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ABSTRACT

Stream sediment surveys were carried out in Betare Oya area and samples collected were
analyzed by ICP-MS technology. The purpose of this research was to investigate the geochemical
behavior of lanthanides in stream sediment and their implication for REE-bearing phase. The
sediments exhibit higher content in Fe203 (3.96-21.30%), Au (133 - >10000 ppb), Hg (4000 -
>10000 ppb), Mn (868-2950), Pb (20.96 - 2950 ppm). The covariance between rare earth element
(REE) and Mn suggests that all the REE are incompatible, this implies that the REE are
significantly fractionated during differentiation. High rare earth element (510.7-3340.2 ppm) and Y
contents were recorded from Betare Oya, the Upper Continental Crust normalized REE patterns
show light rare earth element enrichment (Lan/Smn: 0.81 — 1.32) relative to heavy rare earth
element (Gdn/Ybn: 2.26 — 15.32), with a negative Eu anomaly (Eu/Eu*: 0.15 — 0.29). The patterns
exhibit tetrad effects showing W- and M- types; the plots of the sizes of tetrad effects with some
geochemical parameters allow to characterize two distinct groups of population: the first group
involved the majority of samples and the second group encompasses few samples indicating the
samples were less affected by terrigenous source materials. The two groups are related to tetrad
effect; they can serve as geochemical indicator to determine the environmental conditions. The
samples of group 2 have significant tetrad effects (1.88 — 2.28) and sediments indicate non-
CHARAC behavior. The enrichment of light rare earth element (LREE) compared to heavy rare
earth element (HREE) is due to the presence of monazite. The slight discontinuity in rare earth
element (REE) patterns at Nd is the characteristic aspect of tetrad effect for monazite fractionation.
The result of this research serves as new evidence for REE dynamics in Cameroon, the contents of

REE can be used as background values for further investigations.

Keywords: Stream sediment;
non-CHARAC; monazite.

1. INTRODUCTION

The lanthanide Serie include 17 elements from
lanthanum to lutetium. This is a coherent group
of rare earth elements (REES) as a result of their
position in the periodic table. REEs are
distributed in the same way like other trace
elements in silicate systems; the sizes of REE
cations decrease with increasing atomic number
from lanthanum (La) to lutetium (Lu), this is
known as the lanthanide contraction and
corresponds to progressive filling of an inner
electron shell. REEs are mainly divided into light
rare earth elements (LREEs) that encompasses
lanthanum (La) to europium (Eu) and heavy rare
earth elements (HREE) composed of gadolinium
(Gd) to lutetium (Lu), and vyttrium (Y) [1].
Elements of the lanthanide Serie show similar
geochemical properties and provide an
understanding of complex processes of a
geochemical nature [2].

In geologic environments, the behavior of REEs
accounts by differences in their ionic radii and
variations in valence states. The tetrad effect
phenomenon is a supplementary characteristic
for the distribution patterns of lanthanides [3].
Rare earth elements and Y (REE-Y) occur in a
trivalent oxidation state (except Ce and Eu), the
ionic radii of lanthanides decrease with

Betare Oya; Pan-African fold belt;

lanthanides; tetrad effects;

increasing atomic number from lanthanum to
lutetium [4]. When the REEs are normalized with
the standards, their charge and radius controlled
known as CHARAC process produces smoothed
spectra [5]. Also, Y decoupling with respect to
holmium (Ho) serves as indicators for the
occurrence of non-CHARAC phenomena. The
fact that REE patterns have irregular features
indicates they are involved in non-CHARAC
processes. In order of their atomic nhumber and
on the basis of lanthanide complex formation, the
REEs are subdivided into four curved
components part (La-Nd, Pm-Gd, Gd-Ho, Er-Lu)
of their normalized spectrum called tetrad effects
[6, 7]. Each rounded line consists of four
segments namely first (La-Ce-Pr-Nd), second
(Pm-Sm-Eu-Gd), third (Gd-Tb-Dy-Ho) and fourth
(Er-Tb-Yb-Lu) tetrads respectively. The middle
two elements of each tetrad are fractionated
relative to the elements at the edges. This
fractionation can be positive or negative,
combinations are also possible [8]. The rounded
components part are outwards shaped like
(convex) or inwards shaped like (concave) and
form M- and W- shaped tetrad effect,
respectively [6, 8]. M- and W- types tetrad effects
point to the opposite behavior of lanthanides at
the tetrad boundaries [1, 6]. This means Nd
between the first and the second tetrads, Gd
between the second and the third. M-type and

233



Lavenir et al.; Asian J. Geol. Res., vol. 6, no. 3, pp. 232-249, 2023; Article no.AJOGER.109623

W-type tetrad effects are distinct from the quartic
faoth of a smooth pattern described by A4 [9].

In this study, we apply the stream sediment
geochemistry to determine the distribution and
fractionation of REE, the lanthanide tetrad effect
phenomena as well as the implications for REE-
bearing phase. The standards of Upper
Continental Crust [10] were used to normalize
the REE. The size of tetrad effect is calculated
after [7]. The second tetrad (Pm - Gd) cannot be
determined because praseodymium (Pm) is an
artificial element [11]. Also, because of the
behavior of Eu?* at low oxygen fugacity and high
temperatures in magmatic systems [12].

2. GEOLOGIC SETTING

2.1 Regional Geology

The Betare Oya area (Fig. 1) is found in the Pan-
African fold belt in Cameroon [13, 14]. This belt is
connected to the Trans-Saharan Belt and
extends to NE Brazil [15, 16]. The abundant
literature shows that the Pan-African fold belt in
Cameroon is composed of:

(1) The Yaoundé domain (YD) is a
Neoproterozoic nappe that thrust onto the
Congo Craton (Fig. 1). It is made up of
Neoproterozoic metasediments and 616 Ma
low- to high-grade metasediments [17, 18].
They consist with alkaline magmatism and
undergone medium- to high pressure and
granulite metamorphism [13].

(2) The present study is carried out in the
Adamawa-Yadé domain (AYD; Fig. 1) which
is situated between the Sanaga Shear Zone
(SSZ) and the Tcholire-Banyo Shear Zone
(TBSZ). The AYD is a Paleoproterozoic
domain that was affected by the
Neoproterozoic orogeny. The AYD s
underlined with (a) relicts of Paleoproterozoic
rocks; the metamorphism of the granulite
facies (2.1 Ga) of this domain was occurred
during the Pan-African orogeny, (b)
Neoproterozoic (0.7 Ga) materials include
low- to medium- grade metasediments and
volcanoclastic rocks that were undergone a
metamorphism of amphibolite facies and (c)
granitoids [19].
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Fig. 1. Geological map of Cameroon showing the study area. ASZ Adamawa Shear Zone, YD:
Yaoundé Domain, AYD: Adamawa-Yadé Domain, WCD: Western Cameroon Domain, SSZ:
Sanaga Shear Zone, TBSZ: Tchollire-Banyo Shear Zone [14]
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(3) The Western Cameroon domain (WCD)
occurs along the western edge of the
country (Fig. 1) and it is bounded in the southern
part by the Adamaoua fault. The WCD is
dominated by (a) 830 — 665 Ma (Neoproterozoic)
low- to high-grade metasediments and
metavolcanites that refer to the Poli Serie; (b)
Pan-African (660 — 580 Ma) granitoids including
diorites, granodiorites and granites; (c) post-
tectonic mafic dykes cross-cut by granites and
syenites emplaced at 580 Ma are unconformably
with the Poli Serie.

2.2 The geologic of the Betare Oya Area

The Betare Oya area is situated within the Lom
Serie which refers to a syn-depositional pull-
apart Basin characterized by transtensional
movement [20, 21]. The Lom Basin is made up
metasedimentary and metavolcanic rocks of
Pan-African age. The Betare Oya area is
composed of granitoids intrusions (635 + 5 Ma)
associated with gold mineralization. These
intrusions are associated to the Central
Cameroon shear zones branches, like the Betare
Oya shear zones [22]. Other rock units found in
the Betare Oya area include metatuff,
volcaniclastic rocks, schist, micaschist, quartzite
and metaconglomerate horizons. Metasediments
are truncated by hydrothermal quartz veins while
granitoids include granodiorite and tonalite. The
metavolcanic and metasedimentary rocks yield
655 Ma suggesting they were deposited prior to

655 Ma, and metamorphosed between 655 and
585 Ma [23].

3. METHODOLOGY

Twenty active stream sediment samples were
collected in the Betare Oya area from a depth of
0.25 — 1.30 m using hand-held digger and the
sampling points were plotted in the sample
location map (Fig. 2). The samples from the main
Lom River and from the first and second-order
tributaries were taken randomly above the
confluence point. The samples are mainly
distributed around the central part of the map,
especially along Mari and Bedere Rivers.
Chemical analysis was done using inductive
coupled plasma mass spectrometry through
aqua regia, partial digestion (AR-ICP-MS) at
Activation Laboratories (ACTLABS, Canada) to
obtain the geochemical concentrations of
elements. The sediments were first dry via an
oven at 60° and sieving (177 pum) followed by the
digestion of 0.5 gram at 90° in a microprocessor-
controlled digestion block for two hours. The
digested samples are further diluted and
analyzed through ICP-MS which represents the
most sensitive and flexible method for the
analysis of mass fractions of trace elements in
geo materials (rocks, mineral, water). Its
advantage is in its nearly complete ionization of
many elements achieved by the use of argon
plasma at temperature of up to 7000°C and fast
data acquisition.
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Fig. 2. Sample location map of the study area. Insert: map of Cameroon

235



Lavenir et al.; Asian J. Geol. Res., vol. 6, no. 3, pp. 232-249, 2023; Article no.AJOGER.109623

4. RESULTS
4.1 Major Elements

The major elements concentrations of stream
sediment of Betare Oya are listed in Table 1.
Stream sediment exhibits a relative increase in
Fe203 (3.96 — 21.30%; av. = 6.14%), TiO2 (0.061
— 1.70%), Al203 (0.19 — 0.60%) compared to the
rest of major elements which are closer to their
respective  detection limit. The graphical
inspection shows that the analyzed stream
sediment samples are depleted in major
elements, they display enrichment only in Fe20s
and TiOz (Fig. 3). The increased of Fe203 and
the slight TiO2 enrichment may be due to the
presence of iron oxide and rutile respectively.

4.2 Trace Elements

The concentrations of trace elements are shown
in Table 1. The concentration of Hg (4000 to >
10000 ppb), Au (133 to > 10000 ppb), Mn (868 to
2950 ppm; av. = 1836.10 ppm) and Pb (20.96 to
2950 ppm; av. = 200.88 ppm), are very high
compared to their respective amount in the
Upper Continental Crust (UCC) by [10]. Other
elements with high concentrations include Th
(50.7 to > 200 ppm), Zn (77 to 255 ppm; av. =
118.31 ppm), Y (24.10 — 163 ppm; av. = 68. 21
ppm) and Cu (8.6 to 222 ppm). Ag (77 to 255
ppm; av. = 118.31 ppm) shows moderate
content, while elements like As (< 0.1 to 19.8
ppm), Cd (0.01 to 0.47 ppm) have low values.
The large ion lithophile elements (LILES)
including Rb and Ba and high field strength
elements (HFSEs) such Ta, Nb, Hf, Zr also
display low values respectively (Table 1). The

stream sediment samples are depleted in Be, Mo
Cd, In, Cs, Hf, Bi, and show enrichment for the
rest of trace elements (Fig. 3). High contents of
Mn, Th and Zn may be associated with mining
activities (gold mining), oxidation and hydrolysis
of the primary ore. Higher contents of Hg may be
due to the use of Hg in gold separation by the
local population in the study area. The high
content of Pb indicates the presence of sulfide
mineral notably galena.

4.3 Rare Earth Elements

The chemical analyses revealed a wide variation
and elevated REE concentrations with ¥REE =
510.7 to 3340.2 ppm (av. = 1992.27 ppm; Table
1). The content of La (108 - > 1000 ppm) and Ce
(233 - 2400 ppm, av. = 1051.65 ppm) are higher.
Concentrations of Nd (96.7 — 913 ppm) and Gd
(12.2 — 128 ppm) is relatively higher, these two
lanthanides vary most of all as compared to other
lanthanides (Ill). The order of REEs is Ce > La >
Nd > Pr>Sm > Gd > Dy > Th > Er> Yb > Eu >
Ho > Tm > Lu, different to that found in
Bwanebwa area [24]. Geochemically, variations
of REEs in Betare Oya area can be linked to the
loss and gain elements from the parent rocks
[25]. The UCC- normalized REE patterns (Fig.
4a) show enrichment in LREE (Lan/Smn = 0.81 —
1.32) relative to HREE (Gdn/Ybn =2.26 — 15. 32),
and a negative Eu anomaly (Eu/Eu* = 0.15 —
0.29). The correlation between REE and Mn (Fig.
4b) suggests that all the REE are incompatible.
Therefore, the REE are significantly fractionated
during differentiation [26].The concentrations of
Fe:0Os and Pb are unrelated with REE (Fig.
4c, d).
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Fig. 3. Enrichment-depletion plot for selected major and trace elements
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Table 1. Chemical composition of stream sediment of Betare Oya

Sample | DL S1 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S15 S16 S17 S22 S23 S26 S28 S29

TiO, (%) [ 0.001 | 1.395 | 0.976 | 1.46 | 1.283 | 1.591 1254 | 1.251 | 1.069 | 1.106 1.52 1.231 | 1.098| 0.767 [ 1.001 | 1.701 | 1.493 | 1.191 | 0.609 |[1.311| 1.289

Na,O |0.001| 0.026 | 0.024 | 0.03 | 0.026 | 0.027 | 0.028 | 0.028 | 0.026 | 0.023 | 0.039 | 0.026 | 0.023 [ 0.026 | 0.027 | 0.026 | 0.034 | 0.023 0.03 |0.031 | 0.028

MgO 0.01 | 0.05 0.05 0.03 | 0.03 0.03 0.03 0.07 | 0.03 0.02 0.03 0.03 | 0.02 | 0.02 |<0.02| 0.03 0.02 | <0.02 0.03 0.03 | 0.05

AlLO3 0.01 5.95 4.9 5.76 5.55 6.09 5.8 55 4.56 4.75 5.76 582 | 446 | 4.82 598 | 6.55 3.96 4.78 213 4.99 5.56

KO 0.01 0.04 0.04 0.04 0.02 0.04 0.04 0.05 0.04 0.02 0.04 0.02 | 0.02 0.04 0.04 | 0.04 0.04 0.02 0.04 0.04 0.04

P,0s 0.01 | 0.07 0.06 0.04 | 0.04 0.06 0.04 0.04 | 0.04 0.04 0.03 0.04 | 0.03 | 003 | 0.03 | 0.04 0.01 0.01 0.06 0.04 | 0.04

Fe,O; | 0.01 | 4.75 6.42 1.97 591 6.67 5.55 6.08 1.7 13.45 116 | 11.85 | 3.25 7.13 5.09 | 4.87 125 8.17 6.72 1475 | 4.68

P,Os |0.001| 0.016 | 0.073 | 0.044 | 0.023 | <0.002 | 0.023 | 0.048 | 0.099 | 0.087 0.06 0.05 | 0.062 | 0.066 | 0.094 | 0.007 | <0.002 | 0.08 0.128 |[0.046 | 0.039

Ag (ppm) | 0.002 | 20.5 449 [0.074 | 0.381 | 0.993 35.9 1.18 3.25 2.65 0.271 | 404 [ 0.693 11 5.93 1.54 26.5 0.202 64.9 0.444 [ 18.9

As 0.1 0.3 <01 [ <01 ] <01 <0.1 <0.1 <0.1 [ <0.1 <0.1 <0.1 <01 | <01 ] <01 [<01] <02 <0.1 <0.1 19.8 <01 ]| <0.1
Au(ppb) [ 0.5 [>10000({>10000( 133 |[>10000{>10000|>10000[>10000>10000[>10000| 783 [>10000| 5580 |>10000p 10000>10000[>10000| 1030 | >10000 | 1590 | 8030
B 1 3 2 3 3 3 3 3 3 3 4 3 3 3 3 3 3 3 4 4 3
Ba 0.5 26.7 31.6 26.5 23.6 24.8 25.3 20.1 29.2 115 18.2 194 15 16.5 15.8 14.4 14.1 36.5 29.8 30 175
Be 0.1 0.2 0.2 0.3 0.2 0.2 0.2 0.3 0.3 0.2 0.2 0.2 0.3 0.2 0.2 0.1 0.2 0.3 0.2 0.3 0.1
Bi 0.02 0.48 0.52 0.44 0.43 0.37 0.24 0.56 0.36 0.58 0.65 0.5 0.66 0.45 0.48 0.38 0.83 0.84 6.05 0.5 0.59
Cd 0.01 0.06 0.03 0.05 0.03 0.07 0.01 0.03 0.09 0.02 0.09 0.06 0.07 0.04 0.02 0.02 0.03 0.09 0.47 0.21 0.04
Co 0.1 11.3 5.1 4.9 4.8 5.4 4.5 114 3.9 2.6 3.1 3.9 2.6 2.9 3.2 4 3.8 4.3 16.6 3.3 4
Cr 1 18 12 21 22 17 15 21 21 11 17 22 21 23 54 17 32 13 85 41 17

Cs 0.02 0.17 0.31 0.15 0.18 0.2 0.22 0.22 0.18 0.09 0.17 0.14 | 0.14 0.09 0.12 | 0.17 0.18 0.08 0.13 0.11 0.17

Cu 0.2 18.6 12.4 14 114 25.3 15.8 25 111 8.6 171 107 13.3 141 16.8 | 12.8 44.6 11.9 222 12.6 244

Ga 0.02 [ 0.77 | <0.02 [<0.02| 0.36 0.95 0.99 0.04 | 0.12 | <0.02 | <0.02 | <0.02 [<0.02]| <0.02 [<0.02| 1.29 0.66 | <0.02 1.65 144 | 0.18

Ge 0.1 <01 <01 | <01 | <01 <0.1 <01 | <01 ] <01 <0.1 <0.1 <01 | <01 ] <01 [<0.1] <0.1 <0.1 <0.1 <0.1 <01 | <01

Hf 0.1 11 0.3 0.4 0.6 0.7 05 0.3 04 0.3 0.5 0.3 0.3 05 04 0.7 0.6 04 0.3 04 0.4

Hg (ppb) [ 10 [>10000{>10000( 5190 |>10000|>10000| 7640 [ 5110 | 5110 | 8130 5490 [>10000| 4360 | 9860 | 7450 | 7670 | 4000 8360 | >10000 [ 4090 |>10000

In 0.02 | 0.04 0.04 0.05 | 0.05 0.03 0.03 0.05 | 0.05 0.03 0.04 0.04 | 006 [ 004 | 0.06 | 0.04 0.11 0.04 0.03 0.05 | 0.03

Li 0.1 2.1 2 2.6 18 21 2 2.9 3.7 16 2.7 19 21 2.3 19 2 1.9 2.2 3.1 2.3 2.6

Mn 1 2740 1630 | 2250 | 2170 [ 2950 1900 | 1850 | 1530 | 1630 2090 | 2010 | 1550 [ 914 868 | 2340 | 1790 1720 1240 | 1750 | 1800
Mo 0.01 0.13 0.15 0.15 | 0.11 0.04 0.13 0.12 | 0.22 0.12 0.12 012 | 012 0.17 0.25 | 0.06 0.03 0.12 1.82 0.08 0.1

Nb 0.1 0.1 0.2 0.4 0.3 <0.1 0.2 0.6 0.5 0.5 0.7 0.4 0.3 0.2 0.2 <0.1 <0.1 1.2 0.6 04 0.3

Ni 0.1 4.6 3.3 35 35 3.9 4.2 6.1 4.3 21 2.7 3.8 2.2 3.6 5.1 3.7 2.6 1.7 34.9 3 34

Pb 0.1 244 28.7 43 30.2 21.3 20.9 444 | 32.1 137 50.4 846 | 46.9 43.2 100 22.6 71 56 2950 66.9 144

Rb 0.1 17 17 16 15 17 17 2 16 1 1.6 14 12 14 16 15 14 0.9 18 14 2
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Re 0.001] 0.001 [<0.001|<0.001/<0.001[{<0.001<0.001|<0.001/<0.001|<0.001]| 0.001 |<0.001[<0.001] 0.001 |0.001 |<0.001]|<0.001[<0.001| 0.001 |<0.001f<0.001

Sb 0.02 0.13 0.12 0.14 0.08 | <0.02 0.12 0.17 0.21 0.12 0.1 0.1 0.09 0.12 0.17 | 0.04 [ <0.02 [ 0.09 9.7 0.08 0.08

Sc 0.1 25 3 2.2 3 24 2.8 2.3 2.7 24 2.1 2.3 2.8 2.2 3.1 3.1 3.9 19 15 19 1.9
Se 0.1 <01 <01 0.3 <0.1 0.3 0.2 <01 | <01 <01 <01 <01 | <01 ] <01 | <0.1 0.3 0.3 <01 <01 <01 0.1
Sn 0.05 1.52 0.9 1.28 161 1.06 1.33 0.99 141 0.82 1.15 8.88 | 0.96 2.33 372 | 154 171 117 22.2 1.07 0.98
Sr 05 2.8 3 25 2.2 25 4 25 34 24 21 2 17 2.8 2.6 24 15 15 2.9 25 2.3

Ta 0.05 | <0.05 | <0.05 [<0.05| <0.05 | <0.05 | <0.05 | 0.07 | <0.05| 0.06 0.09 | <0.05] 043 | <0.05[<0.05]| <0.05| <0.05 | 011 <0.05 [<0.05] <0.05

Te 0.02 0.02 | <0.02 |<0.02| <0.02 | <0.02 | <0.02 |<0.02] <0.02 | <0.02 | <0.02 | <0.02 |<0.02| <0.02 |<0.02| <0.02 | <0.02 | <0.02 0.25 [<0.02| <0.02

Th 0.1 93.5 >200 | 173 194 50.7 97.3 167 | >200 | >200 | >200 | >200 [ >200| >200 | >200| 103 99.2 >200 | >200 |>200| 171
Tl 0.02 0.03 0.1 0.03 | 0.04 0.03 0.06 0.03 | 0.03 0.02 0.02 0.03 | 0.02 0.02 0.03 | 0.02 | <0.02 | 0.04 0.07 [<0.02] 0.03
U 0.1 8.4 21 14.3 16.1 4.1 8.9 13.6 27.1 23.6 217 175 | 189 455 34.7 8.2 7 224 18 18.6 14
\Y 1 14 13 15 18 11 17 16 16 11 13 14 20 16 23 16 20 13 110 15 9
W 0.1 <01 <01 0.1 <0.1 <0.1 <01 | <01 | <0.1 <0.1 1 <01 | <01 0.2 <01 | <01 <01 <01 156 04 <01
Y 0.01 | 423 76.8 57.8 66.1 24.2 36.3 46.9 109 78.9 72.1 60.5 63 163 136 314 24.1 67.9 77.8 74 54.3
Zn 0.1 151 108 133 894 153 89 102 86.8 114 146 126 125 88.9 77 93.8 93.6 147 84.6 103 255
Zr 0.1 31.2 3.2 9.4 17.3 20 144 8.5 4.2 3.3 10.1 5.7 6.6 11 1.9 18.6 16 8.8 3.9 6.8 10
La 0.5 248 677 434 488 108 236 402 679 747 622 496 535 | >1000 [ 911 227 201 662 469 400 325
Ce 0.01 502 1400 889 987 233 493 848 1400 | 1580 1310 [ 1050 | 1150 | 2400 | 1900 | 488 437 1410 994 871 691
Pr 0.1 63.3 155 97.7 107 27.9 60.6 94.7 158 176 149 117 126 266 208 59.2 54.1 157 113 99.9 814

Nd 0.02 209 538 349 374 96.7 201 336 555 610 510 407 438 913 746 192 179 547 401 357 290

Sm 0.1 32.9 82.6 60.8 65.2 16.5 35.3 55.3 86.8 95.3 85.5 719 | 729 | >100 [ >100 | 32.1 28.6 75.8 72.8 75.1 52.7

Eu 0.1 2 3.7 2.3 2.8 11 17 2.3 35 3.9 3.2 2.6 2.7 55 5.2 15 16 34 2.6 2.2 1.9

Gd 0.1 26.5 67.9 454 | 519 12.2 25.5 438 | 75.1 76.6 67.3 55.6 | 57.8 128 989 [ 242 21.6 65.5 61 56.9 | 431

b 0.1 2.9 6.7 4.7 55 14 2.8 4.4 8.5 7.7 6.7 5.7 5.8 14 10.9 25 21 6.5 6.9 6.4 4.7

Dy 0.1 133 26.7 18.9 22.8 6.7 12.1 174 38.7 31 264 22 22.7 60.3 47.3 10.7 8.8 25.8 28.3 26.6 19.3

Ho 0.1 1.6 2.9 2.2 2.6 1 1.4 1.8 4.6 3.2 2.9 2.4 2.5 6.9 5.5 1.2 1 2.7 3.2 3 2.2
Er 0.1 3.9 5.9 4.8 5.4 2.7 2.9 3.9 10.2 6.2 6 4.8 5 14.5 11.6 2.7 2 5.3 6.3 6 4.4
Tm 0.1 0.5 0.5 0.4 0.5 0.4 0.3 0.3 1 0.5 0.6 0.4 0.4 14 1.1 0.3 0.2 0.5 0.5 0.6 0.4
Yb 0.1 3.3 3.1 2.7 2.8 2.7 1.8 2 6 25 3.1 2.4 25 7.8 6.2 15 1.3 2.7 2.8 3.3 25
Lu 0.1 0.4 0.4 0.4 0.3 04 0.2 0.3 0.8 0.3 0.4 0.3 0.3 0.9 0.8 0.2 0.2 0.3 0.3 0.4 0.3
2REE 1109.6 | 2970.4 | 1912 [ 2115.8( 510.7 | 1074.6 | 1812 | 3027.2 | 3340.2 | 2793.1 | 2238.1 | 2422 n.d nd [1043.1| 9385 |2964.5| 2161.7 | 1908 | 1518.9
(La/Sm)y 1.14 1.24 1.08 1.13 0.99 1.01 1.10 1.19 1.19 1.10 1.05 1.11 n.d nd 1.07 1.07 1.32 0.98 0.81 0.93
(Gd/Yb)y 4.02 10.95 8.41 9.27 2.26 7.08 1095 | 6.26 15.32 1085 | 1158 | 1156 | 8.21 7.98 8.07 8.31 12.13 10.89 8.62 8.62
EWEU* 0.29 0.21 0.19 | 0.21 0.34 0.25 0.20 | 0.19 0.20 0.18 0.18 | 0.18 n.d n.d 0.23 0.28 0.21 0.17 0.15 0.17
DL: detection limit n.d: not determined
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Fig. 4. REE element variation in stream sediment of Betare oya area. (a) UCC- normalized REE
patterns of stream sediment samples from Betare Oya, normalization standards from [10]; (b-
d) bivariate plots of Fe;O3, Mn and Pb relative to REE

5. DISCUSSION
5.1 REE + Y Distribution

REE and yttrium contents for the stream
sediment samples of Betare Oya area are
presented in Table 1. As aforementioned, the
sum of REE is variable and higher (XREE =
510.7 to 3340.2 ppm, av. = 1992.27 ppm). The
REE-Y abundance in stream sediment samples
of Betare Oya area is presented in Table 2. The
patterns of REE-Y are similar (Fig. 5a), Ho, Er,
Tm, Yb and Lu abundances appear to be
lowered constantly from Dy abundances. The
concentration of Y, Ho and La/Ho ratio vary from
24 - 163 ppm, 1 to 6.9 ppm and 108 - 245.19
respectively (Table 1, 2). This indicates that Y
and Ho have the same behavior in geological
environments  [27]. For this study, Y
accumulation is calculated as Y/Ho ratios and the
values vary from 23.62 - 26.48 (Table 2). The
plot of Ho vs. Y/Ho ratios is presented in Fig. 5b
and it is characterized by two distinct groups of
population: the first group (Fig. 5b) displays a
wide variation in the scatted plot with Y/Ho
ranges from 23.62 — 26.48 (av. = 25) and
relatively high Ho (1.8 — 6.9 ppm) values for the
majority of samples. The second group yields
Y/Ho ratios between 24.10 and 26.44 (av. =
25.37) and low Ho contents. This group
encompasses samples S1, S6, S7, S17 and S22.
This indicates that samples were less affected by

terrigenous source materials leading to
decreasing or increasing of Y/Ho ratios. The two
groups are linked to common geochemical
processes such as tetrad effect and can serve as
geochemical indicator to determine the
environmental conditions [28]. The concentration
of REE-Y is higher, they vary from 1573.2 to
3419.10 ppm in group 1 and 962.6 to 1151.9
ppm in group 2. Mn contents are also higher in
the samples: Mn = 868 — 2250 ppm in the first
group and 1790 - 2950 ppm in the second group.
The covariance among REE-Y and Mn contents
(Fig. 5¢) suggests that REEs are involved in the
formation of minerals that have been derived
from pre-existing rocks and transported some
distance.

5.2 REEs Tetrad Effect

Mathematically, each tetrad is initially

represented by the following function [9].
1—x%+./(1—x2)2

f(x) = max(0.1 — x?) = 2( )

For this study, the size of tetrad, Ti¢ =1 3, 4 is
calculated after [7].

TL' =

1><
2

[B:]

2 [c:] ])
- — 1| +|————-1
<[i/([A%][DiD ] [i/([D?][AL-])
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In this relation, [B] and [Ci] represent the
concentrations of the two central lanthanides in
each tetrad, [A] and [Di] refer to the
concentrations of the first and the fourth
lanthanides of the same tetrad, respectively. The
size of each tetrad effect in their respective group
was calculated and symbolized with T: for the
first tetrad (La-Ce-Pr-Nd), Ts for the third tetrad
(Gd-Tb-Dy-Ho) and T4 for the fourth tetrad (Er-
Tm-Yb-Lu). The calculated Ti =1, 3, 4 values are
greater than zero (Ti-1,3,4 > 0) indicating tetrad
effect [29, 30], and either convex or concave
branch [7]. The size, shape of each individual
tetrad effect and some geochemical parameters
are reported in Table 2. The UCC- normalized
REE patterns showing the occurrence of tetrad
effect are shown in Fig. 6.

The first (T1) and third (Ts) tetrad of group 1 yield
0.47 to 0.50 and 0.06 - 0.49 respectively. In the
second group Ti vyields 0.27 — 0.45, Tz ranges
from 0.06 to 0.27 and T4 varies between 0.68 —
7.21. These tetrad effects display convex M- type
tetrad effect forms in REE distribution patterns
(Fig. 6a, 6b). The size (T4) of samples S7 (5.22),
S17 (4.66) and S22 (7.21) of group 2 is higher
(Table 2), this may be due to the fact that this
samples are more depleted in HREE compared
to the other samples. The fourth tetrad is
significant for samples S7, S17 and S22 because
the size of tetrad effect is greater than 1.1 [31].
The size of the fourth tetrad (T4) in group 1
ranges from 0.03 to 0.35 (Table 2), this tetrad

25000

illustrates a typical concave W-type shape (Fig.
6a) indicating low-temperature depositional
conditions [30]. This tetrad is taken to be
significant because its size in the samples is
smaller than 0.9 [31].

5.2.1 Correlation between the sizes of tetrad
effects Ty, Tz and T4

Fig. 7 shows the scatter plots for the size of Ts-
Ta, T4-T1 and T3-T1 in the samples. Two distinct
groups of population are identified in the binary
graphs with various T3-T4, T4-T1 and Tz-Ti
values. The first group (Fig. 7a) displays a
narrow variation of T1 (0.47 — 0.50) and Ts (0.35
— 0.49) while group 2 presents a wide variation in
T1 (0.27 — 0.45) and T3 (0.06 — 0.27). In Fig. 7b,
the first group includes the majority of the
samples with a narrow variation in Tz (0.35 —
0.49) and low in T4 (0.03 — 0.35) values. The
second group involves samples S1, S6, S7, S17
and S22 with a wide variation of Tz (0.06 — 0.27)
and low to high T4 (0.17 — 7.21) values. Fig. 7c
shows a relative wide variation of T:1 (0.27 —
0.45) in group 1 and a low to elevated T4 (0.17 —
7.21) values. The samples of group 2 cluster at a
narrow Ti1 and very low T4 values. As shown in
Fig. 7a, Ts shows positive correlation with T,
while a linear correlation is observed between T4
and Tz in group 2. These plots represent the
cartesian coordinate systems [29]; each point
has only one x-axis Ts or T1 and y-axis T4 or Ts
respectively.
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Fig. 5. Chemical composition of stream sediment of Betare Oya. (a) REE-Y abundance
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Table 2. Size, shape of each individual tetrad effect and some geochemical parameters

Tetrad effects T, Ts Ty T
Sample|Group| Shape | Size | Shape | Size | Shape | Size | Size | REE-Y | La/Ho | Zr/Hf | Ho/Y | Y/Ho |Rb/Sr| K/Rb | Y\/Dyy|Eu/Eu*| Ce/Ce*| Sr/Eu
S3 1 Concave | 0.49 | Convex | 0.44 | Convex| 0.04 | 0.81 | 3047.20 | 233.45| 10.67 | 7.25 | 26.48 | 0.57 | 0.02 | 0.53 0.21 1.02 0.81
S4 1 Concave | 0.48 | Convex | 0.39 | Convex| 0.03 | 0.77 | 1970.10 | 197.27 | 23.50 | 5.50 | 26.27 | 0.64 | 0.02 | 0.57 0.19 1.02 1.09
S5 1 Concave | 0.49 | Convex | 0.41 | Convex| 0.21 | 0.86 | 2181.90 | 187.69 | 28.83 | 8.67 |25.42| 0.68 | 0.01 | 0.54 0.21 1.02 0.79
S8 1 Concave | 0.48 | Convex | 0.35 | Convex| 0.20 | 0.83 | 1859.10 | 223.33 | 28.33 | 6.00 | 26.06 | 0.80 | 0.02 | 0.50 0.20 1.02 1.09
S9 1 Concave | 0.49 | Convex | 0.47 | Convex| 0.28 | 0.91 | 3136.20 | 147.61 | 10.50 | 5.75 | 23.70| 0.47 | 0.02 | 0.52 0.19 1.01 0.97
S10 1 Concave | 0.49 | Convex | 0.45 [ Convex| 0.08 | 0.83 | 3419.10 | 233.44 | 11.00 | 10.67 | 24.66 | 0.42 | 0.02 | 0.47 0.20 1.03 0.62
S11 1 Concave | 0.49 | Convex | 0.44 | Convex| 0.03 | 0.80 | 2865.20 | 214.48 | 20.20 | 7.25 |24.86| 0.76 | 0.02 | 0.51 0.18 1.01 0.66
S12 1 Concave | 0.49 | Convex | 0.41 | Convex| 0.18 [ 0.85 | 2298.60 | 206.67 | 19.00 | 8.00 | 25.21| 0.70 | 0.01 | 0.51 0.18 1.03 0.77
S13 1 Concave | 0.49 | Convex | 0.42 | Convex| 0.18 | 0.85 | 2484.60 | 214.00 | 22.00 | 8.33 | 25.20| 0.71 | 0.02 | 0.52 0.18 1.04 0.63
S15 1 Concave | nd | Convex| 0.49 [ Convex| 0.35 nd nd nd 220 | 767 [23.62]| 050 | 0.02 [ 0.50 nd n.d 0.51
S16 1 Concave | 0.50 | Convex | 0.48 | Convex| 0.30 | 0.92 nd 165.64 | 4.75 | 6.88 |24.73| 0.62 | 0.02 | 0.53 nd 1.03 0.50
S23 1 Concave | 0.49 | Convex | 0.43 | Convex| 0.19 | 0.86 | 3032.40 | 245.19 | 22.00 | 9.00 | 25.15| 0.60 | 0.02 | 0.49 0.21 1.03 0.44
S26 1 Concave | 0.49 | Convex | 0.44 | Convex| 0.13 | 0.84 | 2239.50 | 146.56 | 13.00 | 10.67 | 24.31| 0.62 | 0.02 | 0.51 0.17 1.02 1.12
S28 1 Concave | 0.48 | Convex | 0.43 | Convex| 0.03 | 0.79 | 1982.40 | 133.33 | 17.00 | 7.50 | 24.67 | 0.56 | 0.02 | 0.52 0.15 1.03 1.14
S29 1 Concave | 0.47 | Convex | 0.38 [ Convex| 0.30 | 0.88 | 1573.20 | 147.73 | 25.00 | 7.33 [24.68| 0.87 | 0.02 | 0.52 0.17 1.00 1.21
S1 2 Concave | 0.45 | Convex | 0.27 | Convex| 0.17 | 0.77 | 1151.90 | 155.00 | 28.36 | 4.00 | 26.44| 0.61 | 0.02 | 0.59 0.29 0.94 1.40
S6 2 Concave | 0.27 | Convex | 0.06 | Convex| 0.68 [ 0.82 | 534.90 | 108.00 | 28.57 | 2.50 | 24.20| 0.68 | 0.02 | 0.67 0.34 1.00 2.27
S7 2 Concave | 0.44 | Convex | 0.23 | Convex| 5.22 | 1.98 | 1110.90 | 168.57 | 28.80 | 7.00 | 25.93| 0.43 | 0.02 | 0.56 0.25 0.97 2.35
S17 2 Concave | 0.44 | Convex | 0.19 | Convex| 4.66 | 1.88 | 1074.50 | 189.17 | 26.57 | 6.00 | 26.17| 0.63 | 0.02 | 0.54 0.23 0.99 1.60
S22 2 Concave | 0.43 | Convex | 0.14 | Convex| 7.21 | 2.28 | 962.60 | 201.00 | 26.67 | 5.00 |24.10| 0.93 | 0.02 | 0.51 0.28 0.99 0.94

T: tetrad effects n.d: not determined
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samples of

5.2.1.1 Size of tetrad effect T:
geochemical parameters

with some

The mutual association of T1 versus some ratios
such as La/Ho, Zr/Hf, Y/Ho, Eu/Eu* and Ce/Ce*
illustrates two separate groups of Ti values,
suggesting different depositional conditions (Fig.
8a-f). This indicates the non-CHARAC behavior
illustrated with the biplot Zr/Hf-Y/Ho (Fig. 8a). In
this diagram, the samples of group 1 fall into the
field of non-CHARAC with variable Zr/Hf (2.2 -
25) and Y/Ho (23.62 to 26.48) ratio. Samples of
group 2 fall in the CHARAC field with Zr/Hf ratio
varying from 26.57 to 28.80 and Y/Ho from 24.10
to 26.44.

K/Rb (0.01 — 0.02) ratio displays a narrow
variation of T1 (0.47 — 0.50) in group 1 and a

Betare Oya

relative high variation in group 2 (K/Rb: 0.2; Tu:
0.27 — 0.45; Fig. 8b). Similar result is obtained
with the plot Rb/Sr vs. T1 in which Rb/Sr = 0.42 —
0.87 in group 1 and Rb/Sr = 0.43 — 0.93 in group
2 (Fig. 8c). Samples of group 2 with K/Rb = 0.2
and Rb/Sr = 0.43 — 0.93 show significant tetrad
effects. This indicates the fractionation of Rb and
decreasing of K/Rb ratio [12]. In Fig. 8d the first
group is characterized by a moderate narrow T1
values and variable La/Ho ratios (133.33 —
245.15). The second group shows low to
moderate T1 values. T1 content and La/Ho ratio
display a wide range due to the fractionation of
LREE [32, 33].

Ho/Y ranges from 2.5 — 10.67 (Fig. 8e); they are
low (Ho/Y = 2.5 — 7) in samples S1, S6, S4, S7
and S9 and this is attributed to adsorption of Ho
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on Fe and Mn oxides. The (Ho/Y = 6 — 7.67) is moderate Eu/Eu* while group 2 shows moderate
constant in samples (S3, S7, S8, S11, S15, S28, T: and high Eu/Eu*. Eu?* is responsible of
S29), and high (Ho/Y = 8 — 10.67) in samples negative anomaly in chemical precipitates as
(S5, S10, S12, S13, S23, S26). This is relevant  seen in Fig. 4a. Furthermore, according to Fig.
for the predominance of Ho relative to Y. This 9a, the samples of group 1 show a slightly
result is in accordance with the tetrad effect (T1) positive trend, whereas the samples of group 2
values. The higher Ho/Y ratio (Y/Ho = 8 — 10.67) display a negative trend. Thus, Eu anomalies
in the samples is due to the presence of were probably generated from plagioclase.
ligands in hydrothermal fluids [30, 34]. Two

groups of population for the Betare Oya The size of T1 vs. Ce/Ce* is illustrated in Fig. 9b
Samp|es are also recorded in the scatter diagram in which Ce/Ce* ratios decrease with the values
of Zr/Hf ratios vs. T1 (Fig. 8f). Therefore, we Of T1 (group 2) and exhibit a very weak positive
suggest that the stream sediment of Betare Oya  correlation (group 1). This shows that the

area was deposited under two different Sediments of group 1 were precipitated under
conditions. higher oxygen fugacity conditions. The concave

shape tetrad effects in REE patterns and tetrad
The plot of T: against Eu/Eu* (Fig. 9a) also effect in the computed T. (except sample S6 in
confirms the two distinct groups of population: ~ Which T1 = 0.27) can be related to more stable
the samples of group 1 display high T: and depositional conditions.
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5.2.1.2 Association between Eu/Eu*,
and the size of T3

(Y/Dy)n

The relationship between Eu anomaly and tetrad
effect are illustrated in the scatter plot Eu/Eu* vs.
Ts (Fig. 9c¢). The plot shows a negative
correlation (group 2) and a slightly positive
correlation (group 1) between Tz and EUu/Eu*.
This indicates that the study sediments show an
enrichment in LREEs and a negative europium
anomaly (Fig. 4a). Therefore, increasing of
negative Eu anomalies is related to decreasing
tetrad effects [7]. Although anomalies of Eu are
explained by feldspar fractionation [35],
significant tetrad effects are found at the same
time with extremely low Eu concentrations. The
(Y/Dy)n vs. T3 diagram presents a clear negative
correlation between Y and Ts (Fig. 9d). (Y/Dy)n
contents increase from group 1 (Yn/Dyn = 0.47 —
0.53; av. = 0.52) to group 2 (Yn/Dyn = 0.51 —
0.67; av. = 0.57). This result is common for the
majority of rare earth element deposits.

5.2.1.3 Relationship between the degree of
tetrad effect with Y/Ho, Zr/Hf and Eu/Eu*

To check for the common behavior of tetrad
effect, Y/Ho, Zr/Hf and Eu/Eu* are projected
against the degree of tetrad effect (T). The total

tetrad (T) for N = 3 is determined according to
the relation of [7].

T=
1 - [B]
jﬁXZX(SF([Az][D.]) ] [\/([DZ][A )
i=0 L

The degree of the tetrad effect (T) varies from
0.77 t0 0.92 in group 1 and 0.77 to 2.28 in group
2 (Table 2). The UCC ratio of Y/Ho ratio is 25.30
[10], and the Y/Ho ratios in this study range from
23.62 to 26.27 (av. = 25) in group 1 and 24.10 to
26.44 in group 2 (av. = 25.37), both similar with
the UCC value. The Y/Ho vs. T plot (Fig. 10a)
shows a linear correlation and the two group of
population display a well define cluster
respectively. Three samples of group 2 exhibit
Y/Ho ratio that varies from 24.10 — 26.17 display
significant tetrad effects with T = 1.88 to 2.28.

In this study, Zr/Hf ratio vary from 2.20 — 28.83
(av. = 17.20) in the first group and 26.57 — 28.80
(av. = 27.79) for the second group (Table 2)
implying that sediments are affected by
magmatic-hydrothermal alteration [12]. Zr/Hf vs.
T binary plot (Fig. 10b) also illustrates a linear
trend and the two groups of population display a
well define cluster respectively. The samples S7,
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S17 and S22 of group 2 with Zr/Hf (26.57 —
28.80) ratio also display significant tetrad effects
(T = 1.88 — 2.28 25). The Zr/Hf (av. = 27.79) ratio
of the samples of group 2 is almost close to the
UCC ratio (Zr/Hf = 36.42), compared to those of
group 1 with low Zr/Hf ratio (av. = 17.20).

The stream sediments from the study area show
variable Sr/Eu (0.44 — 1.21 in group 1 and 0.94 —
2.27 in group 2) ratios (Table 2). This result is in
accordance with the strong negative Eu
anomalies (Eu/Eu* = 0.15 — 0.23 in group 1 and
0.23 — 0.34 in group 2). When Eu anomaly is
plotted against T (Fig 10c), samples of group 2
with Eu/Eu* = 0.25 — 0.28 have significant tetrad
effects (1.88 — 2.28).

5.3 Implications for REE- Bearing Phase

REE- bearing phase includes major (K-feldspar,
plagioclase, quartz, biotite) and accessory
(apatite, monazite, zircon, xenotime, hingganite)
minerals. REE- minerals such as apatite,
monazite and garnet are debated to generate
REE patterns  displaying tetrad  effect
phenomenon. The studied sediments display

of REE. The graphical inspection of the mean
concentrations of the studied REEs in
comparison to the values of the UCC by [10, 36]
is shown in Fig. 11. The plot shows that the
REEs from the study area are strongly elevated
(REE = 510.7 — 3340.2 ppm, av. = 1992.27 ppm)
compared to UCC values (about 15 times the
values of UCC). The enrichment of LREE
(Lan/Smn = 0.81 — 1.32; Table 1) relative to
HREE (Gdn/Ybn = 2.26 — 15.32) may be due to
the presence of monazite which is a monoclinic
Ce-phosphate mineral (CePOa4) that incorporates
large amounts of REE within its structure,
meanwhile its crystal structure prefers to
accommodate LREE [37]. Contrary, xenotime
(YPO4) is a tetragonal mineral which prefers
HREE with smaller ionic radii. These two
minerals are insoluble while apatite dissolves
rapidly [38]. The slight discontinuity in the group
2 REE patterns at Nd is the characteristic aspect
of tetrad effect for monazite fractionation, since
modelled REE patterns have revealed the
discontinuity at Nd without tetrad effect [39]. The
Eu/Eu* of the analyzed sediments yield 0.15 to
0.23 in group 1 and 0.23 — 0.34 in group 2 and

h|gh content in REE indicating monazite calculated T (188 - 198) values are Significant
influence because monazite is the main source for Eu/Eu* ratio range from 0.23 - 0.28.
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Fig. 10. Plots of Eu/Eu*, Zr/Hf and Y/Ho against the degree of the tetrad effect (T)
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Fig. 11. Graphical representation of the mean concentration of REE in stream sediment of
Betare Oya in comparison to the values of the UCC by [10, 36]

6. CONCLUSION

This study provides the first deeper examination
of REE in stream sediment of Betare Oya gold
district and the results show that:

The stream sediment samples of Betare Oya
area exhibit higher content in Fe203, Au, Hg, Mn
and Pb. The sediments show enrichment in
Fe20s, TiO2, Li, B, Sc, V, Cr Mn, Co, Cu, Zn, Rb,
Sr, Y, Zr, Ag, Sn, Pb, U, and depletion for the
rest of elements. The correlation between REE
and Mn suggests that all the REE are
incompatible, implying that the REE are
significantly fractionated during differentiation.
High REE and yttrium concentrations are
recorded from the study area, the UCC-
normalized REE patterns show LREE enrichment
compared to HREE, with a negative europium
anomaly. The rare earth element patterns of
stream sediment samples of Betare Oya exhibit
tetrad effects showing W- and M- types. The
plots of the sizes of tetrad effects with some
geochemical parameters allow to characterize
two distinct groups of population: the first group
involved the majority of samples and the second
group encompasses some few samples
indicating that samples were less affected by
terrigenous source materials. All the samples of

group 2 with their respective geochemical
parameter values have significant tetrad effects
(1.88 — 2.28). The two groups are related to
tetrad effect and can serve as geochemical
indicator to determine environmental conditions
and sediments indicate the non-CHARAC
behavior. Evident covariance among REE-Y and
Mn contents suggests that REEs are involved in
the formation of minerals that have been derived
from pre-existing rocks and transported some
distance. The enrichment of LREE relative to
HREE is due to the presence of monazite. The
slight discontinuity in REE patterns at Nd is the
characteristic aspect of tetrad effect for monazite
fractionation.
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