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Abstract

The &0 and 8°H of rivers and springs were investigated in order to characterize the
groundwater recharge sources around Nyiragongo and Nyamulagira volcanoes, in the

Democratic Republic of the Congo and Rwanda. Water samples were collected monthly between
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November 2013 and October 2014 from 5 major rivers, 3 major cold springs, 3 tepid springs and
1 hot spring. The temperatures of each spring were nearly constant over the sampling period
attesting for their groundwater character, while the temperatures of the rivers were much more
variable. The rivers monthly §°H and &0 range from -6.8 %o t0 1.9 %o and -3.1 %o t0 1.6 %o,
respectively, while springs showed depleted values that span from -10.2 to -1.1 %o for §°H and -
3.6 t0 -1.9 %o for §'80. Catchment morphology (formed of depression, upper footslope and
medium to high gradient-mountains) and the local tectonic discontinuity (fissures and faults)
regulate the surface runoff and subsurface flow, control the precipitation infiltration zones and
hence the aquifers recharge areas. Chemical and isotopic (520 and §°H) compositions of springs
and rivers reveal the presence of shallow and deep aquifers, with some waters having
intermediate isotope composition. Three different recharge characterized by different altitudes
were identified: the first is found at low altitude ranging from ~ 1800 m to ~ 2150 m, the second
and intermediate recharge zone in the altitude range from ~ 2180 m to ~ 2500 m at the upper
footslope area, while the third and highest recharge area is located in the altitudes range from ~
2620 to ~ 3220 m.. The two upper recharge areas are the most fractured and fissured zones
allowing rapid infiltration of depleted precipitations which recharge deep aquifers found in the
tepid and hot springs. Based on their chemical and isotopic composition waters from the shallow
and deep aquifers have been considered representative of mixing end members. During their
ascent to the surface, water from the deep aquifer mixes with that of shallow aquifer yielding the
tepid springs of intermediate chemical and isotopic composition, while the other keep their

original fingerprint corresponding to the isotopically depleted hot spring.
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1. Introduction

The water stable isotope ratios (830 and §2H) are conservative tracers suitable for
characterizing the water origin and its circulation, including groundwater recharge source (Craig,
1961; Gat, 1996). Compared to the recharge precipitation, the 580 and §2H values of surface and
groundwater are in fact subject to significant variation only when important evaporation of
surface and soil waters have occurred, or in case the infiltrating water mixes with groundwater of
different isotope composition. Therefore, their use represents an effective approach for

investigating spatiotemporal groundwater recharge and post recharge processes.

The 680 and 8°H of rivers are thus regarded to as the averaged weighed isotopic
composition from each source feeding the river, namely runoff and groundwater. On the other
hand, shallow groundwater reflects the §*0 and 82H of local average precipitation, and are
mostly recharged during major storm events (Holland and Turekian, 2010). However, some deep
groundwater can be very old, often having been recharged thousands of years in the past (Merkel
and Planer-Friedrich, 2002; Geyh, 2005). Despite their long residence time, deep groundwater
conserves the 8'0 and §2H footprint of precipitations that recharged the aquifer (Holland and
Turekian, 2010). If the stable isotope composition of precipitation changes over time, it can be
used to distinguish modern and old groundwater. Indeed, Rozanski (1985) showed that European
groundwaters recharged during the last glaciation period were depleted both in deuterium and in
oxygen compared to modern infiltration waters.

Tectonically active zones are characterized by the presence of thin to large fractures
varying from shallow to deep, in addition to faults acting as high-rate water infiltrating sites.
Furthermore, these sites or the neighboring often serve as resurgence gate for hot springs or
important hydrothermal activities. The latter features are associated with the fact that, in

4
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fractured zones, the meteoric water easily infiltrates and may reach the crust where it encounters
hot rocks at depth, which in some cases leads to vigorous evaporation, resulting in the
enrichment in §'®0 and &%H of the residual waters (Craig, 1963). Thus, the §'®0 and °H of
hydrothermal fluids and fumaroles show significant deviation from that of corresponding local
meteoric water, shifting toward enriched values (Prasetio et al., 2010; Purnomo and Pichler,
2014; Fisher and Chiodini, 2015). The groundwater residence time of such fractured zones may
generally be low, ranging from hours to few decades because of the high-water infiltration and
circulation rates.

The purpose of the present study is to determine the §*80 and §°H of major rivers and
major cold, tepid and hot springs in the fields of Nyiragongo and Nyamulagira volcanoes and the
surroundings, northern basin of Lake Kivu in East Africa (Fig. 1). These springs and
mountainous rivers are fed by groundwater especially during recession times (Balagizi et al.,
2015). The obtained 8'®0 and &°H of rivers and springs, in conjunction with those of
precipitations (Balagizi et al., 2018a), allow characterizing the groundwater recharge sources and
pathways in the north catchment of Lake Kivu. The reported dataset represents an important
information for water resources management in the Lake Kivu basin, and contribute along with
other dataset for future production of an improved model of the mixing processes in this lake.
Moreover, the knowledge of the groundwater recharge sources in the study area is indispensable
for identifying the groundwater availability and vulnerability, as springs and rivers represent the
water source for the populations including for drinking, mostly used as raw. In the study area, the
ongoing volcanic activity and uncontrolled development of small to major cities, as well as the
increasing agricultural activities caused by a high population growth rate, might in fact yield

groundwater contamination.
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2. Geological, hydrogeological and climatic background

Lake Kivu is located in the western branch of the East African Rift, characterized with
high tectonic and volcanic activities that yielded two major ground deformation features. The
first consists of a series of mainly N-S oriented active faults related to the rift opening
(Villeneuve, 1980; Coppola et al., 2016; Pouclet and Bram, 2021), with most faults being not
visible on the surface (Ebinger, 1989; Balagizi et al., 2018b). The second is associated to the
recent and old volcanic activity that yielded fissures and intermediate to wide fractures (Fig 1
and Fig. 2), as a consequence of repetitive magma intrusions (Komorowski et al., 2004; Balagizi
et al., 2016), some fractures extending beneath Lake Kivu (Villeneuve, 1980; Wauthier et al.,
2012; Balagizi et al., 2020). The Mitumba range (~3000 m a.s.l.) and the Rwandan dorsal (~
2850 m a.s.l.) form walls respectively to the West and East of the rift (Fig. 1).

The lithology of the northern area of Lake Kivu basin consists of a Precambrian
formation basement (metamorphic rocks to the West, quartzite and schist to the South-East) and
igneous basalts occurring in the volcanic field (Fig 2A) with both active and dormant volcanoes.
Lavas in the study area are from Nyiragongo, Nyamulagira and Karisimbi volcanoes belonging
to the western and central part of the Virunga Volcanic Province (Fig 2A). Nyiragongo lavas are
highly alkaline and strongly silica-undersaturated, Nyamulagira lavas are compositionally less
extreme (Aoki et al., 1985; Platz et al., 2004, Head et al., 2011, Balagizi, 2016), these two
volcanoes are the presently active of the Virunga while Karisimbi lavas have been dated at 0.010
+ 0.007 Ma (De Mulder and Pasteels, 1986). Several monogenic cones are observed in the
volcanic field (Fig 2A), and are composed of pyroclastic deposits whereas the lava flows show a
succession of pahoehoe and aa lavas, with scoria being present at some places even though less

dominant.
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Combined topography (Fig 1) and slope (supporting information Fig. S1) reveal three
main types of landforms that include depression, upper footslope and medium to high gradient-
mountains, which imply three main hydrogeological zones of the terrain (Fig. 2B). The
depression corresponds to the flat large lava field plain and other low-lying lands along the
vicinity of Lake Kivu shores, some of the latter are depositions from the eroded soil from the
hills and Mitumba mountains (Fig 2A & 2B). The upper footslope area is found in the mid-
segment of the mountains (e.g. at Nyiragongo as well as at the mountains of the Rwandan dorsal)
and has gentle to steep slopes, while the medium to high gradient mountain zone corresponds to
the steeper segments of the mountains. They are found at the summit area of Nyiragongo
volcano, at the highest segment of the Mitumba mountains and the Rwandan dorsal (Fig 2B).
Cavities and tunnels are present at some places of the two lowest zones in the volcanic field (i.e.
depression and upper footslope), and serve as channel for underground water flow. The soil
formed from acid metamorphic parent materials to the West (Kingi site and the area from
Minova to part of Sake), while Goma, Gisenyi, Kanyaruchinya, Kibati and the other part of Sake
are formed of ancient to recent lava flows (Fig. 2A). Further descriptions of the dominant soil
types, as well as the land use and cover in the study area can be found in Balagizi et al. (2015).

No surface rivers drain the Nyiragongo volcanic field. Kamutoni, Mubambiro, Sake
Birere and the Tingi group of springs are found to the extreme south part of Nyamulagira
volcano, all discharging into the Kabuno bay (Fig. 1 and Fig. 2A). Lithology and volcanism exert
strong influences on the geochemical composition of these rivers and springs, yielding high-
mineralized waters in the volcanic field (e.g. high major cations and DIC) and low-mineralized
in the metamorphic formation (Balagizi et al., 2015). The region undergoes typically humid
tropical climate of two seasons, the rainy (September to June) and the dry (July to August), a

small dry season is observed from mid-January to late February. The mean annual precipitation
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ranges between 1300 and 1700 mm in the lowlands of the study area, but shows values up to
2300 mm in the highlands (Balagizi et al., 2017). The repetitive eruptions of Nyamulagira
volcano and the permanent plume of Nyiragongo volcano strongly impact the rainwater
chemistry and the environment (Cuoco et al., 2012 a,b; Balagizi et al., 2019; Kasereka et al.,
2021). The evapotranspiration in the Lake Kivu catchment is estimated in the range of 900 and

1500 mm yr?! (Muvundja et al., 2014).

3. Samples and Methods

The sampling sites are in the elevation range between Lake Kivu (1460 m a.s.l.) and the
summit of Nyiragongo volcano (3470 m, Fig. 1). Monthly sampling campaigns were conducted
on 5 rivers (i.e. Mubimbi, Renga, Shasha, Kihira and Sebeya) and 7 springs (Tingi 1, Tingi 2,
Tingi 3, Sake Birere, Kamutoni, Mubambiro and Rambo; Fig. 1) in the north catchment of Lake
Kivu. Samples were collected between November 2013 and October 2014, which covers once
each of the two seasons, i.e. the wet and dry. In the rivers, samples were collected at the middle
of the water column, while samples from springs were collected directly at the resurgence point.
All the rivers and springs discharge into the Kabuno Bay except Mubimbi, Sebeya and Rambo
that discharge in the main basin of Lake Kivu (Fig. 1). On the other hand, during the same
period, rainwater samples were collected monthly from a rain-gauge network of 13 stations
spreading over the study area at different altitudes (Fig. 1). The chemical composition of the
rainwater has been reported in Balagizi et al. (2017), while their §'80 and §°H were reported in
Balagizi et al. (2018) and Balagizi and Liotta (2019). The two latter discuss the §°H, §'80 and
deuterium excess (d-excess) spatiotemporal variations in relation to the local geomorphology and

hydrology. Further, two field campaigns of water sampling were conducted on Lake Kivu, with
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water collected at the surface, 5 and 10 m depth in the Kabuno Bay, and at the surface and 25 m
depth in the Main basin (Fig. 1). All samples were filtered through 0.45-mm-pore-size
polysulfone syringe filters in the field, and stored at room temperature in 30 mL high-density
polyethylene plastic bottles with double screwcaps. No chemicals were added to the samples for
the preservation. Water temperature was measured in situ with a YSI ProPlus probe in rivers and
cold springs, and with a Fluke Thermocouple Thermometer 51/52 11 in tepid and hot springs. The
Fluke Thermocouple accuracy is 0.05% + 0.3°C and resolution of 0.1°C for temperatures below
100°C, and 0.5% + 0.3°C and resolution of 1°C for temperatures above 100 °C.

Water samples were analyzed for hydrogen and oxygen stable isotopes in the Isotope
Hydrology Laboratory of the International Atomic Energy Agency (IAEA) in Vienna, by an off-
axis integrated cavity output laser spectroscopy (OA-1COS), following analytical procedure of
Wassenaar et al. (2014). The typical uncertainties, reported as the long-term standard-deviation
of a control sample and amounts, were of 0.50%o for °H and 0.08%. for 5180, further analytical
details are given in Balagizi at al. (2018a). The d-excess was deduced from §*80 and §%H using
the relation d=5°H-8580 after Dansgaard, 1964. The §°H and 580 mean precipitation-weighted

values (6pw) Were calculated according to:

_ Z:L 6i X Pi
Sow = S50 @

where §; is the measured monthly 8?H or 580 value for the i-th month and Pi is the monthly
precipitation for the i-th month.

4. Results and Discussion

4.1. Temperature and isotopic composition of springs and rivers
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The minimum, arithmetic mean and maximum temperature, precipitation, °H, §'0 and
d-excess of rivers and springs waters are reported in Table 1, the full dataset is given in Dataset 1
supplementary material. Cold springs showed the lowest temperatures, which can be assimilated
to that of local groundwater, as the samples were collected at the resurgence points. Their mean
temperatures were in the range of 17.4 °C (Kamutoni and Mubambiro) and 21.7 °C (Tingi 3) and
were almost constant over the sampling period. The difference between the highest and lowest
temperature values (AT) for each cold spring was < 0.3°C. Rivers temperatures are generally
higher than that of cold springs (Table 1). However, some rivers showed low temperatures, e.g.
mean of 18.8 °C in Mubimbi, 20.6 °C in Kihira and 21.9 °C in Renga, in line with their high
altitude origin in the Mitumba mountains (Fig. 1 and Fig. 2). During the sampling period, the AT
in rivers was higher than that observed for cold springs with AT of up to 5.8 °C for Shasha. The
tepid (temperature up to 29.5°C) and hot (temperature up to 73.2°C) springs also had almost
constant temperature, with AT < 1 °C for each. The tepid springs showed a mean temperature of
26.6 °C for Tingi 1 and 29.3 °C for Tingi 2 which are at least 4,0 °C above the local mean annual
air temperature at lowest (21.0 °C) and highest altitudes (9.6 °C) (Balagizi et al., 2015, 2017).
The mean yearly precipitation at spring and river sampling sites are close because of their
location at similar altitudes in the local lowland based on a classification after Balagizi et al.
(2017). The altitude difference between the most (Mubimbi river, 1505 m) and least (Rambo
Spring, 1461 m) elevated sites is in fact < 50 meters (Table 1).

The rivers’ monthly §°H values range from -6.8 %o in Mubimbi and 1.9 %o in Sebeya,
while Shasha show the highest monthly 5180 value (1.6 %) and Mubimbi the lowest (-3.1 %o).
Compared to rivers, springs (cold, tepid and hot included) show depleted monthly §°H (-10.2 to -

1.1 %o) and 580 (-3.6 to -1.9 %o) values (Table 1). The d-excess is high in tepid springs with

10
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mean value up to 21.89 %o, while Rambo hot spring shows values between 16.2 and 18.1 %o.. The
cold springs generally show intermediate d-excess mean values, whereas the rivers are

characterized with the most depleted mean d-excess going down to 13.5 %o in Shasha river.

4.2. Spatial variations of isotopic composition

The monthly §?H and 580 of springs and rivers are similar except for Tingi 1 and Rambo
which are warm and hot springs respectively, and that have values shifting towards depleted §'0
values; Rambo further shows the most depleted 5°H (Fig. 3A). However, the monthly %H and
5180 of springs and rivers are all included in the range of mean precipitation-weighed values of
the local rainwater (-11.7 to 5.5%o for 52H, and -4.0 to -1.1 %o for &0, Fig. 3B and Table 2).
Such an enclosure indicates that springs and rivers were fed by recent local groundwaters which
in turn are recharged by recent local rainwater, in opposition to possible contribution from
regional and/or old groundwaters of different isotope composition. The cold springs, i.e.
Mubambiro, Kamutoni, Sake Birere and Tingi 3, have isotopic composition close to that of rivers
(most enriched, Fig. 3A, Table 1), as a consequence of the similarity in the isotope composition
of the lowland rainwater (Table 2) that predominantly recharge their systems. On the contrary,
Rambo hot spring, Tingi 1 and Tingi 2 tepid springs are fed by a different system, which has
isotopic composition similar to that of depleted highland rainwater (Fig. 3B and Table 2). Tingi
1, Tingi 2, Tingi 3 and Sake Birere are springs located few hundred meters apart; Mubambiro
and Kamutoni springs are spatially close one another and both located about 3 km away from the
Tingi group (Fig. 1 & 2). The two groups of springs are fed by both deep and shallow aquifers,
with Tingi 1 being compositionally closer to the parental deeper end member that is in contact

with the hot bedrock and Tingi 3 closer to the upper shallow end member.
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The blue solid line of Fig. 3C represents the linear best fit of all the datapoints, i.e. of
mean 62H and 880 of rivers and springs. The equation is §°H = 4.58'80 + 6.1 (R? = 0.71; p <
0.0001) and divides the corresponding 99 % confidence interval zone into two parts. The upper
part contains the mean values of springs which are aligned along the grey line. This latter
corresponds to a mixing line between a deep and a shallow groundwater reservoir, with Tingi 1
spring and Shasha river appearing as mixing end members. This grey line almost coincides with
the linear best-fit line of springs datapoints taken separately, and is described by the equation
5°H = 4.85'80 + 7.9 (R? = 0.86, p < 0.01; Fig. 3C). During its ascent to the surface the deep and
hot water end member progressively mixes with cold water from the shallow aquifer yielding
compositionally intermediate waters of relatively low temperature but with enriched isotopic
signature. At the resurgence points, the mean temperatures of Tingi 1, Tingi 2, Tingi 3, Sake
Birere, Kamutoni and Mubambiro are 29.3, 26.6, 21.7, 18.2, 17.4, and 17.4°C, respectively
(Table 1). The observed trend of decreasing in springs temperatures, along the mixing path from
deep to shallow aquifers (Table 1), points out the evidence that Tingi 3, although spatially close
to the other Tingi springs, is more affected by water from the upper aquifer than Tingi 2 or Tingi
1. Similarly, Sake Birere, Kamutoni and Mubambiro rivers are much related to the upper aquifer.
This mixing path between the upper and deep aquifers is in line with both the observed
progressive 8°H and &80 enrichment in springs, and their simultaneous decreasing in
temperatures. As the hot depleted deep-waters ascent towards the surface, they progressively mix
with cold and isotopically enriched shallow water. Once at the surface, water from the shallow
aquifer becomes dominant, the resulting mixture yields temperature and isotopic signature closer
to that of shallow aquifer (e.g. Tingi 3; Fig. 3A&C), i.e. of cold springs such as Sake Birere,

Kamutoni or Mubambiro.
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The mixing hypothesis is further supported by the chemical composition of springs, with Tingi 1
showing the highest values of TDS and total alkalinity (TA) with respect to Tingi 2 and Tingi 3.
The TDS are in the order of 3115.09 mg L™, 2184.83 mg L™ and 794.53 mg L* for Tingi 1,
Tingi 2 and Tingi 3, respectively, while the TA are 2685.65 mg L™, 2419.11 mg L and 657.69
mg L for Tingi 1, Tingi 2 and Tingi 3, respectively (Balagizi, 2016). The chemistry of water
from Tingi 3 is similar to that of Sake Birere, Kamutoni and Mubambiro that have TDS values of
864.0 mg L, 811.7 mg L, 821.6 mg L™ and TA of 802.94 mg L, 692.11 mg L™ and 689.17
mg L respectively (Balagizi, 2016).

Rambo is another deep end member located to the eastern part of the study area far from
the Tingi group (Fig. 1) and with a different ascending path (Fig. 3C). In Figures 3C and 3D it is
aligned with Mubimbi and Renga rivers even if they are located to the western part of the study
area. Rambo hot spring is located on the shoreline of Lake Kivu; however, it seems there are no
intrusions of the lake water into the ascending hot spring water. In fact, Rambo’s §°H and 580
mean values (-9.5%o and -3.3 %o, respectively; Table 1) are very depleted compared to both Lake
Kivu surface water (8°H= 27.0 %o, 580 = 3.5 %o) and water from 25 m depth (8°H= 26.7 %o,
5180 = 3.6 %o; Table 2) such that any mixing with the lake waters during the ascent is excluded.
The lowest part of the confidence interval zone of Fig. 3C contains only the mean values of
rivers, which are in-between Shasha river and Rambo hot spring that appear as the two end
members. Contrary to the springs, the rivers datapoints (Mubimbi, Renga, Sebeya and Shasha)
are aligned along the green line that corresponds to the evaporation line of equation §°H =
4.835'0 + 7.89 (R? = 0.86; p < 0.01). Kihira is the only river that is situated above the blue
linear best fit. Such position was expected for Kihira, as this river is formed of two tributaries:
the first is formed of waters from the Tingi group-Sake Birere springs which mixes with another

small river that originates from the Mitumba range. Kihira samples were collected downstream
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the mixing point which causes its ?°H and &80 values shift towards springs values. In fact,
during recession periods, the water from the Tingi group-Sake Birere springs predominates,
which is the frequent case because the Mitumba river flow quickly decreases few days after the
last rains (see more in Balagizi et al.,, 2015). On the other hand, with 72.7°C of mean
temperature, Rambo surface water appears as the most depleted end member compared to rivers,
along the defined evaporation line (Fig. 3D). Even though Rambo and the rivers undergo a
similar or close process that cause such an alignment, they have different chemical composition
discussed in Balagizi et al. (2015) and Balagizi, 2016; with Rambo being highly mineralized
(TDS= 1958.10 mg L, Balagizi et al., 2016) compared to the rivers (e.g. the TDS value is
372.33 mg L for Shasha, 168.69 mg L™ for Renga, 81.20 mg L for Mubimbi and 74.7 mg L™
Sebeya; Balagizi et al., 2015). The rivers may undergo limited evaporation in the course of the
flow: the most evaporated and hence highly enriched end member being Lake Kivu surface

waters (Table 2) which they feed.

The two known deep end members, i.e. Rambo and Tingi 1, are both recharged by the
local highland rainwater (see section 4.5). Once the rainwater has entered the groundwater
system, an exchange between the infiltrating water and the aquifer occurs, e.g. mixing and
water—rock interaction, as well as possible evaporation at depth, in correspondence of the contact
with the hot bed rock. These interactions are known to produce variations in the isotope signature
of the water (Huang and Pang. 2012; Liu et al., 2016). The degree of such variations depends on
the chemical composition of the rocks, on the aquifer temperature, and on the groundwater
residence time (Yin et al. 2001). A very slight difference exists between the §'80 in Rambo and
Tingi 1 (Fig. 3A and Table 1), which may be related to the difference in the lithology and the
temperature between the two systems (Fig. 2A). The water—rock interaction rates in the systems
feeding Rambo and Tingi 1 are possibly different due to the difference in the temperature
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between the systems (e.g. Mironenko and Zolotov, 2012). However, the difference of interaction
rates cannot alone yield such a significant shift in the 5'80 between the two systems. Looking at
their 5%H, there is a more significant difference in the 5°H values of the two deep end members,
with Rambo shifting towards depleted §*H values (Fig. 3C), and consequently yielding a
decrease in its d-excess compared to that of Tingi 1 (Fig. 3D). The decreasing in both the 6*H
and the d-excess in Rambo could likely results from a stronger evaporation (due to high
temperature) occurring under kinetic fractionation (due to high ascent velocity of the condensate)
compared to Tingi 1. Further, during their ascent the deep end member in the area of the Tingi
group mixes with shallow groundwater which likely reduces the effect of any possible
evaporation that occurs at depth. On the contrary, Rambo water does not mix with water of the
nearby Lake Kivu, as attested by the fact Rambo datapoints plot on the Local Meteoric Water
Line (Fig. 3C). The effects of the evaporation at depth (formation of depleted vapor) and the
kinetic fractionation during the ascent are conserved and result in the observed decrease in the d-
excess in Rambo (Fig. 3D).

Overall, the above groundwaters classification into two end members based on their 580
82H values, i.e. Tingi 1 and Rambo on one side, and Sake Birere, Mubambiro and Kamutoni on
the other, is in line with the already mentioned mineralization trend, but is additionally supported
by chlorine data. In fact, the hot and deep end members contain higher chloride concentrations,
Tingi 1 and Rambo contain between 6 and 13 times more chloride compared to the shallow
springs (Balagizi et al. 2016). Some other tracers such as B, Li, and Si follow a similar trend,
with concentrations in deep aquifers, represented by the Rambo and Tingi 1 springs, being 71.5
to 3238.5 times for Li, 16.7 to 60.6 times for B and 0.9 to 1.7 times for Si higher than that in the

shallow aquifers (Sake Birere, Kamtoni and Mubambiro cold springs) (Balagizi, 2016). These
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trends are in agreement with the descriptions by Marini (2004) regarding trace elements ratios

between geothermal waters circulating in deep aquifers and cold waters of shallow aquifers.

4.3. Temporal variations of isotopic composition of rivers and springs

The 82H, §'0 and d-excess temporal evolution of springs and rivers did not show any
well-defined seasonal variation (Fig. 4), contrary to the well-pronounced seasonality observed in
Virunga rainwaters (Balagizi et al. 2018a), in eastern African precipitations (e.g. IAEA/WMO,
2017; Munyaneza et al., 2012; Levin et al., 2009; Mduma et al., 2016), and in global
precipitations (e.g. Hoefs, 2009; Gat, 2010; Pfahl and Sodemann, 2014). Some rivers,
particularly Shasha and Renga, showed a slight increase of 8°H and §'20 during the January-
February short dry season (Fig. 4A&B) as a consequence of the isotopic composition enrichment
of precipitation in this period (see discussion in Balagizi et al., 2018a). Furthermore, the §°H
values of rivers were more sensitive to this slight increase (Fig. 4A) compared to that of §'80
(Fig. 4B), because of the kinetic fractionation that mostly impacts light molecules. On the other
hand, no notable increase in the rivers 5?H and &80 were observed during the July-August major
dry season (Fig. 4A&B) despite the important decrease in the precipitation amounts (Fig. 5),
which partly resulted in the §?H and 580 enrichment of Virunga rainwater (Balagizi et al.,
2018a). The high isotope enrichment of Virunga precipitations during the main dry season was
not observed in rivers mainly because the rain amount was very low: 7.5 to 13 mm/month in July
and August, compared to values up to 320 mm/month in December at the same lowland station
(Fig. 5). Because the soil is very dry in this period (Zomer et al. 2007, 2008; Trabucco and

Zomer, 2009), the 7.5-13 mm/month could not cross the unsaturated zone or significantly change
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the isotope composition of river water. Similarly, springs did not show any well-defined §°H and
5180 variations that may be linked to season changes (Fig. 4D, E&F).

Virunga rainwaters showed very large change of isotope composition as a consequence of
season variation (e.g., from -18.5 to 56.0 %o for 5°H, -4.6 t0 6.2 %o for 580 and 6.7 to 22.0 %o, at
Kanyaruchinya lowland site, Table 2), a strong seasonality which was not simultaneously
observed in springs and rivers of the north basin of Lake Kivu. Such a lack of simultaneity in the
52H and &80 temporal evolution in rainwater, springs and rivers is due to the already mentioned
precipitation amounts decrease, which could not reach the aquifer during the dry season. For the
remaining periods of the year, which are principally rainy (Fig. 5), it is due to the tectonic
discontinuity, the volcanic fissures as well as the drainage basin lithology and morphology (Fig.
2A&B) that control the rainwater infiltration, the surface, near surface and underground flows. In
fact, the tectonic discontinuity and the fissures are places for rapid water infiltration which
prevent the formation of surface flows and runoff that may directly reach the rivers. In the areas
without faults and fissures, the landform controls the rainwater infiltration rate and runoff
formation and rate. Thus, the two upper landforms, i.e. the upper footslope and the medium to
high gradient-mountains (Fig. 2B), are steep zones (supporting information Fig. S1) that
generates high surface flows velocities, and are thus zones with limited infiltration. As a result,
surface flows and runoff water quickly reach the rivers causing immediate increase in the river
flow (flooding). However, this increase finishes within the few hours following the end of the
rain events in this mountainous catchment. This rapid surface runoff and subsurface flow run out
yield very short rainwater residence time in the soil. Consequently, the rivers and springs water
are most of time composed of homogenized water from the aquifer (i.e., of nearly constant
isotope composition), unless the rivers or springs are sampled a few hours following a rain event.

However, the small amount of rainwater that remains in the soil undergoes evaporative-
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enrichment but can’t reach the river channel through lateral subsurface flow. This slightly
enriched water may reach the aquifers either by infiltration, or being transported by the water
infiltrating during the following rain events. The infiltrating soil-enriched water mixes with
water in the aquifer, but its impact on the final isotopic composition of mixed groundwater
depends on the amount of each component (e.g. Kendall, 1993; DeWalle and Swistock, 1994).
On the other hand, rain that falls in the zone of very low slope, shown as the depression in the
landforms map of Fig. 2B may undergo more isotope enrichment during the infiltration
compared to that of the two upper landforms of higher slopes. Still, in some areas particularly in
the field of Nyiragongo and Nyamulagira volcanoes, the presence of fissures and pyroclastic
deposits cause very high infiltration rates, which further limits evaporation during the infiltration.

Although the isotopic composition of the springs and rivers is not strongly altered by the
evaporation, it is observed that, with the exception of very few data points, the monthly §°H and
5180 of rivers and some springs plot below the Local Meteoric Water Line (LMWL) (Fig. 3A).
This is indicative of the weak evaporation occurring during the water infiltration that yields weak
isotope enrichment, especially in catchments with relatively small plain or gentle slope (e.g.
Sebeya, Renga and Shasha). This evaporation was not seasonal-strictly dependent as the local
temperature and relative humidity are nearly constant on daily basis, have values that can yield
important evaporation throughout the year. In fact, the daily minimum and maximum
temperature of ~ 13.5 °C and 29.5 °C, respectively, and the 70 — 84 % of monthly relative
humidity where recorded both in the rainy and dry seasons (Fig. 5). The infiltration of slightly
enriched evaporated water is favored by plain and/or gentle slope since they generate slow
surface and subsurface lateral flows, which increases soil rainwater residence time. In addition,
some of these catchments receive enriched lowland rainwaters (undergoes enrichment during the

fall or formed from the condensation of strictly local recycled enriched moisture; see discussion
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in Balagizi et al., 2018). Any weak evaporation of this water during the infiltration could yield
water with noticeable offset compared to the LMWL, which also distinguished them from that of
Tingi 1 and Rambo (Fig. 3A) that are recharged by highland rains (see previous discussion and
that in section 4.5).

In bimodal seasons, the contribution from each source to the river discharge changes with
the season, with precipitation dominating in rainy season and groundwater during base flow
conditions in the dry season. The influence of precipitation decreases as rains become scarce,
while on the other hand that from subsurface flows and groundwater rises. Because of the
evaporation of soil water, the residual soil water shows 20 and ?H enrichment, which influences
the isotopic composition of the next groundwater recharge and subsurface runoff. However, the
extent of the influence depends on both the amounts of the residual soil water and of the
precipitation that mix. Thus, it has been observed that rivers of small catchments respond faster
to changes in the 80 and 2H of precipitations, leading to well pronounced and correlated

seasonality in both rivers and rain (e.g. Dewalle et al., 1997; Genereux and Hooper, 1998).

4.4. Oxygen isotope — precipitation, air temperature and relative humidity dependency

As for the 80 precipitation weighted values, the monthly precipitation §'®0 of rivers
and springs also reveal that isotope composition of surface and groundwater is weakly impacted
by monthly precipitation variation (Fig.6A). This is related to the fact that the isotopically
enriched rainwater of the dry season (Balagizi et al. 2018a) does not reach the aquifer because
soil is very dry and rain vents are very scarce during this period (Fig. 5). On the other hand,
during the major rain season (e.g., October to December and March to early May, Fig. 5) the
falling rain generate very high flows in the rivers because of the high slope of this mountainous
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region (Balagizi et al., 2015). The flow rate drastically decreases a few hours after a rain event,
leaving small amount of water in the soil, which cannot impact the isotope composition of rivers,
because the latter is dominated by water from the springs. The infiltration mainly takes place at
high rates because of the lithology and morphology in the study area (Fig. 2A&B), i.e.
prevalence of faults, fractures and fissures, of pyroclastic flows at same places, which are very
porous conducting to high infiltration rates. This yielded the absence of correlation between
monthly §!80 and the precipitation (R?= 0.03 in rivers and R?=0.009 in springs; Fig. 5A).
Similarly, air temperature and relative humidity variations did not show any impacts on
the isotopic composition of rivers and springs (Fig. 6B&C). These two parameters, along with
the wind speed, control the surface and soil water evaporation. They were found to partly be
responsible for the seasonality observed in Virunga rainwater because they yielded isotopically
enriched moisture (formed mainly from the already enriched surface waters such as Lake Kivu,
Table 2) which in turn produced enriched rainwater or enrichment of the rain drops during their
fall (Balagizi et. al, 2018). However, the isotopically enriched rainwater produced during the dry
season does not reach the aquifer because of their small amounts as discussed above, causing the
absence of seasonality in rivers and springs. Furthermore, the daily mean temperature and the
relative humidity are nearly constant during the course of the year (Fig. 5). This determines the
absence of correlation between water isotope composition, temperature (R?=0.006 for rivers and
R?=0.0011 for spring; p< 0.001, Fig. 6B) and relative humidity (R?= 0.02 for rivers and R?=0.01

for springs, p< 0.001; Fig. 6C).

4.5. Groundwater meteoric water recharge area
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The fact that springs and rivers have monthly isotope composition included in the range
of precipitation-weighed 5'®0 and &°H of local rainwater is evidence that they are fed by local
aquifers recharged by recent precipitations, or by older water of long residence time having
similar stable isotope signature (Fig. 3B). The equation relating the mean precipitation-weighted
880 of Virunga rainwater to the altitude (880 (%o) = - 0.0012z + 0.2848, z is the altitude; Balagizi
et al., 2018a) can consequently be used to estimate the groundwater recharge area. A local
vertical 880 gradient line was thus obtained using this equation, which corresponds to the solid
black line of Fig. 7. The same equation similarly allows estimating the altitude range at which
meteoric waters recharging the aquifers infiltrate, by using the mean precipitation-weighted 50
of rivers and springs. The latter appear aligned along the local vertical 880 gradient line once
plotted against the corresponding computed altitudes (Fig. 7).

Three main areas of groundwater recharge are observed based on the altitudes computed
using the mean precipitation-weighted 520 values of springs and rivers, and correspond likewise
to the three main landforms of Fig. 2B; i.e. depression or the lava plain, upper footslope and
medium to high gradient-mountains. The approximate limits of these three main areas have been
estimated on the basis of the field analysis, i.e. the topography and geology of the study area.The
first area of groundwater recharge occurs in the altitude range from ~ 1800 m to ~ 2150 m and
feeds shallow aquifers (Fig. 7), corresponding to mean precipitation-weighted 520 from -1.88 to
-2.28 %o. Such 580 range includes Shasha river, Tingi 3 and Sake Birere springs which are fed
by isotopically enriched water from shallow aquifers and potentially surface flows. The recharge
area range corresponds to the altitudes below 2150 m formed by the large plain (Fig. 2B)
favoring the already evoked relatively evaporative infiltration. Further, this area receives
isotopically enriched lowland precipitations (Balagizi et al., 2018a), which causes the 520 and

52H of Shasha river departing from the general trend (Fig. 3C&D). Part of the rainwater falling
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over this area directly reaches the neighboring Lake Kivu as surface runoff or superficial
subsurface flows, likely without transiting through an aquifer. The case for rainwaters from
Bweremana, Buhimba, Sake and OVG sites located not far from Lake Kivu shoreline (Fig. 1).
The second area of groundwater recharge occurs in the altitude range from ~ 2180 m to ~ 2500
m and feeds shallow to intermediate aquifers of mean precipitation-weighted 580 from -2.3 to -
2.7 %o (Fig. 7), corresponding to the upper footslope area of Fig. 2B. Except Shasha, all the other
rivers are fed by waters recharged at these altitudes, in addition to Kamutoni and Mubambiro
cold springs. The third recharge area is found in the altitudes range from ~ 2620 to ~ 3220 m,
which corresponds to the high gradient-mountains zone thus including the summit area of
Nyiragongo volcano and other neighboring high-altitude zones such as the Mitumba chain and
the Rwandan dorsal, located respectively to the west and east of Lake Kivu (Fig. 1). Tingi 1 and
2 tepid springs as well as Rambo hot spring are fed by waters whose aquifers are recharged at
these altitudes. The two upper recharge areas, i.e. upper footslope and medium to high gradient-
mountains, are the most fractured and fissured zones (Fig. 1) which allow rapid infiltration of
highland depleted precipitations, which recharge deep aquifers and found in the tepid and hot
springs generated after being in contact with the hot bed rock.

The 580 composition of Lake Kivu water (surface down to 25 m depth, Table 2) were
also added to Fig. 7 for comparison, considering the lake’s altitude of 1460 m. This upper layer
of the lake is fed by direct rainwater falling over the lake surface, as well as surface flows from
the catchment (rivers and runoff), and which undergo intense evaporation and seasonal mixing
once in the lake. In fact, a study by Muvundja et al., (2014) estimated to ~ 60% the Lake Kivu
water output due to surface evaporation. This strong evaporation yields high isotopically
enriched residual water of the upper layer of Lake Kivu, resulting in the shifting of the lake’s

52H and &80 compared to that of rivers and rain entering this layer (Fig. 7).
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5. Conclusions

We present the first time series of oxygen and hydrogen isotope composition of major rivers,

cold springs, tepid springs and one hot spring in the north basin of Lake Kivu, western branch of

the East African Rift system. The isotope composition of the rivers and springs allowed

identifying the groundwater recharge sources in this young volcanic and tectonic filed. The main

conclusions of the present study are summarized as follows:

The landform is subdivided in three main classes that include depression, upper footslope and
medium to high gradient-mountains; implying three major hydrogeological characteristics of

the terrain, and corresponding to three main hydrogeological zones.

Three main zones of groundwater recharge have been identified and correspond to the three
main landforms of the terrain: the first occurs in the altitude range from ~ 1800 m to ~ 2150
m (above sea level) and feeds shallow aquifers, corresponding to aquifers of mean
precipitation-weighted 530 from -1.88 to -2.28 %, fed by isotopically enriched precipitation
from Virunga lowland. The second zone of groundwater recharge goes from the altitude of ~
2180 m to ~ 2500 m, corresponding to the upper footslope area, and feeds shallow to
intermediate aquifers of mean precipitation-weighted 880 from -2.3 to -2.7 %o. The third
recharge zone is located in the altitudes range from ~ 2620 to ~ 3220 m, corresponding to the
high gradient-mountains that collect highland depleted precipitations which recharge deep

aquifers, and the latter feed the tepid and hot springs.
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Combined catchment morphology, local tectonic discontinuity and to a larger extend the
lithology (1) regulate the surface runoff and subsurface flow, (2) control the precipitation
infiltration zones and hence the aquifers recharge areas. The steep slope generates high
surface flow and runoff rates that quickly reach the rivers and yield abrupt increase in the
river flow. In this mountainous catchment, the river high flow runs out within the few hours

following the end of the rain events.

The cold springs (temperature range from 17.40 to 21.8°C) showed each almost constant
temperature over the sampling period owing to their groundwater character. Rivers
temperatures (range from 17.4 to 26.9°C) varied over the sampling period, and were
generally few units higher with respect to that of cold springs, with values linked to their
high-altitude origin. Similarly to cold springs, tepid springs (temperature range, 26.2 -
29.5°C) and the hot spring (72.7°C) had their temperature nearly constant over the sampling

period, as they varied of less than 1°C, respectively.

The monthly 8%H (-10.21 %o to 1.96 %o) and 580 (-3.58 %o to -1.62 %o) of rivers and springs
are included in the range of the local monthly precipitation values (-11.66 to 5.45 %o for §°H
and -4.00 to -1.07 %o for §*80), indicating that the aquifers feeding the springs and rivers are
recharged by recent local precipitations; with possible contribution of older groundwater of

similar stable isotope signature.

The &%H, 580 and d-excess temporal evolution of Virunga springs and rivers did not show
any well-defined seasonal variation that may be linked to season changes. During the dry

season, an important decrease of the precipitation amount is observed but the small amount
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of rain could not cross the unsaturated zone because the soil is dry. Thus, direct precipitation

has no immediate influence on the §?H and §*80 values of springs and rivers in the Virunga.
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4  Figure 1. Topographical map of the north basin of Lake Kivu situated within the western
5 branch of the East African Rift (shown in the inset map), on the border between the
6  Democratic Republic of the Congo and the Republic of Rwanda. In the Sake area are found
7  the following sampling sites: the Sake rain gauge; the Tingi springs group (1 to 3), Sake

8  Birere spring, Kamutoni and Mubambiro springs.
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Figure 2. Maps of the lithology (A; from combined field observations and data from Balagizi et al. 2018b and Hartmann and Moosdorf, 2012) and of the

landforms (B; including depression, upper footslope and medium to high gradient-mountains) in the north basin of Lake Kivu located in the western branch

of the East African Rift, on the border between the Democratic Republic of the Congo and the Republic of Rwanda.
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figures C&D) and rivers (C&D). Rivers and springs samples were collected between
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Meteoric Water Line of equation §°H=7.605'80 +16.18 after Balagizi et al, 2018a, and the
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Figure 4. Temporal evolution of monthly 8°H (A and D), §'¥0 (B and E) and deuterium

excess (C and F) in rivers (A, B and C) and springs (D, E and F) sampled on monthly basis

between November 2013 and October 2014 in the north catchment of Lake Kivu, eastern

Democratic of the Congo.
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Figure 5. Temporal evolution of air temperature, precipitation and air relative humidity
between December 2013 and December 2014 in Goma city; eastern Democratic Republic of
the Congo and the Republic. The grey upper and lower lines are respectively daily data
collected on 30 minutes interval by a Davis Vantage Pro2 weather station based in Goma
city, and 6 hours intervals by the ERA-Interim model of the European Centre for Medium-
Range Weather Forecast (ECMWF) at the summit of Nyiragongo (at 700 mbar). The black
lines are running averages of the daily temperature. Relative humidity are daily means
obtained from data collected on 30 minutes interval by the Davis Vantage Pro2 weather in
Goma city. The monthly precipitation is deduced from the volume of monthly rainwater

recorded in a rain-gauge installed at Bweremana (Fig. 1).
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Figure 6. Plot of monthly §'0 from rivers and springs versus monthly precipitation (A),

daily mean temperature (B) and daily mean relative humidity (C). Oxygen stable isotope data

is from water samples collected monthly in rivers and springs of the north basin of Lake Kivu

in eastern Democratic of the Congo, between December 2013 and December 2014. Daily air

temperature and relative humidity are arithmetic means obtained from data collected on 30

minutes interval by a Davis Vantage Pro2 weather station in Goma city.



53

54

55

56

57

3.5 - §E.
34 2
2.5 -
>
[}
27 =8
1.5 22 @
J ge
e
1.5 4
=
O -2
=
@
>, -2.5
é
S -3 - 5 2
- b=
e} 53
S E
N
-3.5 1 3 £
R
£ c
N o
-4 - Deep aquifer
-4.5
- 1250 ' 1750 ' v22'50 '¢¢ 2750 ' :"50
1500 2000 2500 3000 3500
Altitude (m asl)
Legend :
@ Tingi1 @ Sake Birere @ Rambo O Shasha
@ Tingi2 @ Mubambiro @ Mubimbi @ Kihira
(O Tingi3 O Kamutoni © Renga @ Sebeya

Local vertical isotopic gradient after Balagizi et al., 2018

580 = -0.0012z + 0.2848 (R = 0.88; p< 0.0001)

Figure 7. Plot of mean precipitation-weighted 5'80 of springs (with grey background in the
legend) and rivers versus the altitude. Lake Kivu 5'®0 data is from water samples collected
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Fig. 1 andTable 2). The solid black line displays the local vertical 520 gradient line of



58  equation 580 = - 0.0012z + 0.2848 after Balagizi at all., 2018a; which was obtained using
59 mean precipitation-weighted 580 values. The grey solid line indicates the water transfer

60  from rivers to Lake Kivu and the evaporation taking place over the lake’s surface.
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Tables

Table 1. Min-arithmetic mean-max of temperature (°C), precipitation (mm), §°H, 830 and deuterium excess (%o) of rivers and springs water collected
on monthly basis in the north basin of Lake Kivu, eastern Democratic Republic of the Congo and north-western Rwanda, between November 2013
and December 2014

Elevation Temperature Precipitation® 5°H 5'%0 d-excess

(m a.s.l) (°C) (mm) (%) (%o) (%o) Nur:fber
Site name Type Min  Mean Max | Min Mean Max Min Mean Max Min  Mean Max | Min Mean Max [samples
Mubimbi River 1506 17.40 18.78 20.70( 9.87 110.80 218.11| -6.82 -548 -3.49 | -3.110 -2.71 -2.30 |1451 16.20 18.22 12
Renga River 1471 20.00 21.85 24.30( 9.87 110.80 218.11| -598 -438 -254 | -2.77 -2.44 -2.04 |13.25 15.18 16.18 12
Shasha River 1472 21.10 24.23 26.90| 9.87 110.80 218.11| -2.96 -1.51 0.93 -2.14 -188 -1.62 |11.92 13.52 15.02 12
Kihira River 1469 19.60 20.60 21.70( 4.26 107.49 206.47 | -3.00 -2.45 -1.69 | -242 -234 -2.16 |15.39 16.29 17.18 12
Sebeya River 1475 20.35 20.79 21.23| 7.27 104.51 21478 | -5.46 -3.27 1.96 -251 -232 -1.97 |13.68 15.33 17.72 9
Tingi 1 Tepid spring 1493 29.00 29.32 29.54| 4.26 107.49 206.47 | -6.62 -556 -458 | -3.58 -3.43 -3.06 |19.12 21.89 23.04 12
Tingi 2 Tepid spring 1498 26.20 26.56 26.90| 4.26 107.49 206.47 | -467 -3.98 -2.74 | -3.05 -294 -2.86 |18.62 19.53 20.82 12
Tingi 3 Cold spring 1501 21.60 21.70 21.81| 4.26 107.49 206.47 | -2.86 -2.28 -132 | -238 -226 -1.92 |13.67 1577 16.54 12
Sake Birere Cold spring 1475 18.10 18.22 18.30( 4.26 107.49 20647 | -283 -2.01 -1.13 | -254 -226 -1.96 |14.15 16.09 17.49 12
Kamutoni Cold spring 1492 17.39 17.41 17.43| 4.26 107.49 206.47 | -4.13 -3.64 -3.13 | -263 -255 -233 |1551 16.76 17.60 12
Mubambiro Cold spring 1496 17.40 17.41 17.44| 4.26 107.49 206.47 | -3.55 -3.01 -2.52 -2.67 -250 -2.17 |14.11 17.02 18.65 12
Rambo Hot spring 1461 72.30 72.72 73.20| 7.27 104.51 214.78 | -10.21 -9.50 -859 | -3.44 -331 -3.17 |16.26 17.00 18.05 9

& The precipitation data used for Mubimbi, Renga and Shasha rivers are from a station located at Bweremana (1470 m a.s.l.),

precipitation data for

Kihira river, Tingi 1 & 2 tepid springs, Tingi 3, Sake Birere, Kamutoni and Mubambiro cold spring are from a station located at Sake (1514 m a.s.l.)

while the precipitation data for Sebeya river and Rambo hot spring are from OVG station (1535 m a.s.l.). Refer to the map of Fig. 1 to locate these

stations in the study area.
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Table 2. Min-arithmetic mean-max precipitation (mm), min-arithmetic mean-max §2H, §'0 and deuterium excess (%o) of precipitation and the

corresponding mean precipitation weighted values, and §2H, §'80 and deuterium excess (%o) of the 25 m upper layer of Lake Kivu; collected in the

north basin of Lake Kivu, eastern Democratic Republic of the Congo, between December 2013 and October 2015.

Elevation

(mas.l.)
Bweremana (lowland site) 1470
Sake (lowland site) 1514
Kingi (lowland site) 1848
Buhimba (lowland site) 1468
OVG (lowland site) 1535
Kanyaruchinya (lowland site 1759
Kibati (lowland site) 1994
Rest 1 (highland site) 2254
Rest 2 (highland site) 2535
Shaheru (highland site) 2761
Biraro (highland site) 2918
Cabanes (highland site) 3230
Summit (highland site) 3460
Kabuno Bay (0 m depth) 1460
Kabuno Bay (5 m depth) 1460
Kabuno Bay (10 m depth) 1460

Kivu Main Basin (0 m depth) 1460

Kivu Main Basin (25 m depth 1460

Min

9.87

4.26

14.12

5.71

7.27

7.48

5.40

12.05

15.37

53.18

35.73

47.98

23.26

Precipitation”

(mm)

Mean

110.80
107.49
139.45
119.87
104.51
139.32
143.74
194.11
188.31
176.36
194.35
177.01

174.60

Max

218.11

206.47

283.12

223.61

214.78

320.30

263.80

372.44

376.60

339.21

357.28

339.00

274.40

Min

-12.22

-18.10

-17.91

-21.47

-17.73

-18.47

-23.70

-24.61

-25.84

-27.27

-30.54

-32.30

-32.53

17.99

17.64

26.22

26.05

°H
(%o0)

Mean

10.84
8.95
3.30
7.10
4.54
8.91
5.29
4.41
0.90
2.99
-2.02
-3.73
-7.19
18.70
18.15
17.45
26.99

26.69

58.89

41.74

29.46

37.44

32.87

56.02

34.11

46.80

41.50

39.75

34.51

29.08

32.64

19.36

18.66

27.76

27.33

Min

-3.42

-4.15

-4.22

-4.74

-3.99

-4.60

-4.87

-4.91

-5.42

-5.66

-5.99

-6.36

-6.44

1.71

1.63

3.41

3.50

50
(%o)

Mean

-0.27
-0.81
-1.62
-1.17
-1.38
-0.89
-1.41
-1.63
-2.19
-2.01
-2.76
-3.01
-3.50
1.84
1.76
1.50
3.49

3.56

5.98

4.04

1.44

2.44

2.51

6.16

1.86

3.66

2.49

2.53

1.66

0.95

1.28

1.92

1.89

3.58

3.63

Min

-3.58

5.54

13.42

11.11

6.47

6.74

11.24

14.69

15.92

17.41

17.37

18.56

18.74

3.55

3.54

-2.42

-3.02

d-excess
(%o)

Mean

13.02
15.40
16.25
16.49
15.54
16.00
16.60
17.42
18.40
19.08
20.06
20.38
20.78
3.96
4.07
5.45
-0.96

-1.83

20.20

19.69

19.20

20.49

20.37

22.03

19.48

20.82

21.58

20.86

21.83

23.48

22.92

4.31

3.54

0.50

-0.63

Mean precipitation
weighted values

H &% d
(%o) (%) (%o0)

5.45 -1.07  14.03
3.28 -1.51 15.38
0.31 -1.99  16.27
2.93 -1.65 16.16
-0.74  -2.09 16.01
4.03 -1.53 16.23
2.57 -1.73  16.40
0.27 -2.12 17.24
-3.39  -2.69 18.16
-0.47 -241 18.78
-6.71  -3.31 19.78
-7.66  -3.47 20.07

-11.66 -4.00 20.36

Number of
samples

23
23
18
20
21
22
22
14
14
12
12
12
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