 1 km of
the earth’s continental crust an estimate of the
extractable global resources is 0.01% of the
total amount of a mineral (Henckens et al.
2016). For this estimate most elements in
Mkuju deposit are extractable since the
characteristics of Mkuju cross section
demonstrates the shallow depth  of
mineralisation within 26 — 56 m (Boytsov et
al. 2014).

In addition, (Dahlkamp 2009) defined
resources of deposits: large = >20000 tU;
medium = 5000 — 20000 tU and small =
<5000 tU whereas ore grades (given as
average of deposit): high = >05% U,
medium = 0.15 — 0.5% U and low = <0.15%
(1500 ppm) U. This shows Mkuju deposit has

large resources deposit of ~58466 tU and
very low ore grade of ~243 ppm (0.0243%) U
(Boytsov et al. 2014). For this reason,
recovery of selected element might increase
value of low ore grade.

The Mkuju deposit, like other uranium
deposits, exhibits lower concentrations
compared to currently economical viable
concentration levels for selected element as
indicated in Table 7. However, if the world
faces depletion of these crucial elements, the
scenario may change. This suggests that a
reduction in the supply of essential elements
from economically viable deposits could
drive up the prices of scarce elements,
potentially increasing the demand despite the
low ore grade of the deposit. Various factors
contributing to the economic viability of any
deposit, such as ore grade, depth beneath the
surface, and adherence to environmental
regulations in the region, favor the Mkuju
deposit. Thus, results from this study provide
an insight into Mkuju deposit in considering
accompanied elements at an early stage of
uranium mine development for suitable
selection of extraction method.

Conclusion

This study analysed the concentration and
variation of rare earth and valuable elements
in uranium cores at different depth interval
from 20 randomly selected boreholes at
Mkuju deposit. 13 Selected elements
accompanying uranium which are significant
in terms of volume consumed and monetary
value, including rare earth elements (Y, La,
and Ce), along with Al, P, K, Ti, V, Mn, Fe,
Mo, Ag, and Ba. Their concentrations were
higher compared to that of Earth's crust
except for P, V, and Mn but they remained
economically viable within the ore body.
Enrichment factor calculations suggested the
potential profitability of recovering most
elements, particularly rare earth elements,
Mo, Ag, and U, while secondary extraction is
feasible for elements like Al, P, K, Ti, V, Mn,
Fe, and Ba.

The comparative assessments with other
mineral deposits indicated that, the selected
elements across different deposits exhibit
lower mean concentrations causing them to
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be unsuitable for profitable extraction as
targeted minerals, rather indicating their
potential extraction as secondary products
alongside with uranium. The findings of this
research provided essential groundwork data
for optimising the extraction of uranium,
REEs and valuable elements at Mkuju
uranium  project. The current study
recommended further studies to be done at
Mkuju uranium deposits using sensitive
technique with low limit of detection in order
to enhance detection of all other available
REEs.
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