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Abstract: The Umba River basin is one of the smaller-
scale hydrological basins in the East African region.
It traverses two countries, with its catchment in the
Usambara mountains in Tanzania, while it drains its
waters to the Indian Ocean in Vanga, Kenya. The che-
mical and mineralogical compositions of the riverbank
and bottom sediments of the Umba River were analyzed
and evaluated to describe their source characteristics
and provenance. The dominant minerals include quartz,
K-feldspars, plagioclase, hornblende, pyroxenes, musco-
vite, biotite, and likely presence of clays such as kaoli-
nite. The chemical index of alteration of the sediments
indicate a moderate to high degree of alteration. They reflect
a dominant mafic to intermediate igneous provenance con-
sistent with the geology of the Umba River catchment that is
characterized by the outcrops of the granitic Precambrian
basement and the quartz-dominated Paleozoic Karoo
Supergroup, overlain by Mesozoic and Cenozoic sediments

dominated by both mafic and felsic minerals. The similarity
of the chemical and mineralogical compositions of the Umba
River sediments from source to mouth further indicates a
uniform source in the upper course of the river and only
subordinate contributions from the lower course where it
passes the Karoo and the younger sediments.
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1 Introduction

Rivers deliver large amounts of terrigenous sediments
into the global oceans [1]. These sediments play a vital
role in both the earth surface processes and the biogeo-
chemical cycle. Fluvial sediments are typically heteroge-
neous being composed of weathered and eroded rocks
along the river’s course and are subsequently altered
during downstream transportation. These alteration pro-
cesses are generally characterized as either physical (e.g.,
fragmentation, abrasion, and attrition) or chemical (e.g.,
dissolution, decay, and adsorption) [2,3]. The final che-
mical sediment composition can be different from the
source material because of secondary processes during
fluvial transport, deposition, and post-depositional early
diagenesis [4,5]. The rate of alteration of fluvial sedi-
ments is influenced by several factors including the
primary composition determined by the source geology,
climatic conditions, topography and thus water energy,
vegetation, transported distance, and human activities
(e.g., land use and construction) [6]. The mineralogical
and chemical resemblance to the source rock is higher in
sediments transported by relatively short rivers. This is
because they are derived from a relatively smaller catch-
ment, and therefore might drain fewer geological litho-
logies. Short rivers also transport sediments from source



* Corresponding author: Amon Kimeli, Department of Geoscience,
University of Bremen, 28359 Bremen, Germany; Biogeochemistry
and Geology Department, Leibniz Centre for Tropical Marine
Research (ZMT), 28359 Bremen, Germany; Oceanography and
Hydrography Department, Kenya Marine and Fisheries Research
Institute, 81651 – 80100 Mombasa, Kenya,
e-mail: amon.kimeli@leibniz-zmt.de
Oliver Ocholla, Judith Okello, James Kairo: Oceanography and
Hydrography Department, Kenya Marine and Fisheries Research
Institute, 81651 – 80100 Mombasa, Kenya
Nico Koedam: Biology Department, Laboratory of Plant Biology and
Nature Management (APNA), Vrije Universiteit Brussels, 1050
Brussels, Belgium
Hildegard Westphal: Department of Geoscience, University of
Bremen, 28359 Bremen, Germany; Biogeochemistry and Geology
Department, Leibniz Centre for Tropical Marine Research (ZMT),
28359 Bremen, Germany

Open Geosciences 2021; 13: 1064–1083

Open Access. © 2021 Amon Kimeli et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0
International License.

https://doi.org/10.1515/geo-2020-0275
mailto:amon.kimeli@leibniz-zmt.de


to mouth in shorter periods of time, allowing for less altera-
tion [6,7]. Additionally, the composition of sediments is
altered by in situ production of bio-clasts, mostly calcareous
shells, and the formation of authigenic minerals [5].

During transportation, fluvial sediments provide effi-
cient sinks for major and trace elements to accumulate
[7]. Major and trace elements are introduced into the
aquatic environments (rivers, oceans, and lakes) through
both natural and anthropogenic ways. The natural ways
include atmospheric deposition, weathering of source
geology, erosion, and surface runoffs and anthropogenic
activities include mining and discharge of sewage efflu-
ents [8]. In the lowermost course of rivers such as in
dynamic systems like estuaries, deltas, bays, or creeks
the mixing of sediments from multiple sources alters
the compositional characteristics. It therefore adds to the
complexity when untangling sediment provenance using
bulk mineralogical or chemical compositions in such
systems.

A combination of mineralogical and chemical com-
position of sediments and rocks has been utilized in
numerous studies to constrain source characteristics and
to evaluate the degree of weathering and alteration during
transportation [6,7,9]. Source characteristics include the
geological and tectonic setting of the source catchments
as well as paleoclimatic conditions [9,10]. To evaluate
these characteristics and improve the disentangling of
sediment provenance, sediments can be chemically divided
into the residual initial sediment composition and the labile
fractions. The residual initial composition represents the
close to source characteristics, while the labile fractions
represent the altered composition as a function of fluvial
transportation distance and time [11]. Less mobile elements
tend to be less susceptible to alteration, thus they are sui-
table proxies for evaluating the source area composition [3],
and are used as tracers for sediment provenance. These
elements include iron (Fe), vanadium (V), magnesium
(Mg), thorium (Th), rare earth elements, and their ratios
to aluminum (Al) [4,12]. These elements are considered
immobile due to their low solubility and relative retention
of their characteristics during transport, reworking, deposi-
tion, and diagenesis [4]. However, it has also been shown
that dominant minerals and some large labile fractions
(mostly clays, carbonates, and organic matter) can influ-
ence the chemical and mineralogical composition of sedi-
ments. Therefore, grain size can influence the chemical and
mineralogical compositions of fluvial sediments mainly
because some grain sizes, especially highly cohesive and
consolidated clays (<125 µm), provide better element sinks than
relatively unconsolidatedmedium-grain sand (0.25–0.5mm) to
very fine sand or silt (62.5–125 µm) [13]. Sediments with

elevated sand content (up to >80%) have been reported
to act generally as inert dilutors of trace elements and
conducive for enhanced accumulation of some elements
including Cr, Ni, and Co [13].

The provenance of coastal sediments in our study
area so far has received little attention. Our main hypoth-
esis is that the sediments deposited along the Umba River
including those that are deposited in the downstream
estuary, reflect faithfully the geology of the catchment
that extends upstream to the Usambara mountains in
southeast Tanzania. The primary purpose of our study
is to characterize the geochemistry and mineralogy of
the sediments along the Umba river and in the coastal
area of Vanga, in order to provide information on the
source characteristics, weathering, and their provenance.
This study provides knowledge on this transboundary
setting and thus contributes toward integrated cross-border
management of common resources. Sedimentation is a vital
component in this management endeavor not only because
of the connectivity of the wider catchment land use but also
their effects in downstream biotopes. For example, intensi-
fication of land use may increase the soil erosion and
delivery of sediments to the downstream habitats, resulting
in both negative and positive impacts. The positive effects
would include delivery of particulate and dissolved nutri-
ents – vital in the biogeochemical cycles, and sediments –
with the accretion of sediments indirectly benefiting man-
groves in response to the rising sea level. Conversely, too
high input of nutrients and sediments, as well as delivery of
contaminants from the hinterland, is detrimental to down-
stream biotopes. For example, excessive sedimentation can
lead to mangrove burial and die-back, and increasing tur-
bidity can cause damage to coral reefs and seagrass beds in
the adjacent coastal areas.

1.1 Climate

The tropical climate of this region is influenced by the
monsoon winds attributed to the proximity of the warm
Indian Ocean and the north-south inter-annual migration
of the Inter-Tropical Convergence Zone (ITCZ) [14,15].
This ITCZ migration and the resulting changes in wind
directions coin two major seasons, namely the southeast
monsoon (SEM) and the northeast monsoon (NEM). The
NEM brings with it two rainy seasons, the “long rains”
between March and June and the “short rains” between
October and mid-December. Conversely, the SEM causes
two dry seasons sandwiched between the two rainy (wet)
seasons [14,16]. The mean annual precipitation in this
region reaches 4,000mm, and the average annual
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temperature is at 25°C. The “long rains” account for the
majority of the annual rainfall, and consequently water
discharge and annual sediment transport of the Umba
River [17].

2 Geological setting

The geology of the catchment area is dominated by the
Precambrian basement, successively covered by younger
lithologies toward the East (Figure 1a and 1b). A zone
composed of Paleozoic to Jurassic rocks of the Karoo
Supergroup (540–145 million years) stretches north-south
(Figure 1a) along the East of the Tanzanian craton [18],
followed by a cover of inter-layered and inter-bandedMeso-
zoic and Cenozoic lithostratigraphic deposits (Figure 1b).
The Karoo Supergroup stretching from the Tanga basin in
Tanzania to the southwest of Kenya comprises generally of
sandstones, arkoses, arkosic sandstones, conglomerates,
and siltstones [19]. The Precambrian (Neoproterozoic) base-
ment is characterized by high-grade metamorphic gneisses,
marbles, gneissic-schists, and quartzites. These were intruded
by younger East African Rift basaltic extrusive igneous rocks
[18,19] dominated by pyroxene-garnet granulites interlaced
with hornblende-gneiss lithologies.

The upper reaches of the Umba River in the Usambara
mountains consist of thick sequences of granulite facies
ortho-gneisses (625Ma) derived from andesitic to dacitic
magmatism in a convergent margin [18,20]. This formation
is intercalated with pelitic, calc-argillaceous, and calcar-
eous meta-sediments [18,21,22]. The meta-igneous rocks are
also intruded by mafic and felsic bands of gabbro, anortho-
site, and hornblende/pyroxenite facies. The quartzo-felds-
pathic and hornblende-pyroxene granulites are character-
ized by varying portions of quartz, K-feldspars, plagioclase,
hornblende, pyroxenes, biotite, and magnetite and acces-
sorized by apatite, ilmenite, and zircon [18,21,23]. Close to
the source of the Umba River in Usambara mountains, the
Precambrian basement and the associated lithologies are
highly weathered and degraded at the surface, forming red-
dish-brown soils.

Further downstream, warping along the eastern border
of the Precambrian, toward our study site in both Kenya and
Tanzania, Paleozoic rocks crop out, mainly belonging to the
Karoo Supergroup. Here due to extensive agriculture and
transition to sedimentary andmeta-sedimentary rock lithol-
ogies, the soils exhibit a dark-brown coloration [18,20].
Close to the coast, the Umba River crosses Quaternary sedi-
ments (Figure 1b) composed mainly of quartz and calc-sili-
cate minerals [19,25].

2.1 Study site

The Umba River originates in the tectonically uplifted
Usambara Mountains in Mkinga, Tanzania, with an ele-
vation of circa 2,000m above mean sea level, and drains
to the Indian Ocean in Vanga, Kenya (Figure 2). The man-
groves of Vanga at the south coast of Kenya (Figure 2)
receive the terrigenous sediments from the relatively
short circa 200 km long Umba River. It drains a catch-
ment of circa 8,000 km2 [17]. Part of the study area lies
within a proposed Transboundary Conservation Area (TBCA)
between Kenya and Tanzania (Figure 2), which extends
south from Diani within the Kwale County in Kenya (39°00′
E, 4°25′ S) to Tanga within the Mkinga District in Tanzania
(39°40′ E, 5°10′ S) covering a north-south distance of circa
120 km and a narrow strip along the coastline in Kenya and
Tanzania, with an estimated total area of circa 2,500 km2. The
TBCA intends to integrate and align the coastal conserva-
tion and management in an ecologically connected region
transcending the Kenya–Tanzania border. The proposed
TBCA will have significant ecological significance mainly
because it is characterized by contiguous and connected
marine and terrestrial habitats as well as similar and
shared socio-economic status [15]. Sampling for the pre-
sent study was done at seven stations along the Umba
River from source to mouth. Stations S1, S2, and S4 are
located on the Tanzanian side, while Stations S5, S6, S7,
and S8 are on the Kenyan side (Figure 2).

3 Materials and samples

Riverbank (n = 32) and bottom sediment (n = 26) samples
were collected from the Umba River in Tanzania and
Kenya during the transition period between the dry and
the rainy seasons (June–July 2019). The sediment sam-
ples were collected along the course of the river at five
upstream riverine stations (S1, S2, S4, S5, and S6), one
downstream estuarine station (S7), and one marine sta-
tion in the river mouth (S8). Riverbank samples were
collected on either sides of the river above the waterline,
while the bottom samples were taken –where acces-
sible – in the middle of the river channel. All samples
collected at stations S7 and S8 were considered as bottom
sediments due to the daily inundation by flood tides.
Riverbank sediments were collected using a pre-cleaned
hand-held shovel, while the estuarine and marine sedi-
ments were sampled using a hand-held Van Veen grab
sampler at water depths between 5 and 10m. The sedi-
ment samples were assumed to have been recently

1066  Amon Kimeli et al.



Figure 1: Map showing the regional geology and the key stratigraphic units (a) and the general geology and the dominant lithologies of the
Umba River catchment from its upper reaches in Mng’aro, Tanzania to the river mouth in Vanga, Kenya in the lower reaches (b). Inset is a
map of Kenya and Tanzania (b). Maps are modified from refs [18,19,24].
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deposited, without significant post-depositional reworking.
Three replicates of the sediment samples in each station
were collected and placed in sealed plastic bags for trans-
porting to the lab. Aliquots of the sampled sediments were
obtained for petrographic, grain size, and geochemical
analyses.

3.1 Grain size analysis

Grain size analysis of the bulk river sediment samples
was conducted in a laboratory at the Kenya Marine and
Fisheries Research Institute, Kenya, using a Malvern©
Mastersizer 2000 laser diffraction particle size analyzer.
Sediment pre-analysis treatment including removal of
organic matter using 30% of hydrogen peroxide and
clastic grains >2 mm [26] was undertaken before mea-
surement of grain sizes according to Hossain et al. [26].
Mean grain size (μm) was estimated according to Folk
and Ward [27].

3.2 Petrographic analysis

Thin sections were prepared at the geology laboratory
of Leibniz Centre for Tropical Marine Research (ZMT),
Germany, according to protocols in refs [28,29]. Small
blocks (4 cm × 4 cm) of dried sediment samples were
bound together with Araldite 20/20 resin. The blocks
were hardened and after 24 h, one side of the block was
ground to obtain a plain surface without scratches. The
plain surface was cleaned in an ultrasonic bath and
dried. The dried block was fixed with resin on a glass
slide and bound together using a press system. Once it
was bound together and hard-dried again for another
24 h, the block was cut into 1 mm slices and polished
parallel to the glass slide to obtain one single thin sec-
tion. The 1 mm sample was then ground on the slide
down to 100 µm and further ground to 28 µm suitable
for mineralogical analyses. The thin sections were exam-
ined under an optical polarized light in LEICA DM500-EP
microscope.

Figure 2: The study site within the Umba River catchment and sampling locations along the Umba River. Stations S1, S2, S3, and S4 in
Tanzania and S5, S6, S7, and S8 in Kenya.
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3.3 Major and trace elements

In the laboratory, wet sediment samples were dried at
60°C for 48–72 h, pulverized and homogenized using a
Fritsch© Planetary Micro ball-mill Pulverisette 7. Seven
hundredmilligram of each sample wasmixedwith 4,200mg
of di-Lithium tetraborate (Spectro-melt A10, B4Li2O7) and
pre-oxidized with 1,000mg of ammonium nitrate at 500°C.
The sample mixtures were then digested (melted) at
1,340–1,350°C in a CIMREXTM 10 microwave accelerated
reaction system, using a combination of HF + HNO3 +
H3BO3 for major and trace element analyses [30–32] and
then fused to homogeneous glass pellets (beads). The pel-
lets were then analyzed in PANalytical© AXIO Max (3 kW)
by wavelength-dispersive X-ray fluorescence. Major ele-
ments (as oxides) were reported in wt%, while the trace
elements were given in ppm [33]. The accuracy of the
analytical procedures was verified by analyzing three cer-
tified standard reference materials namely PACS, MESS,
and PS-S. The major elements measured included Si,
Ti, Al, Fe, Mn, Mg, Ca, K, Na, and P. The oxides of major
elements were also used to constrain and assign the
sediment provenance using first and second discrimi-
nant functions (DF1 and DF2) analysis [9,34,35]. Large-
ion lithophile elements including Rb, Ba, Sr, Th, U, and
Ce were measured. The high field strength elements
including Zr, Y, and Nb were also measured, as were
the transition trace elements, i.e., Cr, Co, Cu, Ni, Zn,
Ga, Mo, and Pb.

3.4 Degree of weathering and chemical
alteration

Several weathering indices are available to evaluate miner-
alogical maturity, chemical alteration, and element mobility
[34,36–38]. The underlying principle of weathering indices
is the comparison of mobile elements with immobile ele-
ments such as Al as the ref. [39]. Such immobile elements
are less susceptible to alteration and weathering. They,
therefore, retain their chemical characteristics over longer
periods and longer distances of transportation by rivers. In
this study, the chemical index of alteration (CIA) was used
to evaluate the degree of feldspar alteration, calculated
using the equation [40]:

[ ( ) ]= / + + + ×CIA Al O Al O CaO⁎ Na O K O 100 .2 3 2 3 2 2

The CIA is represented in molecular proportions, where
CaO* represents the Ca in silicate fraction only, adjusted
for other Ca-bearing minerals such as carbonates [41].
The abundances of the major elements were used to

evaluate the chemical composition and provenance of
Umba River sediments following the rationale described
in refs [6,34,39]. To further evaluate the effect of transport
and weathering, ternary plots were generated from the
major element compositions of Umba River sediments
[40]. Specifically, ternary plots were created showing
the concentration on Al2O3– (CaO + Na2O)–K2O, hereafter
referred to as A-CN-K, and Al2O3– (CaO + Na2O + K2O) –
(Fe2O3 +MgO), hereafter referred to as A-CNK-FM. The posi-
tion of sediments within the ternary diagrams indicates the
dominant minerals, degree of weathering, mineral sorting,
and thereby, the source geology. Specifically, A-CN-K and
A-CNK-FM plots assist in the understanding of feldspar
weathering and the effects of sorting on weathering of Fe-
Mg bearing minerals, respectively [6,34].

3.5 Provenance

The compositional data of the Umba River sediments
were also used to constrain their sedimentary prove-
nance. Discriminant function plots express oxides of var-
ious elements as ratios with the immobile Al2O3 [34]. DF
analysis based on oxide ratios distinguishes the prove-
nance of sediments between four fields, namely mafic
igneous, felsic igneous, intermediate igneous, and quart-
zose (recycled) sedimentary provenance [26,34]. DF ana-
lyses based on raw oxides are represented by the following
equations;

( )

( ) ( )

( ) ( )

( )

= / − /

+ / + /

+ / −

O
Discriminant Function DF1

30.638TiO Al O 12.541Fe Al O
7.329MgO Al O 12.031Na O Al O
35.402K O Al O 6.382,

2 2 3 2 3 2 3

2 3 2 2 3

2 2 3

( )

( ) ( )

( ) ( )

( )

= / − /

+ / − /

+ / −

Discriminant Function DF1
56.500 TiO Al O 10.879Fe O Al O

30.875MgO Al O 5.404Na O Al O
11.112K O Al O 3.89.

2 2 3 2 3 2 3

2 3 2 2 3

2 2 3

3.6 Statistical analyses

Statistical analyses were performed using inbuilt R-pro-
gram (v. 1.1.463) libraries and packages (R Core Team,
2020). Significant difference tests of major and trace ele-
ment concentrations between sediment type (riverbank or
bottom sediments) and environment (riverine, estuarine,
and marine) were assessed by performing an analysis of
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variance (ANOVA). Data conformity to normal distribution
was examined using the Shapiro-Wilk test of normality.

4 Results

Mean concentrations of major and trace elements of the
Umba River sediments are presented in Table 1 and the
primary dataset in the Supplementary Information 1.
Detailed results of the statistical analyses are summar-
ized in Supplementary Information 2. From the performed
statistical analysis, some oxides and trace elements
showed significant variability (p < 0.05) between the sedi-
ment types (riverbank and bottom sediment), and some
among environments (riverine, estuarine, andmarine) (Sup-
plementary Information 2). Despite the significant differ-
ence, both the riverbank and bottom sediments showed
similar distribution trends from source to mouth.

4.1 Grain size distribution

The Umba River sediments are composed of sand, silt,
and clay in different proportions (Table 1; Figure 3). The
mean grain size (μm) of the riverbank and bottom sedi-
ments is 172 and 266 μm, respectively (Table 1). The mean
dominant fractions are sand and silt, ranging between 34
and 78% and 0.72 and 62% of total volume percentages,
respectively. Clay constitutes less than 3% in both the
riverbank and bottom sediments with an overall range
between 0.07 and 2.90%. The grain size gradient is typical
for rivers and transitions from predominantly coarse sandy
sediments in the upper catchment (S1, S2, S4, S5, and S6)
to sandy-silt-sized with clay in the estuary (S7) and silty-
sand-sized sediment at the marine site (S8) (Figure 3 and
Table 1). Clay-sized particles were most abundant in the
estuarine stations (S7) compared to all the other stations.

4.2 Mineralogy of Umba River sediments

The mineralogical composition identified by petrographic
analyses is similar for the upstream riverine sediments
and the downstream estuarine and marine sediments
(Figures 4 and 5). All sediments along the entire course
of the Umba River (Figure 2) contain mainly K-feldspar,
lamellar and striated plagioclase, quartz, muscovite, bio-
tite, and hornblende. Accessoryminerals include opaque and
clay minerals that were not further identified here. However,
from comparison of site-relevant literature [18,20], we infer
that the opaque minerals include magnetite, ilmenite, and

maghemite. Additionally, clay minerals such as kaolinite
and illite are also reported for the Umba River catchment.

The quartz crystals occur as elongated and deformed
lenticular grains. They are also present in lithoclasts,
where they exhibit anhedral shapes adjacent and sur-
rounding feldspar, biotite, and other minerals. In the
lithoclasts, the feldspars (K-feldspars and plagioclase)
exhibit tabular and irregular crystals [42]. The sediments
collected in the downstream stations (S7 and S8) show
evidence of river transportation or high energy environ-
ments, characteristic of intertidal areas due to their rela-
tively rounded shapes (Figure 5). From source to mouth,
a decrease in lithoclast sizes is observed that goes along
with an increase in the monocrystalline grains (as opposed
to lithoclasts made up of multiple crystals) (Figures 4 and 5).
Downstream sediments (Figure 5) exhibit poor grain sorting
and varying degrees of roundness of the individual clasts.

4.3 Major elements

The sediments exhibit a relatively narrow SiO2 range in
both the riverbank sediments (53.30–70.43 wt%, with an
average of 59.89wt%) and bottom sediments (55.57–76.22wt
%, with an average of 65.76wt%) (Table 1). Highest SiO2

contents coincide with coarse-grained sediments, for
example, in station S4 for riverbank and S8 for bottom
sediments. Low SiO2 content (55.67 wt%) is observed in
the estuarine silty sands collected in station S7 (Table 1).
The Al2O3 content varies between 10.45 and 19.06wt%
(average of 15.97wt%) in riverbank sediments, and between
9.90 and 17.12wt% (average of 13.64wt%) for bottom sedi-
ments (Table 1 and Supplementary Information 1). Fe2O3

and TiO2 contents were >5wt% and <2wt%, respectively,
in both the riverbank and bottom sediments. The immobile
Al2O3 shows a clear negative relation with SiO2 in both the
riverbank and bottom sediments (Figure 6a). There is no
particular trend on Al2O3 versus TiO2 in riverbank sediments
but a positive relation in the bottom sediments (Figure 6b).
Al2O3 also shows a positive relation with Fe2O3 and P2O5 in
both the riverbank and bottom sediments (Figure 6c and d).

The alkaline oxides, i.e., K2O, Na2O, and MgO, are
relatively high (>1 wt%) in all stations and in both river-
bank and bottom sediments (Table 1; Supplementary
Information 1). However, on average K2O and MgO are
slightly higher in riverbank sediments compared to bottom
sediments (1.46 and 1.68wt%, respectively). Na2O content
is highest (2.14 wt%) in bottom sediments (Table 1). Addi-
tionally, the total alkali content (K2O + Na2O) and the
alkali ratios (K2O/Na2O) in all the stations are >2.5 and
>0.5%, respectively, in both the riverbank and bottom
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Table 1: Grain size distribution (in µm), major element (in wt%), and trace element (in ppm) contents in riverbank and bottom sediments of
Umba River

Sample station Riverbank sediments Bottom sediments

S1 S2 S4 S5 S6 S1 S2 S4 S7 S8

Grain size distribution
Mean grain

size (µm)
160.36 90.44 394.14 109.88 106.37 90.41 141.41 861.41 72.49 166.32

Sorting (σg) 3.87 3.32 3.04 3.58 4.92 3.58 3.56 1.75 4.03 2.57
Skewness (Skg) −0.23 −0.27 −0.25 −0.25 −0.28 −0.14 −0.18 −0.13 0.08 0.01
Kurtosis (Kg) 0.80 1.06 1.28 1.06 0.92 0.95 1.05 0.93 0.98 0.89
Sand (%) 60.78 63.75 67.04 58.51 57.79 59.12 70.94 65.69 34.23 78.83
Silt (%) 33.43 34.84 16.98 39.04 37.06 39.21 25.86 0.72 62.08 20.14
Clay (%) 0.22 1.41 0.07 1.75 2.06 0.72 0.81 0.07 2.90 1.03

Major elements (wt%)
SiO2 57.05 56.26 70.43 62.39 53.30 61.70 63.75 76.22 55.67 71.47
TiO2 1.12 0.82 1.76 1.45 0.90 0.97 1.04 0.73 0.80 0.70
Al2O3 16.50 18.50 10.45 15.33 19.06 15.43 14.60 9.90 17.12 11.18
Fe2O3 8.50 7.27 7.48 7.25 8.36 8.17 7.72 4.30 7.61 3.95
MnO 0.23 0.12 0.12 0.13 0.15 0.18 0.15 0.07 0.12 0.09
MgO 1.84 1.71 1.72 1.71 1.40 1.81 1.81 1.42 1.52 1.50
CaO 4.04 3.61 2.65 2.90 1.88 3.25 3.47 2.44 1.52 4.45
Na2O 1.92 2.26 1.59 2.14 1.21 2.12 2.21 1.75 1.88 2.75
K2O 1.23 1.50 1.40 1.66 1.48 1.12 1.34 1.58 1.39 1.53
P2O5 0.11 0.18 0.09 0.14 0.24 0.17 0.13 0.08 0.21 0.10
SO3 0.01 0.02 0.02 0.03 0.02 0.00 0.01 0.01 0.13 0.04
LOI 7.01 7.56 2.04 4.60 11.79 4.91 3.60 1.26 11.86 2.04
Total 99.56 99.79 99.74 99.72 99.78 99.82 99.81 99.76 99.83 99.80
CIA 58.43 60.83 53.98 58.91 73.13 59.16 56.20 52.04 68.01 44.50
ICV 1.18 0.95 1.63 1.17 0.81 1.15 1.22 1.25 0.91 1.35
K2O + Na2O 3.15 3.76 2.99 3.81 2.68 3.24 3.54 3.33 3.27 4.28
K2O/Na2O 0.73 0.69 0.92 0.81 1.37 0.53 0.61 0.93 0.77 0.56
Al2O3/SiO2 0.30 0.34 0.15 0.25 0.37 0.25 0.23 0.13 0.34 0.16
Fe2O3/SiO2 0.15 0.13 0.11 0.12 0.16 0.13 0.12 0.06 0.15 0.06

Trace elements (ppm)
Ce 51.33 46.00 86.17 76.50 70.60 47.00 47.67 32.33 55.53 34.00
Co 20.22 16.67 13.17 16.17 23.20 16.50 14.67 10.00 16.47 8.67
Cr 70.67 45.83 236.67 92.83 92.00 61.50 45.67 133.33 80.87 51.33
Cu 53.44 51.50 13.33 28.33 69.00 36.00 29.00 8.00 51.07 5.00
Ga 16.33 17.33 9.00 14.50 19.60 15.50 13.00 8.67 17.13 8.67
Mo 2.00 1.17 2.00 1.67 1.60 1.50 1.67 2.33 3.07 1.67
Nb 12.67 9.83 17.67 18.00 14.20 10.00 12.00 8.67 12.07 9.00
Ni 28.89 22.00 43.67 30.00 48.40 24.50 17.00 34.33 38.47 10.00
Pb 7.78 6.33 5.83 10.50 11.40 6.50 4.33 6.00 9.53 6.67
Ba 1004.6 1034.2 842.33 1065.33 898.40 803.50 895.67 959.33 635.33 974.00
Rb 34.44 35.67 29.50 45.00 60.00 28.50 27.67 31.67 55.00 28.67
Sr 350.00 438.17 300.17 382.83 263.20 333.50 387.33 329.67 232.80 472.67
Th 4.56 4.00 11.17 6.83 6.00 4.50 3.67 4.00 6.13 3.67
U −0.67 −1.00 −0.33 −0.33 −0.60 −0.50 −1.33 −0.33 0.80 0.33
V 168.67 147.67 183.83 166.17 161.00 153.00 167.33 98.00 141.20 81.67
Y 19.44 17.00 20.33 21.67 23.80 17.00 20.67 11.67 19.33 13.00
Zn 105.22 74.83 53.67 70.33 89.20 87.50 64.33 34.00 74.60 39.67
Zr 258.78 184.83 541.00 417.50 169.80 238.00 266.33 349.33 255.27 291.33
Cr/Ni 2.63 2.15 3.54 3.71 1.96 2.55 2.77 3.99 2.51 5.11
Rb/Sr 0.10 0.08 0.10 0.12 0.26 0.09 0.07 0.10 0.24 0.06

Geochemistry and mineralogy of sediments along the transboundary Umba River  1071



Figure 3: Ternary diagram showing textural distribution of sediments during the transition period (July 2019). With S1–S6 being upstream
riverine stations and S7 and S8 being downstream estuarine and marine stations, respectively.

Figure 4: Photomicrographs of individual lithoclasts in upstream sediments (left to right: stations S1 and S4 (top row) and stations S5 and
S6 (bottom row)). K = K-feldspar, BPlg = Banded plagioclase, G = Garnet, Q = Quartz, Hbl = Hornblende, B = Biotite, and Ol = Olivine.
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sediments (Table 1). The sediments exhibit a wide range
of CaO values in riverbank (1.88–4.04wt%, average of
3.01 wt%) and in bottom sediments (1.52–4.45wt%, average
of 3.03wt%) (Table 1). A negative relation between Al2O3

and CaO (Figure 6e) and K2O (Figure 6f) is observed in the
riverbank as well as in the bottom sediments. Additionally,
CaO is relatively depleted in estuarine sediments (S7) com-
pared to riverine and marine sediments. Both MgO and N2O
show a positive but scattered relationwith the immobile Al2O3

(Figure 6g and h, respectively). Major element ratio Al2O3/SiO2

vs Fe2O3/SiO2 exhibits a wide variation in all the grain size
fractions and covers the entire quartz–clay spectrum (Figure 7).
The larger grain size fractions (e.g., S4, S6, andS8) showsimilar
enrichment of Fe and Al, as exhibited by the fine fraction and
relatively clay-rich estuarine sediments (S7).

4.4 Trace elements

Average concentrations of the trace elements Cr, Ni, and
Zn are all enriched in riverbank sediments compared to
bottom sediments (Table 1, Supplementary Information 1).
Cr concentration ranges between 25 and 346 ppm with
an average of 107.60 and 34.59 ppm in riverbank and
bottom sediments, respectively. Ni concentration ranges
between 5 and 73, again showing a higher average of

34.59 ppm in riverbank sediments compared to bottom
sediments (24.86 ppm) (Table 1; Supplementary Informa-
tion 1). Cr and Ni concentrations are depleted in marine
bottom sediments collected in station S8 (Table 1). Zr
concentration shows values ranging between 169 and
541 ppm (average value of 314 ppm) for river bank sedi-
ments compared to bottom sediments that show slightly
lower values ranging between 238 and 349 ppm (average
of 280 ppm) (Table 1). On the contrary, Sr concentration is
enriched in marine (472 ppm) and riverine sediments
(majority >300 ppm) (Table 1), while they are depleted
in bottom estuarine sediments (232.80 ppm). The Ba con-
tent is slightly enriched in both riverbank and bottom
sediments (majority >800 ppm), while the lowest Ba con-
tent of 635.33 ppm is recorded in estuarine bottom sedi-
ments (Table 1). The Rb/Sr ratios are similarly low (<0.5)
in all the stations and in both the riverbank and bottom
sediments, ranging between 0.06 and 0.26 with average
values of 0.13 and 0.11 in the riverbank and bottom sedi-
ments, respectively (Table 1). Such low Rb/Sr ratios indi-
cate low to moderate chemical weathering.

A less distinct and scattered relation is observed
between Al2O3 and Sr (Figure 8a), while Al2O3 vs Zr
shows a distinct negative relation (Figure 8b) in both
the riverbank and bottom sediments. On the contrary,
strong positive relations are observed between Al2O3

Figure 5: Photomicrographs of individual mineral lithoclasts in downstream sediments embedded in epoxy resin. Top row S7 (estuary) and
bottom row S8 (marine setting). K = K-Feldspar, Plg = Banded plagioclase, G = Garnet, Q = Quartz, Hbl = Hornblende, and B = Biotite.
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and the immobile elements Ni, Zn, Cr, and Rb (Figure 8c, d, e,
and f, respectively). Relatively high positive relations are
also observed between Sr and CaO as well as between the
immobile Ba and K2O (Figure 8g and h, respectively) in both
the riverbank and bottom sediments. Generally, a low con-
centration of Sr and Ba in the bottom sediments collected in
the estuarine station S7 is evident (Figure 8a, g, and h).

4.5 Elemental ratios and weathering indices

The major and trace elements were normalized to the
upper continental crust (UCC) using values from Rudnick
and Gao [43]. The relative averages of the major elements
show similarity with UCC values; however, the relative
Na2O, K2O, and MgO (<0.70) concentrations are generally
low compared to UCC and relative to the immobile Al2O3

(Figure 9a). Additionally, SiO2 shows a marked similarity
with UCC with no discernible enrichment. The average
trace element compositions of the sediments show a varia-
bility that is quite comparable to other documented values
from the same region [18,20]. The general pattern shows a
strong depletion in Rb relative to Ba, and depletion of Th
and U relative to Sr (Figure 9b).

The average UCC has a CIA value of 50, and weath-
ered residual clay has a CIA value close to 100 [43,44].
The CIA of the Umba River sediments show a wide range,
with CIA values ranging between 39 and 81 (Figure 10 and
Supplementary Information 1). Within this range, the
mean CIA values are higher in riverbank sediments ran-
ging between 53.98 and 73.13 compared to the bottom
sediments with values ranging between 52.04 and 68.01
(Table 1). The marine bottom sediments (collected in sta-
tion S8) have the lowest CIA (Figure 10 and Table 1). The
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riverbank as well as the bottom river sediments show a
positive relation between CIA and Al2O3 and Fe2O3 ≥50
(Figure 10a and b). They also show elevated Al2O3, Fe2O3,
and TiO2 at higher CIA values of >70, while in contrast the
bottom marine sediments have lower Al2O3, Fe2O3, and
TiO2 at CIA values of <50 (Figure 10a, b, and c). The
bottom marine sediments are K2O-enriched compared to
the bottom estuarine sediments; however, the riverine
riverbank sediments exhibited a scattered non-distinct
variation at varying CIAs (Figure 10d). There is also a
strong relation between Cr concentration and CIA values
in the Umba River sediments especially for downstream
(estuarine and marine) bottom sediments (Figure 10e).

On the A-CN-K plot, the sediments are plotted across
the plagioclase – K-feldspar field (Figure 11a), while also
maintaining a linear trend parallel to the A-CN edge towards
the smectite field. The trendline also starts at the pristine CIA
value of ∼40 to a highly weathered value of ∼80. The sedi-
ments are plotted below the smectite and K-feldspar field
and around the K-feldspar– chlorite and K-feldspar– biotite
boundaries in the A-CNK-FM (Figure 11b) with a discernible
trend away from the CNK-FM boundary.

Based on the calculated DF1 and DF2, the Umba River
sediments are plotted across three provenance fields,
i.e., mafic igneous, intermediate igneous, and quartzose
sedimentary provenance fields (Figure 12). The majority
of the sediments are plotted within the mafic igneous

provenance field, which is consistent with the geology
of the catchment and the associated dominant minerals.

5 Discussion

5.1 Influence of hydrodynamic and
sedimentary sorting

Sediment sorting during fluvial transport, settling, and
deposition can influence the mineral and chemical com-
positions of the sediments. Therefore, the influence of
grain size sorting on sedimentary chemical composition
has to be evaluated prior to any provenance determina-
tion [6,26,44,46]. For example, major and trace elements,
including Al, Fe, Mg, Ni, and Cr, are known to be abun-
dant in fine fractions of sediments rich in silt and clays,
while Si is abundant in sand fractions [47,48]. In the
Umba River sediments, grain sizes are distributed within
a relatively narrow range between coarse sand (riverine),
silty sand (marine), and sandy silt (estuarine) (Table 1;
Figure 3). With minimal clay content of <3% in both the
riverbank and bottom sediments, these sediments fall
within the broad class of sandy sediments (Table 1).
The index of compositional variability (ICV) –which is
used to indicate maturity of sediments – is >1 in all riv-
erbank and bottom sediments (Table 1). Clay minerals
have been shown to exhibit an ICV <0.8 [26]. Therefore,
the ICV values derived here for Umba River sediments are
consistent with the observation of a very low clay fraction
(Table 1). Therefore, the effects of granulometric fractions
and hydrodynamic sorting on the chemical composition
of the sediments would be minimal. This is also reflected
by the distribution of Fe and Al in the mud/sandy-silt frac-
tion of sediments collected in the estuarine station (S7)
across the entire quartz-clay spectrum in the Al2O3/SiO2 vs
Fe2O3/SiO2 ratio plot (Figure 7), reflecting the minimal effect
of sorting [6,47]. This is because the relative enrichment of
Fe and Al in coarse sand (e.g., S1, S4, and S8) as well as the
sandy silt (S7) means that there is no control of grain size
on their enrichment. This implies that the enrichment of Fe
and Al in Umba River sediments is dominantly attributable
to the weathering inputs from the catchment. The enrich-
ment of Fe (>0.20) and Al (>0.40) in estuarine (S7) samples
could be attributed to the increased input of these elements
from the weathering of quartzo-feldspathic and hornblende-
pyroxene rich downstream Karoo Supergroup and younger
lithologies ( Figure 1b). These lithologies and their associated
minerals are rich in Fe and Al elements in their chemical
structure [6,18]. Additionally, the contribution of Karoo

Figure 7: Variation in Al2O3/SiO2 vs Fe2O3/SiO2 ratios in Umba River
sediments showing the distribution of Fe and Al elements in
estuarine mud/silt sediment collected in station S7 across the
entire quartz-clay spectrum.
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Supergroup lithologies to the increased input of Fe and Al
would be further promoted by a hot and humid climate due
to the proximity to the Indian Ocean relative to upper catch-
ment stations [6]. The similarity of SiO2– the lack of either
enrichment or depletion– relative to UCC further indicates
the reduced influence of hydrodynamic sorting on mineralo-
gical and chemical compositions of Umba River sediments
[26,44,54].

5.2 Weathering indices and source area
characteristics

The strong but negative relation between SiO2 and Al2O3

(Figure 6a), the positive relation between Fe2O3 and
Al2O3 (Figure 6c), and the positive relation between both
Al2O3 and Fe2O3 with CIA (Figure 10a and b), indicate a
shift that is expected from the replacement of easily
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weathered minerals towards a dominance of less mobile
minerals, e.g., kaolinite composed of mainly the immobile
Al3+. The positive relation between Al2O3 and high CIA
(Figure 10a) values in both the riverbank and bottom sedi-
ments could be attributed to the initial weathering of sedi-
ments before the grains enter the fluvial system. Generally,
fluvial sediments exhibit CIA values of ∼50 at the onset of
weathering of a predominantly metamorphic and igneous
source geology similar to the Umba River catchment. This
value increases with reworking processes during transpor-
tation [40,41]. The UCC has a mean CIA of ∼47 [44]; how-
ever CIA values >70 have also been reported to charac-
terize intense weathering of source rock [49]. According
to Campodonico et al. [39], reworked fluvial sediments –
through weathering, transport, deposition, and diagen-
esis– have average CIA values of ∼80. Clay minerals,
which are an indicator of extensive weathering and che-
mical alteration, have CIA values close to 100 [37,39]. The
large variation in CIA of the Umba River sediments ranging
between 39 and 81, with amajority >50 (Figure 11), signifies
a low to high degree of weathering. This can be attributed
to varying physico-chemical parameters including tem-
perature, salinity, and pH that vary along the longitudinal
cross-section of the Umba River [6,51]. The large variation

in CIA values can also be attributed to the supply of pristine
material to the fluvial system, supported by the smaller
catchment of the Umba River and the short transport
from source to mouth. However, the few high alterations
recorded can be attributed to the alteration and input of
feldspathic and clay minerals dominant in the downstream
geology comprised of the Karoo Supergroup. The varying
climate from the cold mountainous upstream to the hot
and semi-arid midstream, and the hot and humid climate
near coastal downstream could explain the variation in CIA
[6]. Low CIA values have been reported to be related to low
weathering at source due to cooler conditions [34] charac-
teristic of higher elevations, e.g., mountainous regions and
semi-arid conditions [6]. These conditions are similar to the
Umba River catchment near the source of the river in
the Usambara and Pare mountains (Figures 1b and 2).
The likely presence of clay minerals, e.g., illite and kaoli-
nite in the Umba River sediments as discussed in Section
4.2 and as observed in the grain size distribution (Table 1),
could further explain the CIA variation. Additionally, the
observed decrease in lithoclasts and the increase in grains
made up of individual mineral crystals from source to
mouth (Figures 4 and 5) can indicate the gradual weath-
ering with time exacerbated by river transport. The

Figure 9: Major element oxides (a) and trace element (b) spider plot of Umba sediments normalized against the UCC values from Rudnick
and Gao [43]. Major elements are normalized as oxides and trace elements as ppm. Mobile major elements (MgO, CaO, Na2O, and K2O) and
trace elements (Rb, Th, and U) are depleted relative to UCC.
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different roundness of grains within the downstream sedi-
ments (Figure 5) indicate that some clasts are incorporated
in the bulk sediment later than others during fluvial trans-
port. Part of these sediments, thus, have been minimally
influenced by river transport; however, in the marine river
mouth, wave action is expected resulting in increasing
roundness of the grains.

The relatively low weathering in the downstream
sediments compared to the upstream sediments, could
be attributed to in situ and proximal deposition devoid
of fluvial transportation. Additionally, the occurrence of
poorly rounded quartz mineral grains, being physically

and chemically resistant to weathering (Figures 4 and 5),
is consistent with moderate reworking by river transport
(Table 1 and Figure 3). The persisting presence of detrital
feldspars (plagioclase and K-feldspars), a precursor of
clay minerals, is an indication of low weathering of the
gneissic granite, igneous, and meta-igneous rocks sourced
from the catchment.

The Umba River sediments are plotted across the pla-
gioclase- K-feldspar line and reveal a narrow near-linear
trend along the A-CN edge (Figure 11a). This trend has
been attributed to possible higher removal rates of Na+

and Ca2+ from plagioclase compared to K+ removal rates
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Figure 11: Ternary diagrams showing the common primary and secondary minerals and weathering trends of Umba River sediments. The CIA
of Umba River sediments range from 39–81 with majority >50. (a) On A-CN-K, Umba River sediments plot along a linear trend on the A-CN
edge. (b) On A-CNK-FM, the sediments plot below the smectite field. A = Al2O3, CN = CaO* + Na2O, K = K2O, CNK = CaO* + Na2O + K2O, and
FM = Fe2O3 + MgO. Average values of basalt, UCC, and clinopyroxene taken from ref. [3].

Figure 12: Major element provenance DF plot. Major elements-based oxide ratios for the provenance signatures of Umba River sediments
[35] plotted across three provenance fields with majority in the mafic and intermediate igneous provenance.
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during weathering, transport, and other diagenetic pro-
cesses [34,49]. However, the linear trend parallel to the
A-CN axis could be attributed to the supply and input
of relatively pristine sediments to the fluvial system
[50]. This is consistent with the relatively short course
of the Umba River and the small catchment it drains,
consequently allowing faster delivery of newly weathered
and pristine material into the fluvial sediments. On the
A-CNK-FM, the sediments are plotted below the smectite
and K-feldspar field and away from the CNK-FM edge
(Figure 11b) further indicating a strong variable degree
of weathering of the Umba River sediments. This corro-
borates the other findings that indicate high variability in
weathering and reworking, attributed to progressive sedi-
ment input into the river and to varying climatic condi-
tions along its course.

5.3 Source characteristics from bulk
geochemical composition

In order to make inter-oxide comparisons, the abundance
of Al2O3 was used as a reference factor, mainly because it
is immobile and less soluble [34]. High positive inter-
oxide relations are observed in the element bivariate plots
between the immobile oxide Al2O3 and SiO2, Fe2O3, and
P2O5 (Figure 6a, c, and d) in both the riverbank and bottom
sediments. This can be attributed to less preferential frac-
tionation during various sedimentary processes including
weathering, transportation, and deposition [7,52,53]. It can
also be the result of a relatively uniform source geology
[26] that would have similar mineralogy as reflected by
these elements and observed in the mineral distribution
(Figures 4 and 5). This preposition is further supported by
the aforementioned influence of the relatively short course
of the Umba River that drains a small catchment, limiting
the amount of rock lithologies it crosses and therefore,
providing a uniform mineralogical and elemental compo-
sition. Short rivers tend to transport fresh sediments from
source to mouth in a relatively short time, consequently
reducing the degree of alteration of the chemical composi-
tion. The positive relation between Al2O3 and Fe2O3, on one
hand, and P2O5 on the other, can be further attributed to
abundances of these elements in platy and sheet phyllo-
silicates. The observed presence of muscovite, biotite, apa-
tite, and clay minerals in the Umba River sediments
(Figures 4 and 5) supports this observed trends [18,47].

The bulk chemical composition of the sediments
shows a comparable trend with average UCC chemical
compositions (Figure 8a) and is similar to earlier studies

within the region [18]. The relative depletion of Na2O and
K2O observed here (Figure 8a) can be attributed to the
result of increased leaching of the highly mobile elements
and enrichment of the immobile and less soluble ele-
ments. Additionally, alkali elements including Na, Mg,
Ca, and K are largely lost as clay minerals are formed
during weathering [47]. Alteration of Al- and Mg-bearing
minerals including plagioclase and phyllosilicates due to
water percolation into rock fractures and crevices could
accelerate the removal of mobile elements including Ca,
Na, K, and Mg [6]. This is also consistent with moderate
to high CIA as proxy for chemical weathering, with higher
elemental values of these elements. Additionally, the ele-
vated MgO and CaO contents (Figure 6e and g, respec-
tively) coupled with a scattered relation between K2O and
Al2O3 (Figure 6f), also reflect a mixed source composition
and varying degrees of weathering [26]. However, the
observed high K2O + Na2O (>2.5%) and the relatively
low K2O/Na2O ratio (<1) in the Umba River sediments
(Table 1) indicate an almost equal contribution of K-rich
feldspar and Na-rich plagioclase [34,35,42].

Trace element concentrations vary along the longitu-
dinal course of the Umba River in both the riverbank and
bottom sediments (Table 1 and Supplementary Informa-
tion 2). The less distinct and negative relation of Sr and Zr
with Al2O3 (Figure 8a and b) can be attributed to the
mixed geology from source to mouth of the Umba River.
The weathering of the crystalline rocks of downstream
geology (Figure 1) – rich in quartzo-feldspathic rock com-
position –would introduce increased amounts of Sr-rich
K-feldspars and/or biotite to the sediments [55]. Positive
covariation and enrichment of Ni, Zn, and Cr with Al2O3

in Umba River sediments (Figure 8c, d, and e) can be
attributed to the dominance of ferromagnesian elements.
These elements are rich in mafic minerals dominant
in the mafic granulites [6,18,23] observed in the upper
reaches of the Umba River in the Usambara Mountains
(Figure 1). Cr/Ni has been used to indicate the mafic and
ultramafic provenance [6]. Low Cr/Ni values between 1.3
and 1.5 represent an ultramafic provenance. Both the
riverbank and the bottom Umba River sediments exhibit
Cr/Ni > 2, indicating a dominantly mafic to felsic prove-
nance. The moderate to high abundances of both Ni
(Figure 8c) and Cr (see Figure 8e) in both the riverbank
and bottom sediments, suggest a mixed source of Umba
River sediments. This mixture is occasioned by the chan-
ging lithologies and the subsequent variation in mafic
and felsic minerals from source to mouth. The relative
depletion and significant variation in Sr (Figure 8g) at
low CaO and the depletion of Ba (Figure 8h) at moderate
CaO in the estuarine bottom sediments have been
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attributed to the physicochemical variations (salinity,
dissolved oxygen, and temperature) and the grain size
[46,56–58]. This is also supported by the significant var-
iation (p < 0.05) in the two elements with environmental
setting (Supplementary Information 1). However, the observed
depletion of Rb, Th, and U in the Umba River sediments
(Figure 9b) signifies a magmatic source geology with geo-
chemical affinities of a meta-igneous granulite [18,19,24].
The sandstone lithology dominant in the lower reaches of
Umba River (Figure 1b) is known to be low in Rb and Sr
[34], therefore explaining the depletion of Rb relative
to UCC.

5.4 Provenance

The sediments are plotted across three provenance fields,
i.e., mafic igneous, intermediate igneous, and quartzose
sedimentary provenance fields (Figure 12) with the majority
located in the mafic to intermediate igneous field. This indi-
cates a strong influence of the upper and middle catchment
geology, and a subordinate contribution of the lower catch-
ment geology that is primarily composed of quartz-rich
lithologies (Figure 1b). The Umba River catchment has
pockets of mafic to ultra-mafic granulites (in the mountai-
nous Mng’aro region) and mafic hornblende-pyroxene
facies within the Karoo [18,24] further downstream
(Figure 1b). On the contrary, the lower catchment is domi-
nated by quartzo-feldspathic-rich sandstones and silt-
stones that would explain the placement of some Umba
River sediments in the quartzose provenance field (Figure
12). Further, the plot in the quartzose sedimentary prove-
nance quadrant suggests the derivation of the Umba River
sediments from a recycled orogen [34,35] – presumably,
because the upstream Umba River is characterized by
the geologically uplifted Usambara mountains [18,20,21].

6 Conclusion

The provenance of the sediments deposited along the
course of the Umba River from source to mouth have
been characterized using a combination of geochemical
proxies and petrography. The chemical composition and
elemental abundance of riverbank versus bottom sedi-
ments of Umba River are significantly different; however,
they show similar abundance and distribution trends
along the course. The effect of hydrodynamic sorting on
the chemical and mineralogical compositions of Umba

River sediments is minimal, with the distribution of ele-
ments majorly attributed to inputs from weathering. The
source geology, relative length of the river, and the small
catchment have a dominant influence on the element and
mineral compositions and abundances. These assess-
ments has revealed that the Umba River sediments have
a predominantly gneissic granite petrology consistent
with the underlying catchment geology, characterized
by a Precambrian craton and the Karoo Supergroup
in its upper reaches and the much younger Cenozoic
outcrops and Quaternary sediments further downstream
towards the coast. The Umba River sediments also exhibit
a UCC-like chemical composition and further geochemi-
cal preservation of source characteristics, reflected by the
similarity of mineralogy of upstream riverine sediments
(close to source) and downstream sediments (estuarine).
This is further supported by the moderate to high altera-
tion reflected by the CIA, evident by the marked depletion
of mobile and labile elements like MgO, CaO, Na2O, K2O,
and Sr relative to UCC.
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