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[2] Kaolinite abundance, CIA, and o' values consis-
tently indicate less intense weathering along the steep
inner flank and drier axis of the rift hosting Lakes
Kivu and Tanganyika than in hot-humid forested
highlands east of the Nile-Congo divide, where slopes
are gentler and time for weathering longer. The

©2013. American Geophysical Union. All Rights Reserved.

observed order of bulk-sediment mobility (Na>Ca >
Sr> Mg > K > Ba>Rb > Cs) roughly corresponds
to the degree into which these elements are parti-
tioned in unstable plagioclase versus K-feldspar and
phyllosilicates. Weathering-limited erosion charac-
terizes the Rwenzori massif and the Lake Albert
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graben where sediments are recycled from syn-rift
deposits. *’St/*°Sr ratios, '*Nd/'**Nd ratios, and
Sm-Nd #pp model ages of river muds proved instead
to be insensitive to weathering and provided a faith-
ful integrated signature of the geology of each drain-
age basin.

[3] The comparison of CIA and WIP indices offers a
key for discriminating compositional modifications
due to weathering and recycling, a most challenging
problem in sedimentary geochemistry. Integrated
mineralogical-geochemical databases are essential
to improve our understanding of weathering pro-
cesses as they occur in the natural environment and
to distinguish their effect from other factors control-
ling sediment composition.
“When the sun goes down over Kigali, if you still have

the remains of a soul, you cannot do otherwise than stop talking
and watch.”

Gil Courtemanche, 4 Sunday at the Pool in Kigali

1. Introduction

[4] The East African Rift supplies water and sedi-
ments to the Nile and Congo Rivers, two of the
largest drainage systems on Earth. This equatorial
region, where hot and humid climate leads to a
maximum of chemical weathering, is an excellent
natural laboratory in which to study the products
of denudation of continental crust at the core of
the African continent. The mineralogical, chemical,
and isotopic signatures of sediments produced in
this region can be used to investigate the various
factors controlling sediment composition and
specifically how and to what extent the fingerprints
of different parent-rock lithologies are modified by
weathering at the source prior to entering the routing
system and subsequently by both physical and
chemical processes during multistep transport and
deposition [Martin and Meybeck, 1979; Velbel,
1993; Edmond et al., 1996; Nesbitt et al., 1996;
Canfield, 1997; Moquet et al., 2011; Lupker et al.,
2012]. Another crucial aspect addressed here is the
identification of criteria to differentiate weathered
first-cycle versus polycyclic sediments [Johnsson,
1993; Gaillardet et al., 1999].

[5] Information on the geochemistry of river sedi-
ments of various grain sizes from central Africa
are still limited [Martin et al., 1978; Négrel et al.,
1993; Dupré et al., 1996; Viers et al., 2009], and
very little is known from the headwaters of the Nile
and Congo Rivers. This article, presenting detailed
integrated mineralogical-geochemical information
on river muds of equatorial Africa, is companion

to mineralogical and petrological studies of river
sands in the same region [4Ando et al., 2012;
Garzanti et al., in review] and follows a similar work
carried out on the White and Blue Nile in Sudan and
Ethiopia [Padoan et al., 2011].

2. The East African Rift

[6] In this section, we briefly outline the main geo-
logical and geomorphological features of the study
area. Specific reference is made to the distinctive
isotopic signatures of diverse parent rocks, which
in the following sections will be compared to those
characterizing fluvial sediments, in order to deter-
mine their susceptibility to weathering and to assess
the relative sediment contributions from different
sources in various catchments.

2.1. Geological Framework

[7]1 The study area follows the western branch of the
East African Rift [Ebinger, 1989] and straddles the
equatorial belt, from a latitude of S5°13’ in NW
Tanzania to a latitude of N4°51” in South Sudan
(Figure 1). Uplifted along the rift shoulders since
the Miocene are low to high-grade metamorphic
rocks formed during successive Archean to
Proterozoic orogenic events (Figure 2). Widely
exposed in northern Uganda are largely Mesoarchean
epidote-amphibolite to granulite-facies gneisses
(Gneissic-Granulitic  Complex) [Schliiter, 2008].
Paleoproterozoic basements are represented by low-
grade schists to amphibolite-facies gneisses and
granitoids of the Buganda-Toro belt [Nagudi et al.,
2003], exposed from Lake Victoria in the east to the
Rwenzori horst in the west, and by remnants of the
Rusizian-Ubendian belt [Link et al., 2010]. These
include garnet-biotite-sillimanite gneisses, migmatites,
quartzites, and granitoids exposed along the
eastern shoulder of Lakes Kivu and Tanganyika
[Fernandez-Alonso and Theunissen, 1998].

[s] The Mesoproterozoic Karagwe-Ankole Belt,
exposed across Burundi and Rwanda, consists of
mainly low-grade meta-sediments intruded by igne-
ous rocks (Western Domain), overthrust on less
deformed strata resting on the Tanzania Craton in
the south (Eastern Domain) [Fernandez-Alonso,
2007; Tack et al., 2010]. Widespread granitoids
and localized mafic-ultramafic layered intrusions
dated at 1.38-1.37 Ga [Duchesne et al., 2004;
Maier et al., 2008] were followed by alkali granites
and pegmatites emplaced in shear zones, and finally
at 0.99-0.97 Ga by tin granites associated with Sn,
W, Nb, and Ta mineralizations [Klerkx et al., 1987,
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Climate and relief in equatorial Africa. (a) Topography and drainage patterns in the study area. (b) Virunga

volcanic field and Gishwati Province (northern part of the Tanganyika-Kivu rift shoulder). Shown in the upper
right panel is the distribution of climatic zones (Koppen-Geiger classification after Kottek et al. [2006]). Main climates:
A =equatorial; B=arid; C=warm temperate. Precipitation: W =desert; S = steppe; = fully humid; s =summer dry;
w =winter dry; m=monsoonal. Temperature: h=hot arid; k=cold arid; a=hot summer; b=warm summer.

Pohl, 1994]. The tightly folded and several kilometer
thick stratigraphic succession of the Western Domain
consists of dark phyllites intercalated with quartzites,
meta-conglomerates and basaltic to rhyolitic sills and
lavas, followed by metasandstones and metapelites
with rare dolostone lenses and cherty mudrocks at
the top (Akanyaru Supergroup) [Baudet et al., 1988,;
Fernandez-Alonso et al., 2012]. The less deformed
stratigraphic succession of the Eastern Domain strad-
dles the Tanzania/Burundi boundary as far as Lake
Victoria (Kagera Supergroup), whereas to the south
in NW Tanzania, sub-tabular sandstones with sub-
ordinate mudrocks, conglomerates, dolostones,
and chert are intercalated with thick Neoprotero-
zoic basaltic lavas (Malagarasi Supergroup)

[Deblond et al., 2001]. Neoproterozoic intrusive
and metamorphic events are revealed, respectively,
in Burundi by the Upper Ruvubu alkaline complex
mainly including feldspathoid-bearing syenites
(~0.74 Ga) [Tack et al., 1994] and in central Uganda
by kyanite-garnet schists yielding U-Th-Pb mona-
zite ages of 0.62—0.63 Ga at Murchison Falls [Appel
et al., 2005].

[9] Volcanism began at ~12Ma, is restricted to
three accommodation zones between extensional
basins, and shows a northward increase in alkaline
character and CO, content. Tholeiites and alkali
basalts of the South Kivu field were produced
by fault-related activity dominated by fissure erup-
tions [Furman and Graham, 1999]. Two active
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Figure 2. The western branch of the East African Rift with identified sedimentary provinces. (a) Geological
sketch map (compiled after Schliiter [2008], Fernandez-Alonso [2007], and other sources cited in text). KTRS =
Kivu-Tanganyika rift shoulder. WD, ED=Western and Eastern Domains [Tack et al., 2010]. (b) Studied rivers

and sampling sites.

volcanoes and six extinct cones reaching up to
4507 m above sea level (asl) form the potassic Vir-
unga field (Figure 1b), straddling the Rwanda-
Uganda-Congo border and including K-basanites
and K-hawaiites, and locally latites or K-trachytes
[Ebinger and Furman, 2003]. The active Toro-
Ankole field, aligned parallel to active faults east
of the Rwenzori mountains, includes exceptionally
silica-undersaturated melts and carbonatites
[Rosenthal et al., 2009]. Rift-related basins are
filled by Neogene fluvial to lacustrine sediments.

2.2. Previous Isotopic Data

[10] Isotopic studies have long been carried out on
Neogene lavas [e.g., Holmes and Harwood, 1937,
Bell and Powell, 1969]. More recent works reported

%7S1/*°Sr ratios of 0.704 £ 0.01 and eNdg) of 3 +2
in the South Kivu field [Furman and Graham,
1999], and ¥’Sr/*°Sr ratios of 0.705+0.01 and
eNdy of -2+1 in the Toro-Ankole field
[Rosenthal et al., 2009]. Values are more varied
in the Virunga field, where ®’Sr/*°Sr ratios range
from 0.706 in low-silica K-basanites to 0.710 in
latites of the Sabinyo volcano showing evidence
of lower-crustal contamination, and reach up
to 0.713 in most evolved trachytic lavas of the
Karisimbi volcano (Figure 1b); eNd) ranges
from —11 to —2 [Vollmer and Norry, 1983;
De Mulder et al., 1986; Rogers et al., 1992].
The model age of ~1 Ga calculated for the mantle-
lithosphere magma source is similar to that of most
recent episodes of post-orogenic granite magmatism
in the basement and may be explained by mixing
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with silicic melts from deep Paleoproterozoic crust
[Rogers et al., 1998].

[11] In the mafic-ultramafic and %ranitic Kibaran
intrusions studied so far, %’Sr/°Sr ratios are
0.710£0.006 and 0.78£0.02, respectively,
whereas eéNdg) is =9 £ 6 and —16 £ 2, resgectively
[Tack et al., 1994; Duchesne et al., 2004]. ¥"Sr/**Sr
ratios may reach above 0.9 in post-Kibaran pegma-
tites and mineralized veins [Brinckmann et al.,
1994; Lehmann et al., 1994]. Sm-Nd tpy; model ages
for Kibaran mafic-ultramafic to granite intrusions
mostly range from 0.9 to 2.5 Ga [Tack et al., 1994;
Duchesne et al., 2004]. Four Mesoproterozoic granit-
oid bodies intruding low-grade Karagwe-Ankole
meta-sediments in southernmost Uganda yielded
more negative eNd, between —20 and —35,
and older #py; model ages between 3.8 and 2.9 Ga
[Buchwaldt et al., 2008].

[12] Information on gneissic basements is incom-
plete. One orthogneiss of the Rusizian basement
(SHRIMP zircon U-Pb age 1986 4+ 6 Ma) yielded a
zircon Lu-Hf model age of 2.3 + 0.1 Ga, suggesting
participation of early Paleoproterozoic crust in its
generation. Similar to slightly younger model ages
are yielded by Kibaran granitoids and migmatitic
paragneisses (2.1 0.2 Ga) and younger tin granites
(2.0£0.3 Ga), indicating repeated re-melting of
Rusizian basement during the Mesoproterozoic with
limited addition of mantle-derived juvenile compo-
nents [Tack et al., 2010].

2.3. Geomorphology

[13] Because of rift-related doming, the region has
considerable relief. The altitude of numerous lakes,
representing local erosional base level, ranges from
619 m (Albert) and 773 m (Tanganyka) to 1134 m
(Victoria) and 1462masl (Kivu), whereas the
Rwenzori massif touches as high as 5110 m. The
rift shoulder marking the drainage divide between
the Nile and Congo Rivers from Burundi to
Rwanda reaches between 2500 and 3000 m. West
of this ridgeline, the land slopes abruptly toward
Lakes Kivu and Tanganyika, joined along the rift
axis by the Ruzizi River. The eastern slopes,
drained by the four major branches of the Kagera
River in Burundi (Ruvubu, Ruvyironza) and Rwanda
(Nyabarongo, Akanyaru), are less steep, with rolling
hills extending across the central-plateau uplands to
the low hills and papyrus swamps grading into Lake
Victoria (Figure 1).

[14] Average air temperatures, ranging from 15°C to
30°C with minor seasonal and diurnal variation, are

markedly influenced by altitude. Freezing nights
characterize the rugged Rwenzori mountains, where
the highest peaks are permanently covered by snow-
fields and small rapidly retreating glaciers [Ring,
2008; Taylor et al., 2009]. Delivered during the pas-
sage of the inter-tropical convergence zone by humid
masses blown by the southeasterly monsoon from
the Indian Ocean, rainfall is distributed in two rainy
seasons in autumn and spring. Annual precipitations
range from <1 m along the eastern coast of Lake Tan-
ganyika to 1.5 m along the northern coast of Lake
Victoria, reaching up to 2 m on rift-shoulder reliefs
across the Rwanda-Burundi border (Figure 3a).
Peak flow in the Kagera basin (60,000 km?) occurs
in April in the upper tributaries but is attenuated
downstream by numerous lakes and swamps and
consequently delayed to July in the lower course,
where long-term mean annual runoff is only 136
mm compared with rainfall of 1170 mm [Sutcliffe
and Parks, 1999]. Along eastern Rwenzori slopes,
precipitations decrease sharply from 2.5 m on the
mountains where rain or snow falls nearly every
day (Rwenzori="‘rain maker” in local language),
to 0.75 m in the rain shadow at the foot of the range.

[15] Rain forests cover a small part of the territory
in rift and volcanic highlands, and grade through
sub-humid acacia woodland to more arid shrubland
and grassland. Soil temperature and moisture
regimes vary from udic isothermic/isomesic on Bur-
undi and Rwanda highlands characterized by kao-
linite-rich nitisols [ Nizeyimana and Bicki, 1992; Soil
map of Rwanda, 1994] to ustic iso-hyperthermic
in savannah lowlands characterized by ferralsols
(Figure 3b). Because of widespread development
of thick red-brown ferrallitic soils and extensive
vegetation cover, rock outcrops are scarce and lim-
ited to most resistant lithologies (e.g., quartzite and
amphibolite) [Moeyersons, 2003]. Where exposed,
Mesoproterozoic meta-sediments are generally trans-
formed into saprolite; sparse hillocks remain as iso-
lated witnesses of large granitoid intrusions.

3. Sampling and Methods

[16] Eighty-five samples of freshly deposited mud
were collected in February 2007 and June 2008,
along the banks of rivers draining the East African
Rift. Mud in rills incising soil profiles developed
on basaltic lavas, medium-grade gneisses, and
low-grade meta-sediments were also collected at
the source of diverse branches of the Kagera-Nile,
in order to check weathering at the very beginning
of the sediment-routing system. For major rivers,
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Figure 3. Climate and soil types in equatorial central Africa. (a) Rainfall map. (b) Soil map (distribution of soil
groups as classified by the Food and Agriculture Organization, www.britannica.com/bps/media-view/19257/0/0/0).

RWA =Rwanda; BUR =Burundi.

samples were collected upstream and well down-
stream of major confluences in order to monitor com-
positional changes caused by both tributary input and
weathering in temporary-storage sites and swamps,
with particular detail for the Kagera basin (Figure 2).
The analyzed samples are mainly poorly sorted,
coarse to very coarse silts (6 to 4¢), including vari-
able percentages of sand (30+£30%) and clay. Only
Virunga muds lack clay. River mud, which is easy
to sample compared to suspended sediments, is used
in this study as a proxy of chemical weathering inten-
sity and analyzed to understand its control.

3.1. Mineralogy

[17] The mineralogical composition of 41 mud
samples was determined by X-ray powder diffraction
(XRD) at the University of Pavia, using a Philips®

PW 1800 diffractometer with CuKo radiation.
Deposited mud is a mixture of clay, silt, and very fine
grained sand carried in suspension. Occasionally,
some underlying or intercalated sandy layers may
have been collected inadvertently during sampling,
which would lead to biased analytical results (e.g.,
excess quartz). In order to check for and minimize
such potential contamination effects, the analyses
were carried out both on bulk samples and on the
<63 pm fraction after eliminating sand by sieving.
Relative mineral abundances were estimated from
the height of the main peaks [Biscaye, 1965; Moore
and Reynolds, 1989]. In the same samples, clay
minerals were analyzed on the <2um fraction,
separated by settling in a water column. Samples
were mounted as oriented aggregates on glass
slides. X-ray patterns were recorded in natural
conditions (air dried), after ethylene glycol

297


http://www.britannica.com/bps/media-view/19257/0/0/0

— ;
" Geochemistry j

| | Geophysics I

L Geosystems {{ Jr

GARZANTI ET AL.: WEATHERING IN EQUATORIAL AFRICA

10.1002/ggge.20060

solvatation. The identified minerals are listed in or-
der of abundance through the text.

3.2. Geochemistry

[18] Geochemical analyses of the 70 samples
collected in June 2008 were carried out at ACME
Laboratories, Vancouver. In the 35 samples
containing >10% sand, the sand fraction was elim-
inated by sieving at 63 pm; sand-poor samples were
analyzed in bulk. Following a lithium metaborate/
tetraborate fusion and nitric acid digestion, major
oxides were determined by ICP-ES and trace
elements by ICP-MS. A separate split was digested
in aqua regia and analyzed by ICP-MS for Mo, Ni,
Cu, Ag, Au, Zn, Cd, Hg, T, Pb, As, Sb, Bi, and Se;
these eclements may have been systematically
underestimated because of only partial digestion
particularly of refractory minerals. Discrepancies
observed in replicate analyses, <1% for major
elements and <5% for most trace elements, occasion-
ally reach 15-25% for Be, Au, and S. Loss on
ignition (LOI) is by weight difference after ignition
at 1000°C, carbon and sulfur analysis by Leco (for
further information on adopted procedures, geostan-
dards used, and precision for various elements of
group 4A-4B, see http://acmelab.com). Another 15
additional or replicate samples collected in February
2007 were analyzed by XRF at Open University.

[19] Chemical composition is discussed with refer-
ence to the estimated element concentration in the
upper continental crust (UCC) and standard shale
(PAAS) [Taylor and McLennan, 1985; 1995;
McLennan, 2001; Hu and Gao, 2008]. REE data
were normalized to CI carbonaceous chondrites
[McDonough and Sun, 1995]. Among the numer-
ous indices proposed to estimate chemical weather-
ing, we considered specifically the Chemical Index
of Alteration (CIA) [Nesbitt and Young, 1982] and
the Weathering Index (WIP) [Parker, 1970], both
calculated using molecular proportions of mobile
alkali and alkaline-earth metals corrected for Ca in
apatite (no correction for Ca in carbonates was
required because all studied samples lack carbonates):

CIA = 100"A1,05/(A1,05 + Ca0-3.33 % P,0Os 1)
+Na20 + Kzo) (1)

WIP = 100[(Ca0-3.33"P,05)/0.7 )
+2Na,0/0.35 + 2K,0/0.25 + Mg0/0.9]

[20] Stronger weathering is indicated by higher CIA,
widely interpreted as a measure of the extent of

conversion of feldspars to clays such as kaolinite,
and by lower WIP, held to be appropriate for het-
erogeneous sources including metamorphic rocks
[Price and Velbel, 2003; Borges and Huh, 2007,
Shao et al., 2012]. Because it simply reflects con-
centrations of Mg, Ca, Na, and K, the WIP is
markedly affected by quartz dilution and over-
estimates weathering in quartz-rich sediments. When
comparing pairs of mud and sand samples, the WIP
thus commonly results to be lower in the sand
because it contains more quartz.

[21] Weathering intensities can also be calculated for
each single element mobilized during incongruent
weathering of silicates (Mg, Ca, Na, Sr, K, Ba) by
comparing its concentration to that of a non-mobile
element with similar magmatic compatibility (Al,
Ti, Sm, Nd, Th) in our samples and in UCC (e.g.,
oca = [Ti/Calsample / [Ti/Calucc) [Gaillardet et al.,
1999]. The ratio to non-mobile elements minimizes
the uncertainty that exists on the composition of
crustal source rocks as well as the effect of quartz
dilution and thus also partly of grain size and
recycling. On the other hand, the non-mobile
elements Th, Nd, Sm, and to a lesser extent Ti are
preferentially hosted in dense and ultradense
minerals (e.g., monazite, allanite, titanite, ilmenite,
and rutile) that can be strongly concentrated locally
by hydrodynamic processes. As a consequence, o
values yield misleading results when used to assess
weathering for samples displaying anomalous
hydraulic concentration of dense detrital components
[Garzanti et al., 2009]. Hydraulic-sorting bias can be
effectively minimized by calculating weathering
intensities with reference to non-mobile elements
not concentrated equally strongly in ultradense
minerals (e.g., Al). We thus defined o' values for
any element £ as

aA]E = [Al/E]sample/[Al/E]UCC (3)

and found that within each homogeneous province
across equatorial Africa, the standard deviation of
o™ values is systematically lower (by factors ranging
from 1.5-3 for o2l to 3-5 or even more for o' and
ocgi) than that of o values as defined by Gaillardet
et al. [1999]. The more consistent and reliable
o' values as defined in equation (3) will thus
be given throughout this article, and their use is
recommended in any weathering study. It must
be noted that although o*' values do minimize
hydraulic-sorting effects associated with settling
equivalence and selective entrainment [Garzanti
et al., 2008; 2010], they tend to emphasize the
more subtle effects associated with suspension
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sorting [Bouchez et al., 2011a; Garzanti et al.,
2011]. In suspended load carried by the Amazon
and Ganga-Brahmaputra Rivers [Bouchez et al.,
2011b; Lupker et al., 2012], Na increases with
water depth faster than Sr and Ca, whereas Nd,
Sm, and Th tend to slighlty decrease, and Cs, Rb,
K, Be, and Ba decrease at slower rates than Mg, Ti,
and Al As a result Opg 18 virtually invariant w1th
depth ocCa and o2 decrease at a similar rate, but g
and oL decrease faster than o, and o, and oigs and
ag! tend to decrease whereas o, and oy tend to
increase. Such discrepancies, however, are minor
and ultimately negligible. For purely volcaniclastic
and plutoniclastic muds, o values were calculated
with reference to the average composition of their
magmatic source rocks (median of the available
published analyses) rather than to UCC (standards
used for normalization and calculation of Weatherlng
indices are provided in the auxiliary material).'

[22] Several other geochemical parameters may
reflect weathering, such as the ratio between different
non-mobile elements (e.g., AI/Ti, Ga/Al) [Shiller
and Frilot, 1996; Young and Nesbitt, 1998] or
REE behavior [McLennan, 1989]. A more negative
Eu anomaly may be caused by the selective removal
of Eu-rich feldspar, a positive Ce anomaly may form
in lateritic profiles beneath horizons of Fe oxide
accumulation [Braun et al., 1990; Brown et al.,
2003], and prominent MREE bulges [Haley et al.,
2004] are potentially caused by selective weathering
of MREE-rich apatite relative to LREE-rich mona-
zite or HREE-rich xenotime and zircon [Middleburg
et al., 1988].

3.3. Sr and Nd Isotopic Ratios

23] Quartered aliquots of the pristine fractions of
38 samples were sieved at 63 pum to eliminate sand.
Subsequently, they were leached in concentrated
HCI [Ndégler and Kamber, 1996], then digested
using a HNO3-HF mixture for 24 h at approximately
130°C, converted to chloride, spiked, and merged
with the first HCI leach. Column chemistry for Rb,
Sr, Sm, and Nd is after Biittner et al. [2005]. Sr
measurements by multicollector ICP-MS requlred
additional purification by using the Sr-Spec® resm
All analyses were performed on Nu-Instruments®

at the University of Bern. Intralaboratory repeatabil-
ity was monitored by analyses of NIST SRM 987
and of La Jolla Nd standard. During the measuring
sessions, the standard deviation for seven replicate

'All Supporting Information may be found in the online version of
this article.

analyses was 0.710161 +7 for ®’Sr/*®Sr ratios and
0.511829 + 6 for "**Nd/***Nd ratios. Measured iso-
topic ratios are normalized to *¢Sr/**Sr=0.1194.
"SNd/"**Nd ratios are relative to '**Nd/'**Nd=
0.7219 [Lugmair et al., 1975]. The '"“Nd/***Nd
ratio is expressed as present-day sNd(o) using the pres-
ent-day chondritic uniform reservoir value 0.512638
[Wasserburg et al., 1981]. From the '“*Nd/'**Nd
and 'Y'Sm/'*'Nd ratlos of analyzed mud samples,
model mantle derivation ages (fpy) were calculated
according to Ndgler and Kramers [1998], with uncer-
tainties conservatively taken as 0.1 Ga.

4. Mud Mineralogy and Geochemistry in
the East African Rift

[24] Along divergent plate margins, sediments are
derived from volcanic, plutonic, metamorphic, and
sedimentary rocks in various proportions, depend-
ing primarily on areal distribution of magmatic
activity, rift-shoulder tectono-stratigraphy, and
intensity and duration of tectonic uplift associated
with rifting. Recycling of syn-rift sediments also
occurs. Such distinct mineralogical signatures, fully
displayed by modern sediments along the Red Sea
and Gulf of Aden rifts in arid tropical areas to the
north (“Volcanic Rift” and “Rift Shoulder” Prove-
nances) [Garzanti et al., 2001; Garzanti and Ando,
2007], are progressively blurred by chemical
weathering toward the wetter equatorial latitudes
of the East African Rift. Whereas sand petrography
provides more complete and easily readable infor-
mation on parent rocks, integrated information on
mineralogy and chemistry of muds reveals much
of their weathering history.

[25] The intensity of chemical weathering depends
on several interplaying factors, including climatic
conditions as well as the amount of available time
[Drever, 1994; White and Blum, 1995; Taylor and
Howard, 1999]. Compositional signatures inherited
from source rocks tend to be preserved where topo-
graphic relief is steep and erosion rapid enough
(weathering-limited conditions). But wherever
weathering rates exceed the ability of transport
processes to remove material (transport-limited
conditions), rocks and soils exposed for longer
periods of time are progressively leached, until the
sedimentary product becomes strongly depleted in
soluble cations [Stallard, 1988; Johnsson, 1993].

[26] River muds were grouped in homogenous
sedimentary “provinces” (i.e., geographic areas
characterized by similar bedrock lithology and
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geomorphology, resulting in analogous petrographic,
mineralogical, and chemical composition), which are
displayed in Figure 2 and represent the basis for the
following descriptions. We will illustrate first the
mineralogical and geochemical signatures of
volcaniclastic, metamorphiclastic, plutoniclastic,
and sedimentaclastic or meta-sedimentaclastic muds
produced in regions with contrasting weathering
intensities, and next the compositional evolution
associated with mixing of sediments carried by
diverse tributaries downstream the Kagera-Nile from
Burundi and Rwanda highlands to South Sudan.

[27] The main mineralogical and geochemical para-
meters illustrating mud composition in different
sedimentary provinces are summarized in Table 1,
whereas Rb-Sr and Sm-Nd isotopic data are pre-
sented in Table 2. The complete mineralogical and
geochemical database is provided in the auxiliary
material, which also contains a synthetic descrip-
tion of each identified sedimentary province and
the detailed account of mineralogical, geochemical,
and isotope signatures characterizing each. Relative
contributions from volcanic rocks to Rusizi and
Nyabarongo muds were quantified mathematically
by forward end-member modeling of geochemical
data [Garzanti et al., 2012].

4.1. Mud From Neogene Basalts

[28] Mud of “Volcanic Rift Provenance” derived
from relatively arid areas in the rain shadow of
the Virunga volcanoes is dominated by only
slightly weathered bedrock minerals (plagioclase,
sanidine, pyroxene), Fe oxides, and amorphous
matter (volcanic glass). Secondary clay minerals are
negligible even in rill sediment, indicating only
minor weathering and very immature soils. Chemical
composition reflects limited weathering of basaltic
source rocks. Muds are moderately depleted in alkali
and alkaline-carth metals relative to sand and parent
lavas [Rogers et al., 1992; 1998]. In the wetter and
lower altitude South Kivu Province, mud is domi-
nated by amorphous matter (including altered glass),
clay minerals, and Fe oxides/hydroxides. Kaolinite
dominates over smectite and illite (Figure 4).
Concentrations of Mg, Ca, Na, and Sr are an order
of magnitude lower than in parent lavas [Furman
and Graham, 1999], indicating extreme weathering.
South Kivu mud is poorer in all alkali and alkaline-
earth metals relative to Virunga muds.

4.2. Mud From Paleoproterozoic Basements

[29] Muds of “Dissected Rift-Shoulder Provenance”
produced along the western, drier inner flank of the

Kivu-Tanganyika rift shoulder include micas, clay
minerals, quartz, and significant feldspars. Kaolinite
prevails over illite and locally smectite in tributaries
of Lake Kivu, or minor chlorite in tributaries of Lake
Tanganyika. The drier intervening Rusizi basin is
characterized by illite-kaolinite-smectite assem-
blages with minor chlorite (Figure 4). Although
displaying higher concentrations than in sands, alkali
and alkaline-earth metals are depleted by over an
order of magnitude relative to UCC in all mud
samples. Ca, Na, and Sr are significantly depleted
also relative to PAAS, suggesting breakdown of
plagioclase. Upper Rusizi mud at the southern edge
of the South Kivu lava field shows consistently
higher concentrations of Fe, Ti, P, Mn, V, Nb, Ta,
Co, Ni, Cu, and Zn than in basement-derived mud,
indicating a volcanic contribution <13%. Slightly
higher concentrations of Fe, P, Mn, V, Co, Ni,
and Cu are maintained down to the delta in Lake
Tanganyika, indicating an overall volcanic contribu-
tion <6%. Such a low volcanic contribution to the
total sediment, considering that Neogene volcanic
rocks occupy much of the upper catchment and
~22% of the entire Rusizi catchment [Soreghan and
Cohen, 1993], is consistently indicated also by
forward-mixing calculations based on mineralogical
and geochemical data on sand. In spite of active
block faulting and localized slope instability [/lunga,
1991; Moeyersons et al., 2004], erosion rates and
sediment production are thus inferred to be rather
low in most of the South Kivu volcanic field, due
to a combination of limited intermittent uplift and
extensive vegetation cover.

[30] Along the eastern, wetter outer flank of the
Kivu-Tanganyika rift shoulder, muds include less
feldspars (mainly K-feldspar) and more clay minerals.
Kaolinite dominates over illite and chlorite, and it is
the virtually exclusive clay mineral in the Nyungwe
Forest rill sample. Smectite is absent. Alkali and
alkaline-earth metals are most strongly depleted in
the Nyungwe and Muramvya Provinces and display
similar concentration as in sands. Decreasing
weathering toward less humid northern Rwanda is
indicated by less pronounced depletion in the
Gishwati Province; Al, K, and Rb are relatively abun-
dant, suggesting selective preservation of muscovite.
Eu anomalies are commonly markedly negative,
reflecting felsic protoliths and extensive feldspar dis-
solution. However, Eu anomalies less negative than
UCC and high concentrations in Fe, Mn, Sc, Co,
and other metals may reflect metabasite protoliths in
the Muramvya Province as far north as the Rwanda-
Burundi border, as indicated by common epidote
and amphibole in sands [Garzanti et al., in review].

300



10.1002/ggge.20060

GARZANTI ET AL.: WEATHERING IN EQUATORIAL AFRICA

)
-, ®»
.m.m £

%]
Se7

[~N=N=]
QO
Qo0

snoydiouwre = “Jowe {(dneway Jo NdUIew APAIY) SOPIX0 Ul =X, {(droqiydue 10 susaxoiAd Aparyo) sierouru AAeay juaredsuen = ) ‘osepooiderd =
Ll ! q I Pty p! I=X(0ed -(31oquy BRIYd) ST I Y NH [o01se[d =[d

‘UdAI3 os[e a1e soner Ng A Noy pue ‘Noy
/NpD ‘Nuug/NeT pazI[euLiou-ajLIpuoyd ) pue ,ng/ng AJewoue nyg ay [, "sajdures pnur oo [[e 10J DD 01 pue ‘spnw dnseporuoinyd Ajaind 10y [€00g 72 12 1pNSDN ‘8661 ‘UISSIUNDY ] pUD OSUO]Y-ZapUDULd,] ‘9861
“Ip 12 0suo]-zZapuniLid,f] SpIojuRI3 0FuUIS pue uBIeqry 0) ‘Spnul onse[druedoA AjaInd 10J [666] ‘WDYDLD puv uvuLIn] SeAR] NATY Pue [8661 ‘T661 1P 12 s1230y] BIUNIA ATLIOAR 0) dIUIJAI (YIM PJR[NI[Ed
PUE [ S[IQOW-UOU 0} POZI[EULIOU AIoM SON[EA | 10 XOPU] SULOTPEOM = d[A TUONEIAY JO Xopu] [ed1oy) = VD) "SIIOJYD = [UD) BM[I =[] D}IOOUWIS =W IUI0LY = U[3] (JONEU OTULTIO ‘SSE[S JIUED[OA) [eLIOJet
redsprag-3[ =J3 ‘zurenb = ) ‘sajdwes jo oquinu = N,

1 4 4 4 € v 0 9L I O[IN Heq[V

I 4 € I 4 v T S9 4 BEL A L

S0 60 ¥I T9 € S 1T 8 8¢ 6§ L €6 000l 0 0T 6 IL 000l SI 0l 6 0 0 I Il ¥ ¢ epues() s

uiseq ALIN MYAL

190 01 ¢v1 ¢V 1 4 9 S 4! vI SI 98 000l O S€ S 19 000l ¢c€ €T 6l € 0 ¢ ¢ 6I ¢S elogey]

650 0T ST 0% 4 € L 01 61 9¢ €I 16 000l 0 61 O I8 0001 0 9z 81 ¥ 0 I € Iz ¢ nqnany

vro 60 €1 €€ 4 € s 91 €€ 0l 16 0001 O Iz O 6L 000 9¢ TI II € 0 0 T 8¢ T eZUONKAY

L90 01 ST <TF 4 € L 01 T 8C 81 16 0001 O 61 0 I8 000l 0 6r  S¢ L 0o 1 T 8 ¢ nieAueyy

LSO 60 L1 O0F 1 I 14 8 1T 0l 1€ € 000l O 62 O IL 000 O LE L€ I 0 S ¥ LT S ofuoreqeAN

uiseq eIdgey|

Lo or €1 €¢ 1 4 4 9 0l Iz 0T 78 000l O Iv 1€ 8T 0001 €€ ¥l € € 0 ¢ € 8¢ ¢ Iserese[e

L90 01 ST TF 4 € 9 6 6S 89 ¥I €6 4 Urewio(] wa)ses

SPNJA] dDSE[IBIUIWIPIS

890 01 ¥I ¢€¥F 4 € 1 6 S6 6¢€ 6 € 000 O SE¢€ O 9 0001 ST Lz 8 O 0 I 1 8T 1 [T urewo( A\

650 01 v vy 4 € 6 L Sl 0€ Il ¢6 000l O LT O ¥L 0001 € SI 8 12 0 0 ¢ Lz 9 (puning)urewoq ‘m

90 01 ST €% I 4 S S Sl 61 ¥I S8 000 O € O Ly 0001 € 0T 8 L I T ¥ 97 6 (epuemy)urewoq M

SPNJA SB[ILIUIWIPIS-BIIA]

L90 60 ¥I O0F € 14 9 91 9T 96 Il T6 000l O SI O 98 0001 91 8 61 ¥ I ¥ 9 € ¢ eAAweIny

&0 80 ¥I1 T¢E S € [ 91 8L SI 16 000 9 O O ¥ 000l O 6€ LT 8 0 T T €1 [[1 2MBuniN

vwo 01 61 6¢ 4 4 S €l 8¢ 0€ 81 06 000l 0 TC O 8 000I 0 Iy S¢S 0 I € 91 8 om3uniN

€0 I'l  ¥T 6¢€ 4 I S 6 0T 91 L£ €8 000l 0O €€ 0 L9 000I 0 & 6f T 0 T ¥ wU ¢ HeMysiD

wo 01 91 8¢ 4 4 T 8 9 L €€ 08 0001 ¥ 6¢£ 0 8 0001 TI Ic €t ¢ S L 6 IT ¢ eyifuedue],

90 60 ¥l 9¢ 1 1 4 L 0l 9 €€ 8 000l T Oy vT S€ 0001 ¥ 8 I¥ 1 I S v LT ¢ 1ZIsny

g0 01 IT OF I 4 14 L ST 6 0€ S8 0001 O ¥€ 6 8 000l O 8T T I 0 9 L 81 ¢ nAry

spnjAl dnsepPIydiouwe)d

€0 1T 8T 8¢ I 4 I 14 4 €1 ¥T T8 0001 O TE SI €5 0001 LI 1C L 4 0 T 91 9¢ ¢ eIRINA

oo  ¥1 9T ¢¢ 1 1 I S 4 v Lb 89 000l O 6 ¥ LS 000l 1T L ¢t 01 0 ol 61 IT 1 BuIRIRILD

0 I T I 4 I 9 9 I S[IN BHOIIA

SPNIAl dnsepruoIn|g

80 TI 0T OF € 6 91 SI 8¢ 8¢ S 66 0001 O 8 € 6L 000l 0S ST T St 0 0 1T L 1 NATY yinos

6L0 'l €T LY 1 4 € I I € €€ IS — — — — 000l O 0 S ST ST s¢ 0T 1T 1 [ e3unip

690 I'l LT LS 4 I 9 4 4 I 29 09 — — — — 000l S¢ 0 9 I LT LT #1 1 ¢ eSunIA

SPNJA] JDSBIIUBI[O0 A

0 Nqx  Nog Nwg eg 0 M © SR ISP BDP ENR dIM VIO D 11 sws upy Jowe  Ae[) BN x0°d WH! Id B ZO0 N S0UIAOL]
/g MNoy MNpp Neq

LI UBOLY 1S 9y} Ul PN JO AnSIway) pue ASO[RIOUIA T B L

301



— ;
" Geochemistry j

| | Geophysics I

L Geosystems {{ Jr

GARZANTI ET AL.: WEATHERING IN EQUATORIAL AFRICA

10.1002/ggge.20060

4.3. Mud From Precambrian Granitoids

[31] Feldspars are abundant and K-feldspar preva-
lent over plagioclase in muds derived from both
Gitarama and Mutara Granites in central and NE
Rwanda, but the plagioclase/feldspar ratio is higher
in the former. Clay minerals include kaolinite,
illite, and smectite in both provinces. Alkali and
alkaline-earth metals are only slightly depleted
in Victoria Nile sediments at Itanda falls. Instead,
depletion particularly in Na, Ca, and Sr is sig-
nificant in Gitarama mud and strong in Mutara
mud compared to parent Kibaran granitoid rocks
[Hildebrand, 1984; Fernandez-Alonso et al., 1986;
Fernandez-Alonso and Theunissen, 1998]. REE
patterns locally display more negative Eu anom-
aly than in granitoid bedrock, reflecting feldspar
dissolution.

4.4. Mud From Mesoproterozoic Cover
Strata

[32] Muds of “Transitional Rift-Shoulder Provenance”
derived from Western Domain meta-sediments
include quartz, Fe oxides/hydroxides, and few feld-
spars (K-feldspar > plagioclase). Illite and kaolinite
are equally abundant in Rwanda, whereas kaolinite
prevails in Burundi (Figure 4). Gibbsite was recorded
locally. Smectite is absent. Strong depletion of mo-
bile alkali and alkaline-earth metals reflects both in-
tense weathering and dilution by quartz derived from
metapsammite protoliths, as reflected by low WIP
particularly in sand. The rill sample is strongly de-
pleted in Mg and Ca but otherwise similar to fluvial
mud. Eu anomalies are as low as 0.36. Similar miner-
alogy and geochemistry characterize muds of
“Undissected Rift-Shoulder Provenance” derived
from siliciclastic units of the Eastern Domain, where
the CIA may reach up to 93 due to extreme depletion
in Na and Ca.

4.5. Malagarasi Basin

[33] Muds derived from Proterozoic siliciclastic and
volcanic cover rocks with minor contributions from
the Tanzania Craton are invariably dominated by
quartz, with minor feldspars (mostly K-feldspar).
Smectite, illite, and kaolinite are all common
(Figure 4). Low concentrations in alkali and alkaline-
carth metals are largely ascribed to dilution by
recycled quartz, whereas relatively high concentra-
tions in Fe, Mg, Mn, V, Co, Ni, Cu, and Eu anomaly
slightly less negative than UCC reveal contribution
from Neoproterozoic basalts.

4.6. Kagera Basin

[34] Muds in the upper catchment include micas
and clay minerals (predominant in Nyabarongo
and Akanyaru muds), quartz (most abundant in
Ruvubu muds), and subordinate feldspars. K-
feldspar and plagioclase are equally abundant in
Nyabarongo muds. Although Ruvubu muds are
generally feldspar-poor, K-feldspar is common in
the headwaters, reflecting provenance from syenites
of the Upper Ruvubu alkaline complex. Kaolinite
invariably dominates over illite. Mineralogy is
intermediate between Nyabarongo and Ruvubu
muds downstream of their confluence, indicating
sub-equal mud supply from these two rivers.
Kaolinite decreases and smectite becomes significant
along the lower Kagera, suggesting that up to 50% of
the mud carried to Lake Victoria may be produced in
the lower catchment.

[35] Mud geochemistry fails to indicate any effect of
progressive maturation in alluvial storage sites. On
the contrary, CIA and o™ values are highest in Nya-
barongo headwaters (Nyungwe Province) and decrease
downstream, where they become similar to those of
muds in the Gishwati Province characterized by less
humid climate and higher rates of physical erosion.
Alkali and alkaline-earth metals (particularly Sr), Ti,
Nb, and Ta are higher in Mukungwa mud than in the
Gishwati Province, and the same elements increase
in Nyabarongo mud downstream of the Mukungwa
confluence, indicating significant mud supply from
the Virunga volcanoes (<30% to Mukungwa mud,
<10% to Nyabarongo mud). Such estimated volcanic
contributions are considerably higher than those
estimated with forward-mixing calculations based
on mineralogical and geochemical data on sand
[Garzanti et al., in review]. Supply from the Akanyaru
River is probably subordinate because all chemical
parameters are virtually unchanged downstream of
the Akanyaru confluence.

[36] Ruvyironza and Ruvubu muds are strongly
depleted in mobile elements because of both intense
weathering and quartz dilution. In their lower course,
muds become enriched in Cr and Ni, revealing a
contribution from Kibaran mafic-ultramafic-layered
intrusions. Lower Kagera muds are enriched in Si
due to further quartz dilution.

4.7. Uganda and the Nile

[37] Mud carried by the Ruizi River is quartzose
with minor K-feldspar. Kaolinite dominates over
illite and smectite. High concentration of Si, Zr,
and Hf, as well as very low alkali and alkaline-earth
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metals, suggests recycling of quartz and zircon
from meta-sedimentary sources. Extreme weather-
ing, instead, is indicated for Si-poor Katonga mud
produced in Uganda lowlands. Depletion in most
elements in Si-rich muds of the northern Lake
Albert graben and Albert Nile outlet indicates local
recycling from quartzose Neogene rift sediments
(“Recyled Clastic Provenance”), rather than exten-
sive weathering. In Albert Nile mud downstream,
higher ratios of most chemical elements to Si reflect
dominant first-cycle contribution from high-grade
basement rocks of northern Uganda.

5. Isotope Signatures

[38] The analysis of Rb-Sr and Sm-Nd isotopic
systems in river sediments gives a weighted average
of rock units eroded in the drainage basin and has
been used to obtain information on crustal evolution
and composition as well as on weathering processes
[Goldstein et al., 1984; Allegre et al., 1996]. Isotope
geochemistry also helps us to assess relative sedi-
ment contributions from diverse sub-catchments
and thus to calculate sediment fluxes and infer
regional erosion patterns. Rivers draining older crust
have relatively more radiogenic Sr and non-
radiogenic Nd than those draining younger crust,
and there is thus a broad inverse relationship between
87S1/%5Sr and eNd o). REE are non-mobile elements,
and the Sm-Nd isotopic system is generally held as in-
sensitive to weathering [ Nesbitt and Markovics, 1997;
Gaillardet et al., 2003]. Conversely, Sr is highly mo-
bile, and thus both dissolved and suspended load Sr
must be considered in determining the average Rb-
Sr isotopic systematics of drainage basins. Neverthe-
less, although the *’Rb/*°Sr ratio is fractionated due
to Rb and Sr mobility during weathering, the *’Sr/**Sr
ratio of total river load is generally observed to ro-
bustly lie within the range of values displayed by
source rocks [Goldstein and Jacobsen, 1988].

[39] In order to check for grain-size control on
isotopic signatures, we analyzed the silt and clay
fractions separated by sieving and settling from
two sand samples (Mubuku and Waiga). In both
cases, the clay fraction yielded higher ®Sr/*°Sr
(reflecting its higher Rb/Sr ratio), indistinguishable
eNd() and 7py model ages younger by 0.2 Ga
(reflecting its lower Sm/Nd ratio) (Table 2).

5.1. Sr and Nd Isotope Data

[40] Isotopic signatures of Virunga muds are
compatible with those of parent lavas and closer
to those of basanites for Susa mud and to those of

latites for Muhe mud chiefly derived from the
Sabinyo volcano. The significantly higher *’Sr/*®Sr
ratio in South Kivu mud than in parent lavas can be
accounted for by mixing with minor detritus
from Precambrian meta-sedimentary wall rocks
[Garzanti et al., in review].

[+1] High 3’Sr/*Sr ratios are recorded throughout
the Kagera basin and in diverse major rivers from
SW Uganda to Tanzania (Figure S5a), reflecting
widespread exposure of Precambrian granitoid and
meta-sedimentary rocks. *’Sr/*®Sr ratios reach close
to 0.8 wherever Rusizian or Buganda-Toro gneissic
basements are exposed along the rift shoulder.
Within the Karagwe-Ankole Belt, ®’St/*°Sr ratios
are invariably above 0.74, thus never revealing
supply from Kibaran mafic-ultramafic complexes,
and locally exceed 0.80, reflecting input from tin
granites and pegmatites or mica-rich meta-sediments
(e.g., Gishwati Province). Muds with ®’Sr/*°Sr ratios
of ~0.8 have in fact Rb/Sr ratios an order of magni-
tude higher than UCC (3.5 £ 1.5 vs. 0.3), reflecting
either abundance of mica or very low plagioclase
content. In muds from the Karagwe-Ankole Belt,
eNd,g) is mostly between —20 and —16, a range
only slightly higher than that of Kibaran intrusions.
€Nd(g) tends to become more strongly negative north-
ward across Uganda, reflecting widespread exposure
of older Paleoproterozoic to Archean terranes
(Figure 5a).

[42] Victoria and Albert Nile muds display the lowest
87Sr/*Sr ratios and most negative €Nd,g of our entire
sample set, and similar or slightly higher values
characterize muds carried by their tributaries Ora
and Waiga. Most strongly negative éNd g in these
samples is explained by the Archean age of basement
rocks in Uganda, whereas their lower ®’Sr/*°Sr ratio
relative to basement-derived muds in Burundi and
Rwanda reflects an order of magnitude lower Rb/Sr
ratios (0.2 £ 0.1), resulting in turn from lower mica/
plagioclase ratios in higher-grade mid-crustal parent
rocks. The same holds true for mud derived from
the Tanzania Craton in SW Burundi.

[43] ¥’St/*Sr ratios are a good tracer of sediment
provenance in the Kagera basin, where different
trends are displayed along its diverse tributaries.
The value shown by lower Ruvubu mud, intermedi-
ate between the high value of Ruvyironza mud and
the relatively low value of upper Ruvubu mud,
indicates similar supply from these two river
branches. ®’Sr/*°Sr ratios increase progressively
downstream the Nyabarongo, indicating major con-
tribution from tributaries of the Gishwati Province
and minor supply from the Virunga volcanoes.
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Figure 4. Geographic distribution of clay minerals
(circle diameters are proportional to relative mineral
abundances). Kaolinite, the typical product of equatorial
weathering, is dominant through most of the study area.
Smectite characterizes volcaniclastic as well as plutoni-
clastic and metamorphiclastic mud, from the South Kivu
region and Rusizi basin to the lower Kagera, Ruizi, and
Malagarasi Rivers draining savannah lowlands of
Rwanda, Uganda, and Tanzania. Illite may be locally
dominant in muds derived from Mesoproterozoic meta-
sediments in Burundi and Rwanda, where gibbsite was
occasionally detected. Minor chlorite frequently occurs
in muds of Burundi rivers draining toward Lake
Tanganyika.

Instead, ¥’Sr/*Sr ratios decrease downstream the
Akanyaru, which may suggest that sediments from
the upper reaches are largely deposited in swampy
lowlands and partly replaced by local sediment
supply. Sediment storage in lowland swamps, and
consequent partial decoupling of the sediment-
routing system from headwater sources, apparently
occurs also further downstream along the Kagera,
where ®’Sr/*®Sr ratios are lower than for all upland
branches and close to muds carried by the largest
local tributary (Muvumba). In both Kagera and
Malagarasi basins, ®’Sr/*°Sr ratios tend to decrease
downstream towards Lakes Victoria and Tanganyika,

whereas they are homogeneously high through the
Rusizi basin, reflecting major contributions from
gneissic basement exposed in the Kibira Forest and
minor supply from the South Kivu basaltic field.

5.2. Model Ages

[44] Neogene lavas and muds derived from them
yield Neoproterozoic to Mesoproterozoic model
ages, in contrast with the much younger ) ages
of muds from the Oligocene Ethiopian Traps,
characterized by lower ®’Sr/*Sr ratios and positive
eNd o) [Padoan et al., 2011]. These old ages reflect
the long history and complex structure of the under-
lying lithosphere [Rogers et al., 1998].

[4s] Muds derived from metamorphic and plutonic
rocks throughout the Kagera and Rusizi basins
yield mostly early Paleoproterozoic model ages
(Figure 5b). These reflect the isotopic signatures
of both Rusizian basement and Kibaran to post-
Kibaran felsic and mafic intrusions, which in turn
are the product of repeated reworking and re-melting
of early Paleoproteroic crust through the late
Paleoproterozoic and Mesoproterozoic [Tack et al.,
2010]. Upper Ruvubu mud yields a notably younger
model age, reflecting supply from the Neoproterozoic
Upper Ruvubu alkaline plutonic suite. An unexpect-
edly young, Mesoproterozoic fpy model age was
obtained for Rwimi mud, derived from the Paleopro-
terozoic central Rwenzori massif. This would be
explained if the sample, which has a higher Nd
concentration and a lower Sm/Nd ratio than Mubuku
mud derived from the same source, contains even
minute amounts of a LREE-rich mineral such as
monazite or allanite derived from younger rocks.
Archean model ages characterize most muds from
NW Tanzania and Uganda, reflecting direct or
indirect provenance from the Tanzania and Congo
Cratons (Table 2). The earliest Neoarchean fpy; age
of mud derived from the Tanzania Craton in SW
Burundi is virtually identical to that of Ruvyironza
mud draining Karagwe-Ankole meta-sediments on
the opposite side of the Nile-Congo divide, suggest-
ing an ultimate cratonic provenance for Western
Domain meta-sediments in this region.

[4] Downstream the Nile, fpy model ages young pro-
gressively from Paleoarchean, to early Mesoarchean,
to late Neoarchean and finally early Mesoproterozoic,
while the river cuts first across the largely Mesoarchean
Gneissic-Granulitic Complex, next across Neoarchean
Aruan rocks in northern Uganda [Schliiter, 2008],
and eventually across the Saharan Metacraton highly
re-mobilized during the Neoproterozoic in South
Sudan [Abdelsalam et al., 2002]. The observed
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Figure 5. Isotopic signature of muds. (a) *’St/*°Sr ratios and eNd ). Victoria and Albert Nile muds display lower
87Sr/%°Sr and more negative €Nd o) than mud in the Kagera basin, reflecting lack of sediment connection across Lake
Victoria. (b) Model mantle derivation ages (fpy). Paleoproterozoic model ages characterize sediments all along the rift
shoulders from Burundi to the Rwenzori mountains. Instead, Archean model ages characterize muds of NW Tanzania
and Uganda directly or indirectly derived from the Tanzania and Congo Cratons. Much younger Proterozoic ages

characterize muds produced in Neogene volcanic fields.

correspondence between model ages of river muds
and those of respective parent rocks confirms that
the Sm-Nd isotopic system is insensitive to weather-
ing and thus provides a faithful integrated signature

of diverse major episodes of crustal growth recorded
in the drainage basin.

6. Weathering Control on Sediment
Composition

[47] In this section, we will discuss the areal distribu-
tion of mineralogical and geochemical parameters,
and contrast the behavior of diverse chemical

elements in muds as well as in sands from various
parts of the upper Nile and Congo catchments. We
will thus investigate where weathering is most

intense and why, and by which processes weathering
occurs.

6.1. Clay Mineral Distribution

[48] In equatorial soils, high mean annual tempera-
tures foster the aqueous removal of H4SiO4 and
thereby the formation of clay-mineral assemblages
that generally consist of few phases, largely
determined by the chemistry of the soil solution. This
depends in turn on climatic conditions and especially
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on the amount of rainfall and its distribution through
the year [Chamley, 1989; Velde, 1995]. The growth
of kaolinite usually requires a warm climate with
high and evenly distributed rainfall, leading to soil
solutions with low concentration of silica and basic
cations. Intense leaching prevents the accumulation
of organic matter and determines the efficient flush-
ing of mobile elements contained in parent rocks,
whereas elements like Al and Ti—with variable
amounts of Si and Fe—preferentially remain in the
weathering complexes characterized by formation
of kaolinite or gibbsite. Abundance of kaolinite
requires a permanent groundwater level, whereas a
temporary or fluctuating level favors flushing of Si
and resulting formation of gibbsite [ Wilson, 1999].
Differently from kaolinite, the formation of smectite
generally requires a warm climate with rainy seasons
separated by a dry season with intense evaporation,
leading to soil solutions with high pH and concen-
trated in silica and basic cations. Such chemical
conditions are favored by mafic bedrock, but
smectite may be high in soils regardless of parent-
rock lithology. During the wet season, especially if
temperature is high, hydrolysis is extensive. During
the dry season, particularly if longer than the wet
one, the ions released from mineral lattices tend to
be stored and to concentrate in the soil profile if their
normal evacuation is reduced due to only episodic
rainfall, presence of an impermeable soil horizon,
or naturally high water table. Formation of smectite,
typical of tropical vertisols, can thus extend over
humid equatorial regions wherever leaching is
hampered by low topography and poor drainage
conditions.

[40] Along the East African Rift, extensive equatorial
weathering results in dominant kaolinite in most
analyzed samples. Kaolinite represents >70% of
clay minerals in muds produced by alteration of
gneissic basement rocks in humid and well-drained
rift highlands. Talc or sepiolite, found in laterites
formed on mafic or ultramafic substrates [Tauler
et al., 2009], occurs locally. Kaolinite reaches 94%
in the Nyungwe Forest rill sample lacking both illite
and smectite. It represents the only clay mineral in
muds of several central Burundi rivers and dominates
over smectite and illite even in volcaniclastic mud of
South Kivu (Figure 4). Conversely, smectite abounds
in drier and poorly drained savannah lowlands and
occurs in plutoniclastic muds of NE Rwanda charac-
terized by ustic iso-hyperthermic soils, in muds of
NW Tanzania partly derived from Neoproterozoic
volcanic rocks, and in muds in SW Rwanda and the
Rusizi basin. Even in these regions, however, the
kaolinite/smectite ratio is persistently higher than

observed in river muds produced in drier tropical
Southern Africa (Figure 6). Illite generally occurs
in soils developed under hot wet climate as a residual
mineral produced by physical disaggregation of
mica-bearing bedrock or feldspar sericitization. It
dominates locally in muds derived from low-grade
Karagwe-Ankole meta-sediments, occasionally
associated with gibbsite. Chlorite is easily weathered
in warm humid climate and generally transformed
into vermiculite, mixed layers and other clay
minerals. It is detected in small quantities in muds
from relatively dry westernmost Burundi, as well as
in the Nyungwe Forest rill sample collected along
the rift-shoulder crest.

6.2. Weathering Geochemistry

[s0] Muds in equatorial Africa consistently display a
marked depletion in alkali and alkaline-earth metals
(Figure 7). Other elements do not show any evident
systematic deviation from UCC values, apart from
local effects. Hydraulic-sorting or inadvertent con-
tamination by the sand mode during sampling may
explain the enrichment in elements preferentially
hosted in heavy minerals such as REE and HFSE;
quartz dilution explains the depletion of most ele-
ments except Si. Ni may be enriched in kaolinite-
rich soils [Nyakairu et al., 2001] and lateritic crusts
[Maier et al., 2008]. Because of scarcity of carbon-
ate rocks, carbonate weathering plays a negligible
role in the East African Rift. Although neither cal-
cite or dolomite were ever detected by mineralogi-
cal analyses of muds, intra-basinal calcareous
grains may occur in proximity of travertine
outcrops or in lacustrine sediments, as hinted at
by locally high Ca and Sr in Lake Muhazi and Lake
Albert muds.

[51]] The comparison of o™ values in various
sedimentary provinces (Table 1) allows us to estab-
lish an empirical mobility sequence among different
mobile elements, controlled by an underlying
sequence of mineral stabilities. With a few excep-
tions, associated with local heterogeneities of parent
lithologies, the bulk-sediment mobility sequence
consistently observed for mud samples is

Al Al Al Al Al Al Al Al
OCNa > aCa > aSr > ocMg > aK > O:Ba = O:Rb > aCs

indicating that leaching is extreme for Na and Ca,
strong for Sr, moderate for Mg and K, minor for
Ba and Rb, and minimum for Cs, concordantly with
what observed elsewhere [Nyakairu and Koeberl,
2001; Gaillard et al., 2003; Bouchez et al.,
2011b]. Small cations (Na, Ca, Sr) are in fact
known to be selectively removed from weathering
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profiles, whereas larger cations are retained by pref-
erential exchange and adsorption on secondary
minerals [Nesbitt et al., 1980]. Rb and Ba are
retained relative to K, and Cs (albeit soluble) is so
strongly held on clay-mineral surfaces that it can
even accumulate in soils [Kronberg et al., 1987;
Scarciglia et al., 2011]. Also Be, showing a bulk-
sediment mobility close to that of Rb, tends to be
retained in, and adsorbed on, clay minerals [Brown
et al., 1992].

[52] In humid rift highlands, bulk-sediment mobilities
of Na, Ca, Sr, Mg, K, Ba, and Rb appear to be
higher—respectively by factors up to 40, 30, 15, 5,
4, 3, and 2—than that of Cs. Such order of bulk-
sediment mobility is broadly coherent with the degree
into which these elements are partitioned in least
stable plagioclase versus K-feldspar and more stable
mica, indicating that their behavior is linked to the
fate of silicates in which they are preferentially hosted
[Nesbitt and Markovics, 1997]. Extreme depletion for
Na, Ca, and to a lesser extent Sr in muds derived from
gneissic or granitoid rocks (Figure 7) is thus
interpreted largely as the consequence of extensive
plagioclase weathering in humid rift highlands,
whereas in detritus recycled from sedimentary or
meta-sedimentary sources, it may simply reflect orig-
inal scarcity of plagioclase in parent rocks. Assessing
the effect of weathering in polycyclic sediments,
which are markedly depleted in mobile elements
independently of weathering conditions, is a crucial
problem that will be dealt with in section 7 below.

6.3. Contrasting Mud and Sand
Geochemistry: The Grain-Size Effect

[s3] The geochemical differentiation between mud
and sand is primarily dependent on the intensity of
weathering, subsequently enhanced by hydrologic
and hydrodynamic processes [Nesbitt et al., 1996;
Bouchez et al., 2011b; Lupker et al., 2011]. In the
absence of weathering, mud would contain minor
clay minerals and more feldspars, and the composi-
tional contrast with sand would be much weaker.
Unsurprisingly, the major differences observed
across equatorial Africa include a much greater
abundance of quartz in sand (with the exception of
volcaniclastic detritus) and of organic matter, clay
minerals, and other phyllosilicates in mud. Relative
feldspar abundance was observed to be similar in
muds and sands of all provinces, and the quartz/
feldspar ratio consequently higher in sands, com-
monly by a factor of 5, which may suggest selec-
tive size reduction of more soluble feldspars.
Because of such mineralogical diversity, sands are

systematically richer in Si, and muds in most other
elements and LOI. Geochemical differences are thus
reduced by recalculating compositions to 100% after
subtracting SiO, and LOI. This rough calculation
helped us to enlighten how other elements are
partitioned in sand versus mud and thus chiefly in
feldspars versus phyllosilicates. Sands are seen to
be richer in Na, K, Ca, and Sr (largely hosted in
feldspars), whereas Al, Cs, and Ga (largely hosted
in phyllosilicates) remain more abundant in muds.
Weathering intensity is thus grain-size dependent;
the heavier the alkali element, the less depleted in
fine-grained relative to coarse-grained sediments
[Bouchez et al., 2011b].

[s4] Element concentrations in mud samples strongly
depend on weathering intensity, because different
mineralogical and thus chemical compositions
characterize the secondary phases produced by
incongruent dissolution of silicates in contrasting
climatic and geomorphological conditions. Clay
minerals such as kaolinite or Al and Fe oxyhydrox-
ides do not incorporate major cations such as Na,
K, Mg, and Ca, which are mainly transported as
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Figure 6. Weathering intensity as revealed by clay-
mineral assemblages. Kaolinite is the predominant clay
mineral throughout equatorial central Africa, in sharp
contrast with drier tropical Southern Africa (Namibia and
Limpopo basin) [own data]. Only in the Zambesi and
Okavango river systems, sourced in humid sub-equatorial
Angola and Zambia, the kaolinite/smectite ratio may
approach that of muds produced in drier areas of NW
Tanzania and W Burundi (Malagarasi and Rusizi basins).
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Gishwati rift highlands, as well as in the South Kivu and Mutara Provinces, o' values for Na and Ca typically range

from 5 to 20 in sands and from 10 to 50 in muds, whereas for Ba and Rb, they are invariabl
Province and Victoria Nile at Itanda Falls, both sands and muds are virtually unweathered (o

Gray areas are empirical envelopes for intense equatorial weathering.

dissolved load in rivers [Guaillardet et al., 2003].
Relative to sands, alkali, and alkaline-earth metals
are consequently more depleted in kaolinite-rich
muds produced in humid rift highlands, than in muds
of the lowlands richer in illite and smectite.

<5. In the Virunga

~1 for all elements).

[ss] Bulk-sediment indices consistently indicate
lower weathering for sands than for muds, o' values
being typically half and CIA values lower by 10 to 15
units in sand (Figure 8). Indeed, mud principally
derives from mature soil profiles representing the
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ultimate product of chemical weathering, whereas
coarser detritus chiefly results from physical erosional
processes (including landslides involving bedrock,
triggered by concentrated rainfall in high-relief areas
during the rainy season). The order of bulk-sediment
mobility observed for sand samples (Figure 7),

oy o > o) oy > o ) > o o)

is more poorly defined than for mud samples,
largely because o' values vary more erratically.
This is particularly true for elements associated
with phyllosilicates (Mg, K, Rb, and particularly
Cs). Ca is commonly more depleted than Na in
sands, reflecting the greater lability of Ca feldspar
relative to alkali feldspar [Nesbitt et al., 1996;
White et al., 2001]. The contrasting mobility pattern
of Na and Ca in different samples requires that their
apparent bulk-sediment mobility o' is controlled
not only by the elements’ atomic properties but by
the hosting detrital minerals as well.

6.4. Contrasting Weathering Intensity on
Opposite Rift-Shoulder Flanks: The
Tectonic Effect

[ss] Sediment composition is invariably controlled
by numerous interplaying factors in nature. When
using a natural laboratory, we thus need to select
the appropriate setting to reduce the complexity of
the system, in order to ideally isolate one single
factor and assess its relative incidence. By comparing
the compositional fingerprints of sediment produced
on opposite flanks of the same tectonic structure, for
instance, we can minimize the effect of several
variables, including differences in bedrock lithology
at the headwaters. In order to evaluate the impact of
different weathering intensity on opposite sides of
the Kivu-Tanganyika rift shoulder, we thus systemat-
ically compared the mineralogy and geochemistry of
mud samples collected in adjacent drainage basins
across the catchment divide, all the way from SW
Burundi to NE Rwanda (Table 1). The investigated pairs
are (western Congo side versus eastern Kagera side):
Murembwe versus Ruvyironza, Mugere and Ruzibazi
versus Mubarazi, Rusizi tributaries versus Akanyaru
and Ruvubu headwaters, Karundura versus Nyabarongo
headwaters, and Koko versus Gicyie (Figure 2).

[s7] In all of these five pairs, feldspars and particu-
larly plagioclase are observed to be less abundant
and the kaolinite/illite ratio invariably higher on the
Kagera side. Smectite occurs only on the Congo side
(Figure 4), where chlorite is more frequently detected
and Fe oxyhydroxides are less abundant. The CIA
and with a few exceptions o' indices (similar o4

and o) in the first and third pairs; similar ool in
the fourth pair; slightly lower ag' in Gicyie mud
reflecting higher phyllosilicate/feldspar ratio in the
Gishwati Province) consistently indicate more
extensive weathering in mountain catchments on
the Kagera side of the Kivu-Tanganyika rift shoulder
(Figure 8). Besides local heterogeneous distribution
of parent lithologies and other asymmetries including
overall greater preservation of higher tectono-
stratigraphic levels of the uplifted crust on the outer
rift flank, mineralogical and geochemical parameters
thus coherently document more extensive weather-
ing in the headwaters of diverse Kagera branches
along the Nile side of the divide than along the
Congo side. Such systematic compositional differ-
ences reflect weaker and/or less prolonged chemical
weathering along the drier and steeper inner flank of
the shoulder facing the Kivu-Tanganyika rift axis.
Along the outer flank, exposed to humid masses
blown from the Indian Ocean by the southeasterly
monsoon that represents the principal moisture source
for precipitation, erosion rates are low enough to al-
low development of thick ferrallitic soils on the cen-
tral plateau and rolling hills of Burundi and Rwanda.

6.5. Weathering From Mountain Soils to
Lowland Floodplains: The Transport Effect

[s8] Close inspection of mineralogical and geochemi-
cal trends in diverse catchments helps us to understand
where and by which processes chemical weathering
occurs. We can thus evaluate the relative incidence
of parent-rock alteration during pedogenesis at the
very beginning of the sedimentary cycle, versus later
progressive modification during stepwise down-
stream transport. If we first contrast rill muds col-
lected at the two main sources of the Kagera-Nile
in Burundi and Rwanda with muds in diverse head-
water tributaries of the Nyabarongo and Ruvubu
Rivers, then we do not observe significant differ-
ences in composition, kaolinite/smectite ratios, or
chemical weathering indices. This suggests that
mud removed mechanically from superficial soil
layers is virtually the same as that progressively col-
lected by tributaries and carried in suspension by
main rivers downstream.

[so] If we next analyze mineralogical and geochemi-
cal indices in eight major catchments, including all
major branches of the Kagera River on the Nile side
of'the divide and the Rusizi and Malagarasi basins on
the Congo side (Figure 2), then we see that none of
them displays a further significant increase in weath-
ering downstream. Changes in mud geochemistry are
chiefly accounted for by successive contributions
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Figure 8. Contrasting weathering conditions on opposite rift-shoulder flanks. Clay mineralogy and chemical indices con-
sistently reveal more intense weathering in hot-humid forested highlands on the eastern Kagera-Nile side of the divide,
where slopes are milder, and time for weathering longer, than along the steep inner flank and drier axis of the rift (Congo
side). Note that CIA values are invariably higher for mud samples than for corresponding sand samples.

from tributaries through the Kagera basin, where
weathering is strongest in humid highlands.
Downstream depletion in mobile elements is chiefly
caused by extensive recycling of Karagwe-Ankole
quartzose meta-sediments across eastern Burundi
and Rwanda. The kaolinite/illite ratio decreases in
fact from Kagera headwaters to the lower course,
where appearance of significant smectite reflects
local contribution from drier savannah lowlands
(Figure 4). Downstream the Nyabarongo, increasing
plagioclase, decreasing Fe oxyhydroxides, and mod-
erate but coherent trends displayed by most chemical
indices consistently suggest that fresher material is
added to the river by tributaries draining drier areas.
In the Malagarasi, Ruvubu, Mubarazi, and Ruvyironza
basins, where muds are largely reycled from meta-
sedimentary sources, mineralogical and geochemical
trends are less clear but also suggest decreasing rather
than increasing weathering downstream. The compo-
sitional trends shown by Mukungwa and Rusizi muds,
both indicating increasing weathering downstream, are
fully accounted for by dominant supply from major
tributaries draining humid rift highlands in the Gishwati
and Kibira Forests. All mineralogical and geochemical
parameters thus consistently indicate that leaching of
soluble cations is more effective in well-drained udic
soils of humid rift highlands than in poorly drained
ustic soils of drier savannah lowlands. The incidence
of weathering during temporary storage of sediment,
as observed instead in the vast floodplains of the
huge Amazon and Ganga-Brahmaputra [Moquet
et al., 2011; Lupker et al., 2012], is negligible in
the smaller catchments of the East African Rift.

7. Weathering Versus Recycling

[60] Any large drainage basin includes ancient
clastic strata that have undergone more than one

sedimentary cycle. The mineralogical and chemical
composition of newly produced detritus thus
reflects the present weathering conditions as well
as the effects of such previous weathering and
diagenetic histories. Isolating the climatic signal
from such composite record is perhaps the most dar-
ing task in sedimentary petrology and geochemistry
[Cox et al., 1995; Gaillardet et al., 1999]. The great
advantage of a study based on modern fluvial
sediments is that the incidence of recycling can be
known a priori. Our samples were in fact expressly
collected in river catchments where only metamor-
phic or igneous basement rocks are exposed (and
recycling is consequently negligible; e.g., Nyungwe
Province) or on the contrary dominated by very low
grade to low-grade quartzose meta-sediments
(Eastern and Western Domains) and entirely
comprised within rift-related Neogene basins (Lake
Albert Province). Nevertheless, by contrasting first-
cycle plutoniclastic and metamorphiclastic equatorial
sediments with detritus entirely recycled from
quartzose meta-sediments or syn-rift sands, we did
not observe any tell-tale behavior exclusively associ-
ated with either weathering or recycling displayed by
any specific chemical element. Depletion in alkali
and alkaline-earth metals is not necessarily the
imprint of weathering. It is equally displayed by
quartzose polycyclic detritus produced even in
hyper-arid deserts like the Sahara [Garzanti et al.,
2006; Padoan et al., 2011].

[61] The best way we found to tackle such challenging
problem is to confront indices such as the WIP,
which decreases linearly if quartz is added to the
sediment, with other weathering indices virtually
unaffected by quartz dilution such as the CIA or
o™ values. We thus compared and could partly
discriminate among the effects of pure weathering
as displayed by quartz-poor first-cycle muds and
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Figure 9. Discriminating first-cycle and polycyclic sediments with chemical indices. Because quartz dilution affects
strongly WIP but not CIA, the CIA/WIP plot readily reveals quartz enrichment in sediments. The relationship between
CIA and WIP is linear for first-cycle muds as well as for quartz-poor volcaniclastic sands (a), whereas with increasing
weathering intensity, quartz enrichment causes a marked decrease of WIP in plutoniclastic and metamorphiclastic
sands (b, c¢). Sediments recycled from quartzose sediments and meta-sediments display low WIP even where
weathering is limited, as revealed by low CIA (d). Sands, largely resulting from physical erosion, invariably display
lower CIA than muds, the ultimate product of chemical weathering.

volcaniclastic sands, of pure quartz dilution as
displayed by recycled sands produced by physical
processes in weathering-limited conditions, and
of quartz enrichment as displayed by weathered
first-cycle sands produced by chemical processes in
transport-limited conditions (Figure 9). The effect of
quartz dilution is most easily detected in drier regions,
where recycling is indicated by very low WIP in spite
of relatively low CIA but progressively blurred with
increasing weathering intensity. In hot hyperhumid
regions, CIA is very high and WIP very low for both
first-cycle and polycyclic sediments, and the recy-
cling problem thus harder to solve. However, for
any given CIA, the WIP remains lower for polycyclic
mud and approaches 0 for recycled sand (Figure 9D).

8. Conclusion

[62] By integrating a variety of mineralogical and
geochemical datasets, we have critically appraised
the effect of different factors controlling sediment
composition across equatorial Africa and in

particular the mark of chemical weathering
impressed by hot humid climate and consequently
intense ferrallitic pedogenesis. Muds collected
along the East African Rift in the Nile and Congo
headwaters and derived from different bedrock li-
thologies consistently display depletion in mobile
alkali and alkaline-earth metals. Element removal
is observed to be extreme for Na and Ca, strong
for Sr, moderate for Mg and K, minor for Ba and
Rb, and negligible for Cs. Such order of apparent
bulk-sediment mobility is coherent with the degree
into which these elements are partitioned in
plagioclase, K-feldspar, and primary or secondary
Phyllosilicates. Conversely, 87Sr/%Sr  ratios,
Nd/**Nd ratios, and Sm-Nd 7py model ages of
river muds proved to be insensitive to weathering
and provide a faithful integrated signature of the
geological history of each drainage basin.

[63] Kaolinite is by far the most abundant clay
mineral in muds produced in rain-forest highlands
of Burundi and Rwanda, reflecting intense and
prolonged leaching of mobile cations in nitisols
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developed in udic isothermic/isomesic regime.
Smectite forms instead in drier and poorly drained
savannah lowlands characterized by ferralsols or
lixisols developed in ustic iso-hyperthermic regime.
Kaolinite is dominant also in volcaniclastic mud
produced in the South Kivu field, where weathering
is much more intense than in the rain shadow of the
Virunga volcanoes. No significant mineralogical or
geochemical differences are observed between
rill mud derived from superficial soil layers
and mud carried in suspension by rivers down-
stream. No downstream increase in weathering
indices can be ascribed to progressive matura-
tion during stepwise transport in any of the eight
major drainage basins studied. Mineralogical and
geochemical parameters consistently indicate that
weathering is more intense in hot humid highlands
along the eastern side of the Nile-Congo divide
than along the steeper and drier inner rift-shoulder
flank. Weathering is least in dry areas of western
Uganda, including the central Rwenzori massif
where physical erosion prevails and the northern
Lake Albert graben where detritus is largely
recycled from syn-rift Neogene deposits. The CIA
and WIP indices are both low in such polycyclic
sediments, an apparent discrepancy that reveals
the incidence of recycling and thus offers a solution
to one of the thorniest problems in sedimentary
geochemistry.
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