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Abstract

Seasonal variations in hydrology and Si cycling in the Nile Basin were investigated using
stable-isotope (H, O, and Si) compositions and dissolved Si (DSi) concentrations of surface
waters, as a basis for interpreting lacustrine diatom sequences. '°0 ranged from —4.7 to
+8.0%o in the wet season and +0.6 to +8.8%o in the dry season (through 2009-2011). Higher
5'80 values during the dry season reflected increased evapotranspiration and open-water
evaporation under conditions of lower humidity. Progressive downstream enrichment in the
heavy isotope "0 also occurred in response to cumulative evaporative losses from open
water bodies and swamps. 3*°Si values of DSi ranged from +0.48 to +3.45%o during the wet
season and +1.54 to +4.66%o during the dry season, increasing the previously reported
global upper limit for 3*°Si values in natural waters by 1%o. Si-isotope fractionation was most
intense during the dry season when demand for DSi by aquatic ecosystems exceeded
supply. Progressive downstream enrichment in the heavy isotope *°Si, coupled with
decreasing DSi concentrations, represented cumulative Si uptake by diatoms, macrophytes
and other Si-accumulating aquatic organisms. The pronounced seasonal variations in DSi
concentrations and Si-isotope compositions in the River Nile suggest that its DSi flux to the
ocean may have varied significantly on a glacial/interglacial time scale, with important
consequences for the marine Si budget and consequently the global C cycle. Anthropogenic
impacts were evident in both the water- and Si-isotope datasets, especially during the dry

season and along the Main Nile, where water management is most intensive.



1 Introduction

Variations in the stable-isotope composition of surface waters are valuable tracers of the
hydrological cycle (O and H isotopes) and the Si cycle (Si isotopes), both for the modern
system and for palaeoenvironmental studies (Kendall and Coplen, 2001; Georg et al.,
2006a; Street-Perrott and Barker, 2008; Street-Perrott et al., 2008). When interpreting
stable-isotope data from the sediment record it is essential to understand the isotope
systematics of the modern system in order to identify the factors that influenced the isotopic
composition of the sediment archive (Leng and Marshall, 2004). Diatoms, photosynthetic
microalgae found in most aquatic environments, are typically well preserved and abundant in
lacustrine sediments (Round et al., 1990). Diatom silica is formed of biogenic opal
(SiO2nH,0) containing oxygen and silicon isotopes that can be used in palaeoenvironmental
studies (Leng and Barker, 2006; Leng and Swann, 2010). The isotopic composition of the
frustules reflects the aqueous environment in which they formed. The oxygen-isotope
composition of diatoms (5'®Ogiatom) is controlled primarily by water temperature and/or by the
isotope composition of the water, whereas their silicon-isotope composition (63°Sidiatom) is
related to the availability of this nutrient, which in turn is connected to local factors such as
catchment geology and vegetation, chemical weathering, river and groundwater inputs,
water-residence time and the occurrence of seasonal diatom blooms (Leng and Marshall,
2004; Leng and Barker, 2006; Leng et al., 2009).

Surface waters can be valuable indicators of the average isotopic composition of rainfall,
especially in situations in which limited evaporative enrichment has occurred since
precipitation (Fritz, 1981). The linear relationship between 8*H and 5'®0 in meteoric waters
was established by Craig (1961) as 5°H = 8:3'%0 +10%o, and is known as the Global
Meteoric Water Line (GMWL), although local deviations due to differing climatic and
geographical factors (Clark and Fritz, 1997). Hence, in regional or site-specific studies, a
Local Meteoric Water Line (MWL) may be preferred. Globally, variations in the 5°H and 5'%0
ratios of precipitation are controlled by climatic (temperature, rainfall amount, humidity,
evaporation, wind regime) and geographical parameters (latitude, altitude, distance from
moisture source) as described by Dansgaard (1964). At low latitudes, the spatial distribution
of isotopes in precipitation is primarily controlled by the source of the water, subsequently
modified by continental, altitude and amount effects that are explained by the Rayleigh
distillation process. Along the trajectory of an air mass, isotopically heavy water molecules
preferentially fall from a diminishing vapour mass, leaving the residual vapour to become
progressively depleted (leading to lower 5°H and 5'0). Subsequent rainfall becomes
increasingly lower in isotopic composition (Dansgaard, 1964; Clark and Fritz, 1997; Gat,

1996, 2000). This rain-out effect occurs during the transport of an air mass from an oceanic



moisture source to the interior of a landmass (continental effect), during orographic uplift
(altitude effect) and during heavy convective rainstorms such as those associated with the

passage of the Intertropical Convergence Zone (ITCZ) (amount effect).

Deviation from the GMWL/MWL indicates that kinetic effects have modified the original
isotopic composition of the precipitation since it was formed. Several processes can cause
this effect. Surface water or rainfall that has undergone evaporation will typically plot below
the MWL on independent Local Evaporation Lines (LELs) (Craig, 1961; Gat et al., 1994).
Low humidity leads to slopes very different from the MWL as water-vapour exchange is
minimized, and evaporation becomes an increasingly non-equilibrium (kinetic) process,
leaving the residual water enriched in the heavier isotopes '®0 and ?H (Craig and Gordon,
1965). Rain condensed from this evaporated vapour will plot above the MWL (i.e. with a
greater y-intercept, or deuterium excess). The concept of deuterium excess (or d-excess),
defined as d (%o) = 8°H — 8-5'%0, was introduced by Dansgaard (1964). It measures the
degree of evaporation at the moisture source or the amount of evaporative enrichment in '*0
after the water has condensed. The most important control on d-excess is thought to be
humidity (Merlivat and Jouzel, 1979). Information about the fractionating processes in
convective systems can be obtained from d-excess values, which may have been modified
from their original source composition during their transportation to the precipitation site
(Fréhlich et al., 2002). Values lower than 10%o. may indicate secondary evaporation
processes, such as the evaporation of falling raindrops in a warm, dry atmosphere (Stewart,
1975; Araguas-Araguas et al., 2000). Recycling of water vapour in continental basins may
be responsible for large d-excess values, as identified in the Amazon Basin (Gat and Matsui,
1991) and the Great Lakes region of North America (Gat et al., 1994).

Growing interest in the role of continental biota in the global Si cycle reflects the close
coupling between the global biogeochemical cycles of Si and C (see Street-Perrott and
Barker (2008) and Struyf et al. (2009) for reviews). Previously, the main focus was on long-
term geological processes of silicate-rock weathering and the drawdown of CO; in the
marine realm (Berner et al., 1983; Berner, 1994, 1995; Smetacek, 1998; Dugdale and
Wilkerson, 2001; Yool and Tyrrell, 2003; Ragueneau et al., 2006; Hilley and Porder, 2008).
However, growing evidence shows that certain plants and aquatic organisms have the ability
to modify the Si cycle by taking up, recycling and storing significant amounts of Si in their
cells before it reaches the ocean (Conley, 1997, 2002; Street-Perrott and Barker, 2008;
Struyf and Conley, 2009). Although Si is not classified as an essential nutrient for plants,
amongst other benefits, it can enhance structural rigidity and growth, and reduce abiotic and
biotic stresses (Raven, 1983; Jones and Handreck, 1967; Epstein, 1999; Ma et al., 2001).



Certain plants that contain >1% dry weight of silica are known as Si accumulators. These
are abundant in a variety of terrestrial and aquatic ecosystems (e.g. grasslands, tropical
rainforests, temperate deciduous forests and wetlands). They have the potential to retain
large amounts of Si (Bartoli, 1983; Alexandre et al., 1997; Struyf et al., 2005; Blecker et al.,
2006; Struyf et al., 2007; Street-Perrott and Barker, 2008; Struyf and Conley, 2009;
Schoelynck et al., 2010; Alexandre et al., 2011).

Si is ultimately derived from silicate-rock weathering and is released in dissolved form
(dissolved Si; DSi) as orthosilicic acid (Si(OH),. Globally, weathering rates are high in
tropical headwaters where high relief, high annual-mean temperatures and monsoonal
rainfall facilitate rapid physical weathering and erosion, creating freshly weathered surfaces
and thereby enhancing the rate of chemical weathering (Brady and Carroll, 1994; White and
Blum, 1995; Cochran and Berner, 1996; Gaillardet et al., 1999). In addition to the effects of
bedrock composition, topography and climate, it has been shown that higher plants
accelerate the rate of silicate weathering by improving the moisture and organic-matter
status of soils (Hinsinger et al., 2001). Interactions between plant roots and soil microbes in

the rhizosphere also expedite chemical weathering (Kelly et al., 1998; Lucas, 2001).

DSi present in soil solution may be taken up by terrestrial vegetation and precipitated as
hydrated amorphous silica (phytoliths), or transported into rivers and lakes, where Si-
accumulating aquatic organisms, such as diatoms, sponges and aquatic macrophytes,
progressively extract DSi. The residual DSi is transported via rivers, eventually reaching the
oceans where it is an essential nutrient for the siliceous phytoplankton that dominate the
marine biological pump (Harrison, 2000; Tréguer and Pondaven, 2000). On glacial to
interglacial time scales, the Si flux to the oceans can therefore be expected to vary as a
result of changes in climate, vegetation type and distribution, hydrology and limnology
(Georg et al., 2006a; Street-Perrott and Barker, 2008; Engstrom et al., 2010).

Although measurements of Si isotopes in natural samples are still relatively scarce,
previously reported 5°°Si values for fresh waters range from —0.17 to +3.4%. (De La Rocha
et al., 2000; Ding et al., 2004; Alleman et al., 2005; Georg et al., 2006a; Georg et al., 2007;
Georg et al., 2009; Cardinal et al., 2010; Engstrom et al., 2010; Ding et al., 2011; Opfergelt
et al., 2011; Hughes et al., 2012), showing that DSi in rivers and lakes is isotopically heavy
compared with primary minerals (felsic magmatic rocks: 8*°Si = —0.07 + 0.05%o; gneisses,
granulites and migmatites: 5°°Si = —0.10 + 0.15%o (André et al., 2006); and mafic magmatic
rocks: 5°°Si = —0.29 + 0.08%. (Savage et al., 2011)). During formation of secondary products

(e.g. phytoliths, diatoms and clays), the light isotope of Si (*®Si) is preferentially incorporated



into the product (De La Rocha et al., 2000), thereby enriching the residual aqueous solution
in the heavier isotopes ?°Si and *°Si. Hence, Si isotopes offer great potential as tracers of the

continental Si cycle (Street-Perrott and Barker, 2008).

Although several studies have used Si isotopes to trace Si cycling in a few river basins
across the globe (Ding et al., 2004; Georg et al., 2006a; Georg et al., 2007; Georg et al.,
2009; Cardinal et al., 2010; Engstrom et al., 2010; Ding et al., 2011; Hughes et al., 2012),
no-one has so far investigated downstream Si cycling under different climatic regimes in a
basin-wide study. Here, we present an overview of the first downstream dataset of coupled
5°H, 5'%0 and 5*°Si measurements on surface waters, in order to determine the impact of
seasonal hydrological changes on Si cycling in the Nile Basin. Understanding the processes
controlling the isotope systematics of surface waters will facilitate interpretation of the

lacustrine diatom record from river-fed lakes along the River Nile.

2 Regional Setting

2.1 Geography

The Nile Basin covers an area of over 3 million km? across ten countries and has a length of
about 6700 km, making it the longest river in the world. The catchment extends from 4°S to
32°N, spanning a wide variety of altitudinal, geological, geomorphological, climatic and
vegetation zones (Figs. 1 and 2). The main tributaries are the White Nile, originating from the
headwaters of the equatorial great lakes in East Africa, and the Blue Nile and Atbara which
descend from the Ethiopian Highlands. The two Niles converge in Khartoum, Sudan, and
flow northwards to the Mediterranean Sea. Climate and vegetation are closely correlated
with precipitation amount and the number of dry months, which are primarily governed by the
northward migration of the ITCZ in boreal summer, and by orography (Nicholson, 1996) (Fig.
2).

2.2 Geology

The White Nile and Blue Nile are geologically distinct (Fig. 2a). A large portion of the Nile
Basin is underlain by Precambrian granitic and metamorphic rocks. Volcanic rocks are more
extensively developed in Ethiopia than anywhere else along the East African Rift system
(Williams et al., 2006; Schldter, 2008). Although the Blue Nile Basin is underlain by
Precambrian crystalline basement, over two-thirds of the Upper Blue Nile Basin is covered
by a thick stack of weathered trap basalts (Kebede et al., 2005). The Atbara passes through

a similar succession of rock types. In the headwaters of the White Nile, small pockets of



volcanics occur along the Western Rift (e.g. Virunga Mountains) and east of Lake Victoria.
However, more than two-thirds of Uganda are underlain by Precambrian granites, granulites
and gneissic sequences that continue further downstream into the western part of the Sudd
and the Bahr el Ghazal. From Juba northwards along the main channel and in the plains in
the east, unconsolidated sediments are widespread. In northern Sudan and southern Egypt,
the Main Nile flows over continental clastic sequences and crystalline basement rocks. The

remainder of its passage to the Delta crosses unconsolidated marine sediments.

2.3 Climate

Temporal variations in the hydrological budget of the River Nile are largely governed by the
seasonal migration of the Intertropical Convergence Zone (ITCZ), which separates the
relatively stable, northeast monsoon from southeasterly monsoon airflow from the Indian
Ocean, and moves north and south across the Equator following the overhead sun (Fig. 2b).
The Congo Air Boundary (CAB) defines the convergence of unstable, moist westerly flow
from the Atlantic Ocean and easterly flow from the Indian Ocean (Nicholson, 1996). The
passage of the ITCZ usually coincides with maximum rainfall due to intensified convective
activity; as a result, the equatorial regions of the White Nile exhibit a bimodal rainfall pattern
(Fig. 2c). In the headwaters of both the White and Blue Niles, mean annual rainfall exceeds
1000mm/year, with additional factors such as topography and continental water bodies
(notably the equatorial great lakes and Lake Tana) having an influence on regional and local
climates through the distribution of orographic precipitation, rain shadows and land-lake
circulations (Nicholson, 1996). In contrast, northern Sudan (from ~18°N) and Egypt, which lie
well beyond the maximum northward limit of the ITCZ (Fig. 2c), experience negligible rainfall
(<50 mm annually) (Camberlin, 2009). In summary, a very pronounced south-to-north
gradient of decreasing rainfall and increasing total number of dry months characterizes the

Nile Basin.

2.4 Hydrology

The White Nile flows northwards from the equatorial lakes plateau (Lakes Victoria, Edward,
George and Albert) through a series of lakes and swamps. The western (Rwenzori
Mountains, Lake Edward, River Semliki and Lake Albert) and eastern (Lake Victoria, Lake
Kyoga and Victoria Nile) branches of the White Nile meet at the northern end of Lake Albert
to form the Albert Nile (Fig. 1). From Uganda, the White Nile flows into South Sudan as the
Bahr el Jebel and enters vast wetlands (30,000-40,000 km?) known as the Sudd, where the
river spills over from the main channel into swamps and seasonal grasslands; only about

half the inflow is returned to the main channel as a result of evaporative losses (Sutcliffe and



Parks, 1999; Mohamed et al., 2005). Beyond the Sudd, the Bahr el Ghazal enters from the
west, although its contribution to the Nile is negligible due to evaporation and overspill. The
Sobat, which drains the south-western Ethiopian Highlands and the South Sudan Plains, is
the final tributary to enter the White Nile, contributing about half the total flow (Sutcliffe and
Parks, 1999).

The White Nile, fed by more consistent year-round rainfall in the equatorial lakes region,
contributes a smaller proportion (~30%) of the total Nile flow but a more constant discharge
throughout the year than the Blue Nile (Hurst, 1952; Foucault and Stanley, 1989). Its
seasonal variations in flow are also dampened by storage in major lakes, reservoirs and
wetlands (Green and EI-Moghraby, 2009). In contrast, the Blue Nile descends from Lake
Tana (3156 km?, 1,800 m a.s.l.) in the western Ethiopian Highlands (average ~2000-3000 m
a.s.l., rising to >4000 m) and contributes about 56% of the Main Nile flow (Foucault and
Stanley, 1989). Lake Tana alone supplies ~8% of the main river flow, the remainder coming
from tributaries draining the central and southwestern Blue Nile basin (Shahin, 1985;
Conway, 2000). Near Roseires, at the Ethiopian-Sudan border, the river drops steeply down
to the plains of Sudan (<700 m) before flowing northwestwards towards Khartoum (Shahin,
1985; Sutcliffe and Parks, 1999). The highly seasonal flow of the Blue Nile reflects the
unimodal rainfall regime at this latitude (Fig. 2c). Its sediment load is also very high (72% of
total Nile sediment load), due to the steep slopes and relatively sparse vegetation of the
Ethiopian Highlands (Foucault and Stanley, 1989; Sutcliffe and Parks, 1999). Downstream
from the confluence, the Main Nile flows northwards through ~3000 km of desert, with its
final tributary, the Atbara, joining 300 km north of Khartoum. The Atbara drains the northern
Ethiopian Highlands and parts of Eritrea. It has an even more flashy flow regime than the
Blue Nile, due to its proximity to the northern summer limit of the ITCZ, though it still
provides ~14% of the total Nile flow (Foucault and Stanley, 1989). Below the confluence with
the Atbara, several major dams, including the new Merowe Dam and the older High and Low
Dams at Aswan, regulate the flow and store summer flood waters for hydroelectric power
and irrigation, thereby enhancing evaporation losses (Abu-Zied and EI-Shibini, 1997). Lake

Qarun, near Cairo, is a closed lake fed by a major irrigation canal from the Main Nile.

2.5 Vegetation

The large-scale pattern of natural vegetation and plant biomass in the Nile drainage reflects
the northward decrease in mean annual rainfall, topography and the distribution of surface
water bodies (Fig. 2d). Biomass decreases northwards in the Nile Basin following the rainfall

gradient (Fig. 2). Surrounding the equatorial lakes (e.g. Victoria, Kyoga, George, Edward



and Albert) and Lake Tana are extensive wetlands composed of aquatic grasses, large
sedges and floating and submerged macrophytes (Langdale-Brown et al., 1964; Kendall,
1969; Conway, 1997; Sutcliffe and Parks, 1999; Green, 2009; Green and EI-Moghraby,
2009). In addition, the main river channels and many of their tributaries are lined with
swamps and small ponds, including the vast areas of the Sudd and Bahr el Ghazal swamps
(the area of the latter is uncertain but smaller than the Sudd) (Sutcliffe and Parks, 1999).
Terrestrial vegetation along the Main Nile from about 18°N is very sparse, consisting mainly
of acacia bush and doum palms, although the banks of the Nile are fringed by riparian

swamps and irrigated fields.

3 Methodology

3.1 Sampling

A total of 79 water samples was collected along the White, Blue and Main Nile drainages,
including major tributaries and lakes, during both low-flow (“dry season”: May-June 2009 and
April-May 2011) and high-flow conditions (“wet season”: October-December 2010), in order
to represent seasonal variations (Fig. 1, Table 1). Samples were collected in pre-cleaned
HDPE bottles from freely following water. In the field, they were filtered through 0.45um
Millipore™ cellulose nitrate filters to remove particulate Si (including biogenic silica), as well
as suspended organic matter, and acidified with ultra-pure HCI to a pH of between 2 and 3 to
prevent any further biological activity or polymerization (Georg et al., 2006b). They were
stored in clean 250mI HDPE bottles, and where possible, in dark and cool conditions whilst
in the field. Air was evacuated by simply squeezing each bottle and allowing the contents to
overflow before sealing it with a screw lid. On return to the UK, samples were stored at ~4°C
until further analysis analysed for H, O and Si isotopes at the NERC Isotope Geosciences
Laboratory, British Geological Survey, UK. It should be noted that due to logistical and
financial constraints, dry-season samples for the Upper and Lower Nile were collected two
years apart and therefore do not reflect continuous sampling down the length of the river
during a single dry season. Unfortunately political instability prevented travel through South
Sudan, thereby ruling out sampling of the Sudd and Bahr el Ghazal swamps, which are
believed to play important roles in both the hydrological (Sutcliffe, 1974), and Si cycles
(McCarthy et al., 1989; Cardinal et al. 2010).



3.2 Isotope analysis

For oxygen-isotope analysis, the waters were equilibrated with CO, using an Isoprep 18
device, mass spectrometry being performed on a VG SIRA. For hydrogen-isotope analysis,
an on-line Cr reduction method was used with a EuroPyrOH-3110 system coupled to a
Micromass Isoprime mass spectrometer. Isotopic ratios ('*0/'°0 and ?H/'H) are expressed in
standard delta notation, as 5'0 and 5?H (%, parts per mille), with respect to the
international standard VSMOW (Vienna Standard Mean Ocean Water). Analytical precision
was typically +0.05%o for 8'°0 and +1.0%o for 5°H.

Quantification of Si concentrations and total cation content was carried out on an Agilent
7500cx series quadrupole ICP-MS with an octopole reaction system (ORS) (Si precision
15%). NBS-28 (NIST RM 8546) and Diatomite reference materials were prepared by
grinding in an alumina pestle and mortar prior to fusing 1-10mg of sample with 200mg Merck
Suprapur NaOH at 720°C for 30mins in a homemade Ag crucible. The resulting ‘fusion cake’
was dissolved in 20ml deionised (Milli-Q) H,O within a cleaned Savillex vial. The reference
materials were stored in a pre-cleaned FEP bottle and diluted for storage using Milli-Q H.O.
Prior to Si-isotope analysis, all 41 samples and reference materials were purified using
cation-exchange chromatography in a class 100 clean suite following methods of Georg et
al. (2006b) and van den Boorn et al. (2006). Samples were loaded onto 1.8ml Bio-Rad® AG
50W-X12 resin in a 10ml Bio-Rad® column. Column cleaning was performed following Georg
et al (2006b). The pH of the final cleaning elutant was checked prior to loading and eluting
the sample into a pre-cleaned Savillex vial using 3ml Milli-Q H,O. Samples were then
individually diluted to a desired concentration where appropriate and stored at ~4°C. Prior to
analysis each sample was centrifuged at 3,000rpm for 10 minutes and filtered using an inert
Ezee filter (sintered polyethylene, 60-90pl frit size) and acidified using HCI (to a
concentration of 0.05M, using twice quartz distilled acid), doped with sulphuric acid (to a
concentration of 0.001M, using Romil Ultra Purity Acid) following the recommendations of
Hughes et al (2011), as well as ~300ppb magnesium (Mg, Alfa Aesar SpectraPure). All
samples, reference materials and blanks were made up equivalently to ensure matrix

matching.

Silicon isotopes were determined using the high-resolution capacity of a Thermo Scientific
Neptune Plus MC-ICP-MS operating in wet-plasma mode using a Meinhard 200ul/min glass
nebuliser, nebuliser gas flow 1.171/min, a stable sample introduction system quartz dual
cyclonic spray chamber, a demountable torch with a sapphire injector and standard ‘H’

sample and skimmer interface cones. Sample uptake time was 90secs with a typical
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washout time of ca.5mins. Using the instrumental parameters outlined, sensitivity of 6-
11V/ppm was obtained with an instrument background contribution of ~0.4% (~45mV %Si
measured on the blank acid). Data were acquired using a dynamic, two sequence
acquisition method to collect first the Si and then the Mg, using a 16.8secs integration time
for the Si and 8.4secs for the Mg with a 3secs settle time between each magnet jump.
Faraday amplifier gains were measured at the beginning of each analytical session, with a 5
minute defocused instrument baseline measured daily. Data were collected in 1 block of 20
ratios, with a resulting analysis time of ~12 minutes per sample (including the sample uptake
and stabilisation time). Blanks were measured on the sample make-up acid (0.05M HCI,
0.001M H,S0,) using a shortened version of the acquisition procedure above (i.e. 1 block of
10 ratios). An on-line background correction was made, with the values obtained for the

blank acid subtracted from each succeeding sample.

The validation reference material (Diatomite) was analysed two to four times during each
analytical session as a check on procedural accuracy. Data were corrected on-line for mass
bias using an exponential function assuming **Mg/®Mg = 0.126633 and normalised to the
external bracketing calibrator. Uncertainties were propagated to reflect the session
repeatability (SD) of the external calibrator (NBS-28) after self-normalisation to correct for
drift. Data are reported as delta values () reflecting deviation from the delta-zero calibrator
(NBS-28) in parts per thousand. The overall reproducibility of the NBS-28 reference material
was +0.15%o for 5*°Si, and + 0.18%o (2SD) for 5*°Si using calibrator concentrations
equivalent to those of the river water samples (between 0.75 and 3ppm) resulting in a *°Si
ion beam intensity of 50-300mV. For the whole period over which the samples were
analysed (a total of 9 sessions during a 1 month period) the validation results (Diatomite)
were 0.64 + 0.19%0 and 1.28 + 0.26%o (2SD), for 5°Si and 5*°Si respectively, virtually
identical to the values of Reynolds et al. (2007), despite analyses differing by a factor of four
in their concentration (0.75 to 3ppm) (Table 2). All data followed the expected mass
dependent fractionation line (5*°Si = 0.5345-3°°Si-0.039, R? = 0.962). Six separate aliquots
of sample 11 (R. Semliki) were purified and analysed to investigate analytical uncertainty on
the samples. Total repeatability for these data was + 0.20%0 and + 0.19%o (2SD), for 5?°Si

and 5%Si respectively.

4 Results

4.1 &°Hand 6"°0
All 5*H and 3'%0 values for surface water samples (Table 1) are plotted for the Nile drainage
as a whole (Fig. 3a), and individually for the White (Fig. 3b), Blue (Fig. 3c) and Main (Fig. 3d)
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Niles, with reference to the African Meteoric Water Line (AMWL) (solid line). The AMWL
(5°H = 7.4-5"%0 +10.1) represents the isotopic values of precipitation in the interior of East
and Central Africa, and differs slightly from the GMWL (Cohen et al., 1997). The validity of
using the AMWL is confirmed by the fact that small rivers draining into the main branches of
the River Nile plot on or close to the AMWL. Sites deviating from the AMWL form local
evaporative lines (LELs) which are shown for both wet- and dry-season conditions (Fig. 3,
Table 3).

5'80 values in the Nile Basin ranged from -4.7 to +8.0%o in the wet season and +0.6 to
+8.8%o in the dry season (Fig. 3, Table 3). Dry-season samples (average 5'°0 = +3.9 +
2.2%o; n = 34) were significantly more enriched in '®0 than wet-season samples (average
5'80 = +0.8 + 2.9%o; n = 45) (paired t-test, p = 0.001) (Figs. 3a, 4). However, there was no
significant difference between the slopes of the LELs in different seasons in any of the
individual sub-basins (Fig. 3b-d). Due to the complicated hydrography of the River Nile (i.e.
many tributaries), latitude is used here as a convenient proxy for downstream distance. Each
major sub-basin exhibited distinct 3°H and 5'%0 values, especially during the wet season,
with both 3?H and 8'%0 values increased northwards and downstream (Figs. 3 and 4, Table
3). The 5'%0 values for the Main Nile were significantly higher than those of either the White
Nile (separate variance t-test, p < 0.01) or the Blue Nile (separate variance t-test, p <
0.0001) during the wet season, but no statistically significant differences in 5'®0 values
between basins were found for the dry season (Fig. 3, Table 3). Significant relationships
were observed during the wet season between 320 and latitude (Fig. 4a; rs = 0.465, p <
0.001) and 3'®0 and altitude (Fig. 4b; rs = -0.724, p < 0.001), although no significant trends
were found in the dry season. Isotopically lower surface-water samples from high-altitude,
headwater sites (Fig. 4) in the White Nile (Fig. 3b) and Blue Nile catchments (Fig. 3c)
displayed large d-excess values compared with the GMWL (+10%o) (Fig. 5).

4.2 Dissolved Si concentrations and 6*°Si

Dissolved Si concentrations (DSi) are displayed in both milligrams per litre (mg/L) and
micromolar (UM) units in order to facilitate comparisons with published literature (Fig. 6,
Table 1). uM values follow mg/L values in parentheses. Due to the contrasting geology in the
individual sub-basins (Fig. 2a), regression lines for DSi have been plotted individually for
both wet and dry seasons. Waters from the Ethiopian highlands (Blue Nile and Atbara
catchments) had the highest DSi contents under both wet-season (average 10.3 + 4.7 mg/L
(365 = 169 uM)) and dry-season conditions (average 5.7 £ 3.0 mg/L (204 + 109 uM)),

whereas White Nile waters contained roughly half as much Si (wet season: 5.2 £ 3.6 mg/L

12



(187 £ 127 uM); dry season: 3.7 £ 3.8 mg/L (133 £ 135 uM)) (Fig. 6). A northwards decrease
in DSi was seen in all sub-basins during both seasons (Fig. 6). DSi concentrations were

highest during the wet season, particularly in rivers draining the Ethiopian Highlands (Fig. 6).

The 3°°Si values for both wet- and dry-season datasets are best described by curvilinear
regressions (Fig. 7). These curves reflect lower values in Nile headwaters, with progressive
enrichment of **Si downstream, becoming more pronounced in the Main Nile (Fig. 7). 5°°Si
values ranged from +0.48 to +3.45%o during the wet season and +1.54 to +4.66%o during the
dry season, raising the upper limit of reported global 3*°Si values for DSi in natural waters by
more than 1%o. All samples had high 5*°Si compositions relative to the local geology and
were higher in the dry season (av. +2.79 + 0.91%o) than during the wet season (av. +2.02
0.72%o), although there was less seasonal contrast in the Main Nile (Fig. 7). 3*°Si and DSi
were negatively correlated; low Si concentrations corresponded to high 5*°Si values, more
so during the dry season (R? = 0.371; separate variance t-test, p = 0.012) than the wet
season (R? = 0.058; separate variance t-test, p = 0.245) (Fig. 8). Fig. 9 shows a statistically
strong, albeit non-causal, positive correlation between 5°°Si and 5'®0 during the wet season
(R2 = 0.517; separate variance t-test, p < 0.001), when, as we have seen, both isotopic
parameters became cumulatively enriched downstream (Figs. 4 and 7). However, there was
no statistically significant relationship between 5°°Si and 3'®0 during the dry season. In the
following section, specific numbered sampling sites (enclosed in square brackets)

correspond to Table 1 and Fig. 1.

5 Discussion

5.1 &°Hand &6'°0

Remarkably, all surface-water samples from the Nile drainage plotted along effectively the
same evaporative line with a slope of about 5 (Fig. 3a), implying similar isotope systematics,
including kinetic effects imparted during evaporation. Individual sampling sites migrated
seasonally up and down the LELs representing their respective sub-basins (Fig. 3), yielding
dry-season samples that were significantly higher in 5°H and 5'®0 than wet-season samples,
as the combined result of increased evapotranspiration and evaporation losses under

conditions of lower humidity.

The isotopically lowest values were obtained in the headwaters [1-7, 25-33] and the
isotopically highest towards the Delta in Lake Qarun [48-50] (Figs. 3 and 4). Progressive
downstream increases in both isotope ratios along the Nile are attributed mainly to

cumulative evaporation losses from swamps and open water bodies, such as the Sudd, the
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equatorial great lakes and slow moving branches of the River Nile. However, the
composition of the waters also reflect the strong northwards decline in total rainfall and total
number of wet months (Fig. 2c). Downstream increase was only significant during the wet
season. The downstream increase in 5'®0 was only significant during the wet season (Fig.
4). In contrast, the latitudinal trend was not well defined during the dry season when water-
management practices such as irrigation and use of dams to control seasonal flow were
more prevalent, most notably along the Main Nile (Fig. 4). For example, waters collected
from east of Lake Tana [25, 30] in the Ethiopian Highlands had highly evolved 5'®0 values
during the dry season (Figs. 3c and 4), reflecting the use of irrigation in the intensively
cultivated Fogera Plain (~500,000 ha) (World Bank, 2008), which is bounded by the Rivers
Ribb [25] and Gumara [30]. Waters sampled from the Main Nile, close to Khartoum [41-42],
were extremely enriched in '®0 compared to downstream sites (except for Lake Qarun which
is hydrologically closed) [38-40, 43-47] but had a similar composition to the White Nile [13]
upstream (Fig. 3), indicating a possible release of isotopically enriched waters from the Jebel
Aulia Dam (~50 km south of Khartoum) on the White Nile (Fig. 1), shortly prior to sampling at

Khartoum.

The corresponding lack of a significant altitudinal gradient in 3'®0 during the dry season (Fig.
4b) can be explained by several factors: greater evaporative enrichment as a result of
decreased humidity; active water management in the Tana headwaters and along the Main
Nile; and sampling during more than one dry season. The altitudinal isotope gradient
observed in River Nile waters during the wet season (-2.6%o. km™) was similar to the slope of
rainfall samples from other tropical regions, which varied between —2.7 + 0.3%0 km™ and —
1.6 + 0.05%0 km™ (Gonfiantini et al., 2001) as a result of progressive rainout of 0 following
a Rayleigh adiabatic condensation process. However, deviations from the average altitudinal

gradient were seen at sub-basin scale in the Nile drainage (not shown here).

The most negative values of 3°H and 5'®0 were found at high-altitude sites in the
headwaters of the White [1-7] and Blue [25-33] Niles during the wet season (Fig. 4). This is
attributed to the combined effects of orographic enhancement and the very continental
location with respect to oceanic moisture sources (Indian and Atlantic Oceans) (Fig. 1); both
these effects are associated with progressive rainout of the heavier isotopes of hydrogen
and oxygen, resulting in isotopically depleted rainfall. Evaporative enrichment at these sites
is limited by the steep gradients of the rivers and high humidity during the wet season. In
addition, these samples displayed large d-excess values (>10%.) (Fig. 5), indicating that they
originated from rainfall that formed in part from recycled moisture (Gat and Matsui, 1991; Gat
et al., 1994).
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It has been recently shown that precipitation during the summer rainy season in western
Ethiopia carries the isotopic imprint of recycled continental moisture transported by south-
westerly and westerly flow from the Congo rainforest and the swamps of the Sudd (Levin et
al., 2009; Kebede and Travi, 2012), supporting earlier work by Rozanski et al. (1996) and
Sonntag et al. (1979). Kebede and Travi (2012) found that water samples from the Blue Nile
Plateau had the highest d-excess values in their Ethiopian dataset, which they attributed to
recycling of moisture through evapotranspiration and evaporation from open water, at both
local and continental scales. While vegetation-controlled vapour loss (transpiration) is
generally non-fractionating (Salati et al., 1979; Gat and Matsui, 1991; Gat et al., 1994),
evaporation from soils and surface waters produces vapour with high d-excess values,

resulting in subsequent rainfall with these characteristics.

In the northern Ethiopian Highlands during the rainy season, convective clouds tend to form
at the end of the morning, as a result of daytime heating of the land, creating rain in the
afternoon (Nyssen et al., 2005). Hence, evaporation from large surface water bodies (Gat et
al., 1994), for example Lake Tana and its surrounding wetlands, are likely to be a significant
source of recycled water vapour, resulting in precipitation and initial surface runoff with large
d-excess values. Similarly, over Lake Victoria (68,000 kmz), the largest lake in Africa, rainfall
is enhanced by a strong nocturnal land-lake breeze (Flohn and Fraedrich, 1966); the
prevailing south-easterly trade winds play an important role by displacing the centre of night-
time convergence towards the Rwenzori Mountains in the northwest of the basin (Nicholson
et al., 2000; Yin et al., 2000; Nicholson and Yin, 2002; Okonga et al., 2006), helping to
explain the occurrence of surface waters in western Uganda with large d-excess values.
Isotope data from the IAEA-WMO station at Entebbe, on the northern shores of the lake,
confirm the occurrence of significant rainfall originating from evaporated waters of Lake
Victoria (Rozanski et al., 1996).

With the above evidence in mind, we suggest that surface samples from western Uganda [1-
7] and the Blue Nile [25-33] with high d-excess values represent moisture derived from
recycled continental source(s), including the large water bodies found in their respective
headwaters (notably Lakes Victoria and Tana), together with contributions from large
swamps such as the Sudd and Bahr el Ghazal in South Sudan. It is also feasible that in
addition to recycled moisture evaporated from Lake Victoria, the largest d-excess (and most
isotopically depleted) values found in rivers flowing from the glacierized peaks of the
Rwenzori Mountains [1-3], reflect elevated d-excess values developed during snow

formation (Jouzel and Merlivat, 1984). The remainder of the River Nile surface waters have
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low d-excess values (<10%o) which are consistent with evaporative losses from surface

waters (Fig. 5).

5.2 DSiand 5°Si

The ultimate source of DSi in the major Nile sub-basins is bedrock geology (Figs. 2a and 6).
Average DSi values were greatest in the Blue Nile drainage, which is predominantly
underlain by trap basalts, rich in ferromagnesian minerals that are highly susceptible to
chemical weathering (Cochran and Berner, 1996; Dessert et al., 2003; Dupré et al., 2003).
The seasonal contrast in DSi concentrations was also greatest in the Blue Nile Basin, which
has only one rainy season per year, in contrast to the bimodal but more evenly distributed
rainfall regime of the White Nile headwaters. Given the steep, exposed topography of the
Ethiopian Highlands, flushing of DSi from soils and desorption of Si from suspended-
sediment particles can be inferred to reach a maximum during the flood season (Hall et al.,
1977; Sinada and Abdel Karim, 1984). In contrast, DSi concentrations in the White Nile
headwaters were lower and declined much more rapidly downstream, which can be
explained by a combination of: 1) quartz-rich, granitoid bedrocks that are more resistant to
weathering; and 2) rapid silica uptake by Si-accumulating plants in the densely vegetated
equatorial catchments, and by diatom blooms and stands of aquatic macrophytes in the
chain of large lakes and swamps (Talling, 1963, 1966; McCarthy et al., 1989). Fig. 6 shows
that the Ethiopian Highlands are the predominant source of DSi for the Main Nile, along
which DSi concentrations decline exponentially with latitude, due to the lack of major

tributary inputs after the River Atbara.

All our water samples from the River Nile were enriched in *°Si relative to expected values
for local bedrock, perhaps indicating that the light isotope %Si had been preferentially
removed through formation of pedogenic minerals, phytoliths or diatom frustules. Based on
our current dataset alone, we cannot rule out fractionation of Si isotopes by neoformation of
amorphous silica and clays as an important process in the Si cycle in the Nile Basin (Basile-
Doelsch, 2006; Opfergelt et al. 2008). However, the large range of 3°°Si values in surface
waters and their progressive downstream enrichment (Fig. 7) are consistent with intense Si
cycling by aquatic ecosystems (Ding et al. 2004; Engstrém et al. 2010; Ding et al. 2011).
Seasonal contrasts observed in both DSi concentrations and 5°°Si values are most readily
explained by strong coupling between DSi supply and biological demand. In general, DSi
concentrations were lowest during the dry season, when soil moisture and runoff in the
catchments were reduced, inhibiting the mobilisation of Si from soils and sediments, and

reducing the availability of DSi for biological uptake. The reduction in DSi concentrations
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during the dry season corresponded to a rise in 3*°Si values (Fig. 8), indicating that
biological demand for DSi exceeded supply. This was particularly apparent in the headwater
lakes, and will be discussed in detail later. In contrast, wet-season DSi concentrations were
higher and the corresponding 5*°Si values were lighter. This suggests that increased
mobilization of Si from the catchments occurred during the rains, when an influx of turbid
floodwaters would also tend to inhibit diatom productivity (Talling et al., 2009), thereby
decreasing biological uptake of the light isotope ?*Si compared with the dry season.
Engstrom et al. (2010) observed similar isotope variations in DSi in a river in northern
Sweden, where a combination of seasonal discharge from snowmelt, vegetation changes

and lacustrine diatom productivity significantly affected the DSi transport in the basin.

The lowest DSi concentrations were found in the headwater lakes or their outflows (e.g.
Lakes Victoria, Albert and Tana) and in the lower reaches of the Nile [45-47], in association
with elevated 5*°Si values (Figs. 6 and 8). Once again, this inverse relationship (low DSi,
high %°Si) can be attributed to the balance between DSi supply and demand. Immediately
surrounding the headwater lakes are extensive wetland areas containing known Si-
accumulator plants such as Cyperus papyrus, Phragmites and other emergent macrophytes
that are likely to take up significant amounts of Si (Gaudet, 1977; McCarthy et al., 1989;
Hodson et al., 2005; Struyf et al., 2007; Struyf and Conley, 2009; Schoelynck et al., 2010). Si
extraction by accumulator plants and diatom blooms during the dry season would
significantly reduce the amount of DSi in the lake waters, driving up 5°°Si values. In the
lower reaches of the Nile, low DSi concentrations and strongly enriched 5*°Si values also
reflect an excess of demand over supply. The Main Nile lacks major tributary inputs for the
last ~2700 km of its course through the Eastern Sahara. Terrestrial vegetation is greatly
reduced by the hyperarid climate, which also limits the supply of DSi resulting from silicate-
rock weathering by plants along this stretch, causing in a rapidly diminishing stock as Si is
taken up by Si-accumulating organisms such as diatoms. Storage of floodwaters in
reservoirs behind large dams sited along the Main Nile (e.g. Jebel Aulia, Merowe and
Aswan) had a similar effect to that of the headwater lakes, since they hold back the flux of Si

downstream and enhance uptake of DSi by aquatic organisms (Humborg et al., 2000).

Several anomalous sites in the White Nile headwaters [3 & 4, 7] displayed very light 5*°Si
values, although still greatly enriched relative to the expected 5°°Si signature of the local
bedrock (—0.10 to —0.07%o: André et al. (2006)) (Fig. 8). These rivers drain the Rwenzori and
Virunga Mountains, respectively. It is suggested that bare rock surfaces, thin soils and

sparse vegetation cover on the upper slopes of these mountains retard chemical weathering
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(Moulton et al., 2000) and Si biocycling (Georg et al., 2006a), resulting in a combination of

low DSi concentrations and depleted 5°°Si values.

Si biocycling appears to be most intense in the Blue Nile Basin, particularly during the dry
season, as the difference between the expected 5°°Si composition of the local rock (basalt: —
0.29%o + 0.08%0 (Savage et al., 2011)) and the river waters is greater than in the White Nile
Basin (Fig. 6). Several factors may account for this large fractionation. Sampling was
undertaken at the end of the dry season, immediately before the rains began, when it is
likely that the supply of DSi was at its lowest whilst biological demand was at its peak. The
5%°Si value of the outflow from Lake Tana [35] was already significantly enriched relative to
the expected range of values for basalt and to the Blue Nile further downstream [34],
indicating that a large proportion of this enrichment occurred in the headwaters. It seems
likely that towards the end of the dry season, availability of DSi within the Tana catchment
was very limited, causing the 5*°Si values of river waters to rise as biological demand

persisted.

Although the positive correlation observed between 3'®0 and 5*°Si during the wet season
(Fig. 9) is not directly causal, both isotope ratios evolved in parallel due to cumulative
downstream losses of the light isotopes '°O through evaporation and #Si through biological
uptake. In contrast, during the dry season, anthropogenic impacts on the hydrological cycle
and intense local biocycling of Si obscured any general trend. When outliers clearly affected
by water-management practices (i.e. irrigation and major reservoirs) were removed [sites:
25, 13 & 41 during the dry season], a similar positive trend to the wet season was observed,
although with higher values of both 3*°Si and 3'®0 (updated regression not shown: R? =
0.023, p = 0.622). However, the trendline is still not significant after the removal of these
three outliers, it is likely that the isotope values of other samples from the Main Nile were
affected by human activity to a less obvious degree. Based on the wet-season dataset
alone, Si supply from the Nile headwaters (represented by 3*°Si) appears to be strongly
linked to catchment hydrology (represented by 8'80), which is not surprising given that

mobilisation of DSi from soils and sediments is primarily dependent on rainfall and runoff.

5.3 Implications for interpreting the Quaternary palaeorecord

During the Middle to Late Quaternary, tropical Africa was strongly affected by quasi-periodic
variations in the Earth’s orbital parameters. During boreal-summer insolation maxima,
monsoon rains penetrated deep into the Sahara, causing a northward migration of the major

vegetation belts, increases in river discharge, and an expansion of lakes and wetlands
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(Kutzbach and Street-Perrott, 1985; Kutzbach and Liu, 1997). Changes to the hydrology and
in terrestrial and aquatic ecosystems in the Nile Basin during this period are becoming
increasingly well documented from the sediment record (dune sands, river deposits, lake
sediments, and Mediterranean sapropels) (Williams et al., 2006; Williams et al., 2010). At the
Last Glacial Maximum (LGM, ~21ka), tropical Africa was generally drier and colder, resulting
in desiccation of several of the headwater lakes (Victoria, Albert and Tana) and their
isolation from the Nile (Johnson et al., 1996; Talbot and Laerdal, 2000; Beuning et al., 1997;
Lamb et al., 2007; Stager and Johnson, 2008). White Nile discharge was low and extremely
seasonal, while the Blue Nile flood was even more flashy than today (Adamson et al., 1980;
Williams et al., 2000). Refilling and overflow of the White Nile headwater lakes and Lake
Tana began around 14.5 ka BP, marking the abrupt onset of the enhanced summer
monsoon and the so-called “Wild Nile” (Talbot et al., 2000; Williams et al., 2006; Lamb et al.,
2007). During the interval ~15 ka to 5 ka BP, a general increase in rainfall across the entire
Nile Basin, apart from the northernmost Sahara, resulted in enhanced vegetation cover and
river discharge; perennial flow into the Nile from large Saharan wadi systems (Pachur and
Kropelin, 1987); and widespread proliferation of lakes and swamps. A 450 km? palaeolake
west of the Main Nile in northern Sudan (Williams et al., 2010) and a greatly enlarged Lake
Qarun near Cairo (< 2100 km®: Hassan (1986)) were fed by increased overspill of Nile
floodwaters. From mid-Holocene to present, the climate of the Nile Basin has become much
drier due to the retreat of the enhanced monsoon, and the modern discharge regime of the

Nile has been established.

Our modern seasonal isotope data suggest that changes in rainfall induced by orbital forcing
would have had synergistic impacts on the water and Si cycles in the Nile Basin. Wetter and
more humid conditions during the early- to mid-Holocene were associated with a decrease in
evaporative enrichment of surface waters, recorded by lower 520 values in aquatic cellulose
and subfossil mollusca (Abell and Hoelzmann, 2000; Beuning et al., 2002). With increased
moisture availability and shorter dry seasons, terrestrial plant productivity would have
increased, promoting silicate weathering. Increased runoff volumes and more perennial flow
from a larger and more integrated drainage network (Talbot et al., 2000), would have
generated an excess influx of DSi into the Nile, probably reducing 5°°Si values in surface
waters despite the concurrent increase in the total area of swamps and open water. In
contrast, during the LGM and the late Holocene, which were characterized by expansion of
arid and semiarid environments enhanced evaporation resulting from lower humidity would
have enriched the heavy isotopes ?H and 0 in surface waters. The influx of DSi from the
shrunken and more seasonal drainage network would have declined, driving up the 5*Si

values of lake and river waters. In summary, under different climate regimes, the delivery of
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DSi from the River Nile to the Mediterranean Sea would have been modified. During drier
periods, the DSi flux from the Nile Delta may have diminished as a result of decreased
weathering and DSi input to the river system relative to biological demand, causing a
significant reduction in the supply of Si for marine diatoms, which dominate CO, drawdown

by the oceanic biological pump (Smetacek, 1998; Yool and Tyrrell, 2003).

6 Conclusions

Stable isotopes of H, O and Si in surface waters from the Nile Basin were used as tracers for
the hydrological and Si cycles, respectively. Large seasonal shifts in H- and O-isotope
compositions reflected changes in water balance. During the dry season, lower humidity
favoured evaporative enrichment of surface waters and cumulative downstream losses from
swamps and open water bodies. The Main Nile showed the greatest evaporative enrichment,
due to the year-round arid climate and lack of rainfall or tributary input for 2700 km
downstream from its confluence with the Atbara. Seasonal changes in DSi concentrations
and Si isotopes provide useful information on Si cycling under different climate regimes in
the Nile Basin. This study has increased the global upper limit of 5°°Si for dissolved Si in
natural waters by more than 1%.. Contrasting geology in the headwaters of the White and
Blue Nile is clearly reflected in DSi concentrations, with the highest levels in the Blue Nile
headwaters due to the basaltic bedrock and steep, easily erodible, sparsely vegetated
slopes of the Ethiopian Highlands. Low DSi concentrations and correspondingly enriched Si-
isotope values are found in the headwater lakes and in the Main Nile where depletion of Si
by aquatic organisms (notably diatoms and macrophytes) is thought to be important.
Extensive downstream enrichment of Si isotopes and depletion of DSi during both wet and
dry seasons in the River Nile imply active Si biocycling. The heavy isotope *°Si is enriched in
surface waters during the dry season due to a reduction in mobilisation of DSi from the
catchment relative to aquatic demand. Localized anthropogenic impacts on the isotope
composition of surface waters are identifiable with respect to both the hydrological and Si
cycles, especially during the dry season and along the Main Nile where irrigation and

retention of stored floodwaters behind large dams are most prevalent.

Modern seasonal variations of DSi and 5*°Si in the River Nile indicate that the Si flux from
large tropical rivers to the oceans is not constant and is likely to be highly variable on
Quaternary time scales. In future, coupled measurements of the O- and Si-isotope
compositions of freshwater diatom frustules preserved in sediment records have the
potential to clarify the relationship between water balance and Si cycling in different

geological and climatic settings. On a glacial / interglacial time scale, variations in the
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riverine Si flux from the continents may have had a significant impact on the marine Si

budget and consequently on the global C cycle.
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Table 1

Sample site locations and their corresponding isotopic (H, O and Si) and compositional data.

Wet season
Site No.  Sample site name and location ?n?«t;th- :-dat::il:;’:l :-:er::?:::l’e Altitude &'H (%o) 5%0 (ko) d-excess 5si (o) 2SD &si (ko) 2SD DSt cone.
year) degrees) degrees) (m.a.s.l) VSMOW VSMOW (%) NBS-28 NBS-28 (mg/L) (uM)
1 Bujuku River, Rwenzori Mountains, Uganda Oct-10 0.3581 29.9718 2552 -18.4 -4.7 +19.6
2 River Mubuku, Rwenzori Mountains, Uganda Oct-10 0.3581 29.9718 2552 -17.0 -4.6 +19.6
3 River Mubuku, Rwenzori Mountains, Uganda Oct-10 0.3436 30.0399 1608 -11.4 -3.9 +19.6 +0.99 0.15 +0.46 0.14 5.7 203
4 River Ishasha, Uganda Oct-10 -0.6157 29.6578 934 -2.8 2.4 +16.3 +0.98 0.15 +0.60 0.14 5.6 199
5 River Ntungwe, Uganda Oct-10 -0.5667 29.7235 938 -0.6 -1.8 +13.8 +1.73 0.20 +0.87 0.16 12.0 427
6 Mpanga River, Uganda Oct-10 0.0832 30.3224 1201 +1.3 -1.5 +13.2
7 Lake Mahoma, Rwenzori Mountains, Uganda Oct-10 0.3455 29.9684 2880 +0.5 -1.5 +12.4 +0.48 0.12 +0.08 0.09 1.1 39
8 River Nkusi, Uganda Nov-10 1.1301 30.9946 1029 +2.7 -1.3 +12.8
) 9 River Kagera, Uganda Oct-10 -0.9393 31.7632 1139 -0.1 -1.0 +7.7 +2.14 0.21 +1.10 0.16 71 253
f’ 10  River Kafu, Uganda Nov-10 1.5454 32.0389 1045 +7.7 -0.1 +8.7
= 11 River Semliki, Uganda-Congo Oct-10 1.0287 30.5283 653 +10.6 +0.2 +9.2 +1.57 0.19 +0.85 0.20 8.9 317
H 12  Kazinga Channel, Uganda Oct-10 -0.1883 29.9073 918 +15.5 +1.3 +4.8 +1.74 0.19 +0.85 0.24 10.2 363
13 White Nile, Khartoum, Sudan Dec-10 15.6141 32.4937 391 +22.1 +2.2 +4.4 +2.36 0.16 +1.21 0.14 6.0 214
14 Albert Nile, Uganda Nov-10 2.2859 31.3727 633 +25.3 +3.3 -0.9 +2.28 0.20 +1.20 0.09 29 103
15  Victoria Nile Delta, Uganda Nov-10 2.2509 31.3834 628 +24.6 +3.3 -2.0 +1.88 0.09 +1.12 0.04 3.3 117
16  Lake Albert (north), Uganda-Congo Nov-10 2.2208 31.3316 631 +25.3 +3.4 -2.1
17 Murchison Falls, Victoria Nile, Uganda Nov-10 2.2749 31.6752 635 +26.3 +3.5 -1.6
18  Victoria Nile, Bujagali Falls, Uganda Nov-10 0.4831 33.1630 1112 +26.1 +3.5 -2.3 +2.02 0.15 +0.97 0.10 1.5 53
19  Outflow from Lake Victoria (Jinja), Uganda Nov-10 0.4208 33.1964 1135 +25.9 +3.7 -3.5 +2.36 0.12 +1.05 0.08 1.1 39
20  Lake Albert (south), Uganda-Congo Oct-10 1.0440 30.5294 618 +31.7 +4.1 -1.0 +2.13 0.21 +0.93 0.10 2.8 100
25 Ribb River, east Lake Tana, Ethiopia Oct-10 11.9937 37.7109 1799 -4.9 2.4 +13.9 +1.82 0.18 +1.00 0.17 8.8 313
26  Gish Abay, Ethiopia Oct-10 10.9716 37.1991 2721 -0.6 -2.3 +18.2
© 27  Gilgel Abay, Ethiopia Oct-10 11.3648 37.0341 1875 +0.2 2.2 +17.5
-] 28 Chimba, Gilgel Abay, Ethiopia Oct-10 11.7060 37.1673 1809 +0.0 -1.9 +14.9 +1.53 0.16 +0.81 0.14 74 263
&.n_, 29  Alata River, Ethiopia Oct-10 11.4963 37.5909 1617 +0.1 -1.6 +12.9
s 30 Gumara River, east Lake Tana, Ethiopia Oct-10 11.8393 37.6354 1795 +2.3 -1.5 +14.5
K 31  River Zarima, Ethiopia Oct-10 13.3419 37.8788 1220 +4.3 -1.5 +16.3 +1.22 0.23 +0.68 0.16 18.9 673
= 32  River Tekezé, Ethiopia Oct-10 13.7337 38.1878 900 -0.0 -1.4 +11.3 +1.89 0.16 +1.05 0.15 9.9 352
% 33 River Magech, north Lake Tana, Ethiopia Oct-10 12.4872 37.4475 1882 +5.9 -0.6 +10.7 +1.66 0.20 +0.85 0.16 16.0 570
% 34  Blue Nile, Khartoum, Sudan Dec-10 15.6139 32.5325 409 +16.3 +1.1 +7.4 +2.50 0.20 +1.31 0.15 7.3 260
35 Tis Issat Falls, Blue Nile, Ethiopia Oct-10 11.4904 37.5855 1642 +16.5 +1.1 +7.4 +2.23 0.18 +1.06 0.17 4.9 174
36  River Atbara, Atbara, Sudan Dec-10 17.6778 33.9762 353 +20.8 +2.5 +1.0 +3.23 0.19 +1.78 0.17 8.8 313
37  Blue Nile, Bahir Dar, Ethiopia Oct-10 11.6059 37.4074 1804 +26.7 +3.0 +2.6
38  Main Nile (Lake Nasser), Wadi Halfa, Sudan Dec-10 21.8079 31.3156 170 +7.5 -0.0 +7.8
39  Main Nile, Dongola, Sudan Dec-10 19.1811 30.4874 223 +10.0 +0.2 +8.6 +2.12 0.20 +1.06 0.16 6.3 224
40  Main Nile, Karima, Sudan Dec-10 18.4957 31.8091 258 +10.0 +0.1 +8.9
41 Main Nile, Atbara, Sudan Dec-10 17.6620 33.9745 357 +20.7 +2.1 +4.2 +2.62 0.22 +1.33 0.16 58 207
o 42 Main Nile, Khartoum, Sudan Dec-10 15.6473 32.5086 409 +22.2 +2.1 +5.3
z 43  Main Nile, Aswan, Egypt Dec-10 24.0829 32.8869 77 +24.8 +3.4 -2.1
-% 44 Bahr Yusuf, Faiyum, Egypt Nov-10 29.3084 30.8450 8 +25.6 +3.4 -1.6
= 45  Main Nile, Cairo, Egypt Nov-10 30.0430 31.2276 4 +26.2 +3.6 -2.7 0.9 32
46 Main Nile, Luxor, Egypt Dec-10 25.7032 32.3847 82 +26.7 +3.5 -1.6 +3.45 0.24 +1.89 0.12 2.9 103
47  Main Nile (Lake Nasser), Aswan, Egypt Dec-10 23.9703 32.8962 152 +27.0 +3.7 -2.3 +3.45 0.21 +1.85 0.10 34 121
48  Lake Qarun, Faiyum (south-east), Egypt Nov-10 29.4694 30.7696 -51 +41.7 +6.7 -11.7
49  Lake Qarun, Faiyum (south-west), Egypt Nov-10 29.4694 30.7696 -51 +47.7 +8.0 -16.5
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Table 1. cont.

Dry season
Site Sample site name and location ?n:::;\th :-:(:::til::l‘:l :-:ellgi::l:?e Altitude &H (%) 5'°0 (%) d-excess  5”Si (%) 2SD 5¥Si (ko) 28D o cone:
No. (m.a.s.l.) VSMOW VSMOW (%) NBS-28 NBS-28 (mg/L) (M)
-year) degrees) degrees)
11 River Semliki, Uganda-Congo Jun-09 1.0630 30.2269 636 +19.0 +1.4 +7.7 +1.74 0.15 +0.91 0.14 6.9 246
12 Kazinga Channel, Uganda Jun-09 -0.1849 29.9055 917 +19.2 +1.9 +3.9 +1.54 0.20 +0.74 0.16 10.7 381
13 White Nile, Khartoum, Sudan May-11 15.6141 32.4937 391 +47.5 +7.0 -8.3 +1.70 0.11 +0.81 0.06 3.8 135
14 Albert Nile, Uganda May-09  2.3913 31.4769 614 +33.9 +4.5 -1.9 +2.51 0.14 +1.25 0.08 1.2 43
15 Victoria Nile Delta, Uganda May-09  2.2449 31.3913 618 +29.2 +4.0 -2.8 +2.16 0.11 +1.27 0.13 2.1 75
2 16 Lake Albert (north), Uganda-Congo May-09  2.2601 31.3486 614 +29.6 +4.0 -2.4
E 17 Murchison Falls, Victoria Nile, Uganda May-09  2.2735 31.6693 623 +29.3 +4.0 -2.9
£ 18  Victoria Nile, Bujagali Falls, Uganda Jun-09 0.4610 33.1755 1126 +29.0 +3.6 +0.4
S 19 Outflow from Lake Victoria (Jinja), Uganda Jun-09 0.4208 33.1963 1137 +29.1 +3.5 +1.2 0.2 7
20 Lake Albert (south), Uganda-Congo Jun-09 1.0309 30.5076 620 +34.8 +4.7 -3.1 +2.66 0.12 +1.18 0.09 1.2 43
21 Lake Edward, Uganda Jun-09 -0.2093 29.8856 911 +19.3 +1.9 +4.3
22 Ssese Islands, Lake Victoria, Uganda Jun-09 -0.2554 32.0386 1133 +26.0 +3.1 +1.0
23 Lake Victoria, Entebbe, Uganda Jun-09 0.0560 32.4814 1134 +26.8 +3.1 +1.7
24 Paraa, Victoria Nile, Uganda May-09 2.2864 31.5747 622 +29.0 +4.0 -3.1
s 25 Ribb River, east Lake Tana, Ethiopia May-09  11.9943 37.7130 1794 +47.3 +8.8 -22.7 +3.51 0.14 +1.92 0.13 3.3 117
s 28 Chimba, Gilgel Abay, Ethiopia May-09  11.7081 37.1680 1808 +15.5 +1.4 +4.1 +1.74 0.07 +0.88 0.03 10.9 388
< 29 AlataRiver, Ethiopia May-09  11.4929 37.5902 1647 +10.4 +0.6 +5.3
e 30 Gumara River, east Lake Tana, Ethiopia May-09  11.8379 37.6359 1795 +33.7 +5.6 -11.3
$ 34 Blue Nile, Khartoum, Sudan May-11 15.6139 32.5325 409 +32.1 +4.2 -1.8 +3.22 0.16 +1.70 0.14 5.7 203
Z 35 Tislssat Falls, Blue Nile, Ethiopia May-09  11.4904 37.5855 1642 +37.9 +5.1 -3.1 +3.31 0.24 +1.84 0.17 3.7 132
g 36 River Atbara, Atbara, Sudan Apr-11 17.6778 33.9762 353 +15.3 +1.6 +2.4 +3.41 0.19 +1.80 0.16 5.1 182
o 37 Blue Nile, Bahir Dar, Ethiopia May-09  11.6050 37.4079 1788 +37.3 +5.1 -3.2
38 Main Nile (Lake Nasser), Wadi Halfa, Sudan  Apr-11 22.0218 31.3393 178 +16.8 +1.3 +6.2
39 Main Nile, Dongola, Sudan Apr-11 19.1811 30.4874 223 +26.3 +2.8 +3.9 +2.83 0.20 +1.39 0.16 4.6 164
40 Main Nile, Karima, Sudan Apr-11 18.4957 31.8091 258 +27.0 +2.9 +4.1
41 Main Nile, Atbara, Sudan Apr-11 17.6620 33.9745 357 +44.8 +6.6 -8.0 +2.14 0.26 +1.29 0.14 4.0 142
o 42 Main Nile, Khartoum, Sudan May-11 15.6569 32.5103 377 +48.0 +7.1 -8.9
Z 43 Main Nile, Aswan, Egypt Apr-11 24.0888 32.8922 81 +21.1 +2.1 +4.1
-% 44 Bahr Yusuf, Faiyum, Egypt Apr-11 29.3084 30.8451 20 +24.2 +2.8 +1.9
= 45 Main Nile, Cairo, Egypt Apr-11 30.0420 31.2269 8 +24.4 +2.8 +2.3 +4.66 0.15 +2.26 0.10 1.1 39
46 Main Nile, Luxor, Egypt Apr-11 25.7028 32.6370 67 +22.2 +2.3 +3.8 +3.63 0.20 +1.96 0.11 2.6 93
47 Main Nile (Lake Nasser), Aswan, Egypt Apr-11 23.9702 32.8963 152 +21.6 +2.1 +4.7 +3.79 0.21 +2.01 0.10 27 96
48 Lake Qarun, Faiyum (south-east), Egypt Apr-11 29.4683 30.7789 -44 +48.6 +7.6 -12.4
50 Lake Qarun, Faiyum (west), Egypt Apr-11 29.4541 30.4003 -46 +53.9 +8.8 -16.6
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Table 2.

Silicon isotope data for analysed Diatomite reference material.

5°"Si (%o)

57Si (%o)

28Si (V) 24Mg (V) ¥si®si  *Mg/*Mg NBS-28 2SD  NBS-28 2SD
Diatomite  7.73 1.37 0.037640 0.135899  1.44 0.19  0.80 0.17
Diatomite  5.73 1.40 0.037638 0.135892  1.49 018 079 0.17
Diatomite ~ 4.15 1.29 0.037590 0.135788  1.20 020  0.69 0.08
Diatomite ~ 4.05 1.32 0.037569 0.135758 1.1 022 050 0.11
Diatomite ~ 4.03 1.23 0.037574 0.135755  1.24 019 068 0.11
Diatomite  5.04 1.38 0.037583 0.135767  1.19 012  0.54 0.07
Diatomite ~ 5.07 1.26 0.037586 0.135771  1.24 010 078 0.12
Diatomite ~ 7.63 1.36 0.037571  0.135759  1.16 0.14  0.60 0.13
Diatomite ~ 5.27 1.31 0.037565 0.135736  1.26 013  0.69 0.13
Diatomite  2.00 1.33 0.037584 0.135798  1.28 014 057 0.09
Diatomite  2.34 1.40 0.037527 0.135660  1.40 019  0.64 0.24
Diatomite ~ 7.66 1.45 0.037555 0.135718  1.43 019  0.60 0.24
Diatomite ~ 7.45 1.41 0.037564 0.135740  1.45 019 074 0.25
Diatomite  2.83 1.49 0.037657 0.135954  1.28 017 063 0.14
Diatomite  9.80 1.53 0.037620 0.135885  1.25 0.16  0.63 0.14
Diatomite ~ 14.38 1.52 0.037606 0.135845  1.33 017 065 0.15
Diatomite ~ 5.33 0.84 0.037610 0.135876  1.02 021 044 0.16
Diatomite ~ 7.70 1.32 0.037477 0.135572  1.26 020 065 0.15
Diatomite ~ 5.67 1.32 0.037503  0.135645  1.12 021 052 0.16
Diatomite ~ 8.06 1.27 0.037513 0.135645  1.40 020 067 0.15
Table 3.
Regression results for 3°H and 5'®0 of surface water samples in Fig. 3.
Regression equation R’ Mean
Wet season 5°0 1S.D. 5°H 1S.D. n
River Nile (all data) 5°H =5.09-5"%0 + 8.78 0.989 +0.8  £29 +12.7 +14.8 45
White Nile 5°H=5.27-5"%0 + 8.22 0.992 +03  +3.0 +9.8 +15.7 20
Blue Nile 5°H =5.22-5"%0 + 9.80 0.973 0.6 +1.9 +6.7 +9.9 13
Main Nile 5°H =4.83-5"°0 + 9.41 0.992 +31  +25 +24.2 +£12.0 12
Dry season
River Nile (all data) 5°H = 4.95-5"0 + 10.43 0.966 +39  £22 +29.7 +£10.9 34
White Nile 5°H =5.23-5"%0 +9.75 0.976 +36 +14 +28.7 +7.4 14
Blue Nile 5°H=4.76-5"0 + 9.35 0.947 +4.1 +27 +28.7 +13.3 8
Main Nile 5°H = 5.00-5"%0 + 11.06 0.994 +4.1 +26 +31.6 +13.1 12
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Fig. 1. Location of the River Nile and sampling sites within the Nile basin. Sampled sites are

numbered and correspond to those listed in Table 1.

Fig. 2. General characteristics of the Nile basin. (a) Simplified geology of the Nile basin
(modified after Furon (1958)). (b) Schematic of the low-level mean wind directions for
tropical Africa in the boreal summer (June—August) and the austral summer (December—
February), based on NCEP reanalysis 925 hPa mean winds and work by Nicholson (1996).
The approximate positions of the Intertropical Convergence Zone (ITCZ) and the Congo Air
Boundary (CAB) are indicated (modified after Levin et al. (2009)). (c) Seasonal distribution of
African rainfall between 10°S and 32°N as a function of month and latitude (25°E to 50°E)
(modified after Nicholson, 2009). (d) Simplified vegetation map of northern Africa including
the River Nile, showing the distribution of the major floristic regions (redrawn from White,
1983).

Fig. 3. 5°H and 8'%0 of surface water samples for (a) the Nile basin, and for the major
individual tributaries, (b) White Nile, (c) Blue Nile and (d) Main Nile. Samples collected
during the wet season (circles) and dry season (squares) are plotted. The African Meteoric
Water Line (AMWL) (solid line: 5°H=7.4-5"®0+10.1) (Cohen et al., 1997), wet- (dotted line)
and dry-season (dashed line) local evaporative lines are plotted for reference. For sample

numbers, see Table 1. Corresponding regression results can be found in Table 3.

Fig. 4. 5'%0 versus latitude (a) and altitude (b). Wet season (closed symbols) and dry
season (open symbols) samples are plotted for the White Nile (squares), Blue Nile (circles)
and Main Nile (triangles). Seasonal trends are identified with regression lines; waters were
more enriched during the dry season (dashed line; 5'®0 = 0.03-Latitude+3.49, r. = 0.076, p=
0.338; 5'%0 = 2E-05-Altitude+3.88, r = 0.015, p = 0.468) than the wet season (dotted line;
5'80 = 0.14-Latitude-0.68, rs = 0.465, p < 0.001; 3’0 = -0.003-Altitude+3.36, r, = -0.724, p <
0.001). Progressive northwards and downstream enrichment of 520 was only significant

during the wet-season. For sample numbers, see Table 1.

Fig. 5. Seasonal variations of d-excess for the River Nile with latitude (a) and altitude (b).
Wet-season (closed symbols) and dry-season (open symbols) samples are plotted from the
White Nile (squares), Blue Nile (circles) and Main Nile (triangles). Horizontal line at +10%o
represents the GMWL. Circled samples are referred to in the text. For numbered samples

see Table 1.
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Fig. 6. Si concentration versus latitude. Si concentrations are presented in both mg/L (left y-
axis) and uM (right y-axis) units. Wet season (closed symbols) and dry season (open
symbols) samples are plotted for the White Nile (squares), Blue Nile (circles) and Main Nile
(triangles). Seasonal trends are identified with individual regression lines for the White Nile
(left-hand side) and the Blue Nile, Atbara and Main Nile (right-hand side) during the wet
season (dotted line) and dry season (dashed line) to account for varying geology. White Nile
wet season (dotted line; DSi = -1.67-Latitude+6.00, R? = 0.218, p = 0.063) and dry season
(dashed line; DSi = -2.29-Latitude+6.38, R? =0.308, p = 0.127). Blue Nile, Atbara and Main
Nile wet season (dotted line; DSi = 41.57-exp® '@ R2 = 0,705, p < 0.001) and dry
season (dashed line; DSi = 14.33-exp*71attude R2 = 0 592 p = 0.004). Sample site 13
(White Nile, Khartoum) has been omitted from the White Nile regression as its composition
suggests that it may have been influenced by surface water, groundwater or sediments
ultimately derived from the Blue Nile, although there are too few data to draw any firm

conclusions at this point. For sample numbers, see Table 1.

Fig. 7. 5°°Si versus latitude. Wet season (closed symbols) and dry season (open symbols)
samples are plotted from the White Nile (squares), Blue Nile (circles) and Main Nile
(triangles). Seasonal trends are identified with curvilinear regression lines for the wet season
(dotted line; 5*°Si = 0.004-(Latitude)?-0.03-(Latitude)+1.67, R = 0.522, p < 0.001) and for the
dry season (dashed line; 5*°Si = 0.002:(Latitude)?+0.003-(Latitude)+2.13, R? = 0.554, p <

0.001). For sample numbers, see Table 1.

Fig. 8. 5°°Si versus Si concentration. Si concentrations are presented in both mg/L (bottom
x-axis) and yM (top x-axis) units. Wet-season (closed symbols) and dry-season (open
symbols) samples are plotted from the White Nile (squares), Blue Nile (circles) and Main Nile
(triangles). Seasonal trends are identified with regression lines for the wet season (dotted
line; 3%°Si = -0.001-DSi+2.28, R? = 0.058, p = 0.245) and for the dry season (dashed line;
5%°Si = 3.56-exp%"PS R? = 0.371, p = 0.012). For sample numbers, see Table 1.

Fig. 9. 5°°Si versus 5'0. Wet season (closed symbols) and dry season (open symbols)
samples are plotted for the White Nile (squares), Blue Nile (circles) and Main Nile (triangles).
Seasonal trends are identified with regression lines for the wet season (dotted line; 5°°Si =
0.22:5'%0+1.86, R = 0.517, p < 0.001) and for the dry season (dashed line; 5*°Si =
0.003-5'%0+2.80, R? = 5E-05, p = 0.980). For sample numbers, see Table 1.
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Fig.3
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Fig.4
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Fig.5
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Fig.6
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Fig.7
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Fig.8
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Fig.9
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