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• History of formation and characteristics of Kenya rift 
Lakes

• Hydrology across scales- Spatial and Temporal
• Climate
• Interconnectivity -Groundwater
• Amplifier lakes
• Recent lake level changes
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Talk Outline



1. East African Rift System and lakes

Ea
st

er
n 

R
ift

W
es

te
rn

 R
ift

200 km

East African  
Plateau

Ethiopian  
Plateau

Indian  
Ocean

3-Sonachi

4- Magadi

2-Suguta

1-Turkana

AFAR

1

2

3
4

Lakes
Rift graben and crater lakes

Trauth et al 2010



Baker B.H 1986

Half Graben Step fault platform
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Volcanic dam
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Step fault platform

Volcanic dam

• created by subsidence of the central block or tilting of one block to 
damming by volcanos, filled volcanic craters. 

• Good archives.
• Varied erosion-deposition environments as a result of ongoing 

tectonic and volcanic activity initiated about 40 Ma

Basins Setting

1.1 Kenya Rift System- Basins Setting
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1.2 Climate proxies



• Over 10 lakes:
 Small - Large; Deep - Shallow; fresh - saline.

• Occur at varied elevation: climatic regimes.

• “Closed” lakes
• Most rift lakes are connected with the GW systems

  Recharge and discharge

• Complex geology, geomorphology, Hydrology and climate at 
different temporal and spatial scales

• Support various livelihoods and sectors of the Economy

2. Hydrology



3.  Climate: Modern Rainfall Distribution

Rainfall in EA is linked to the 
passage of the ITCZ and CAB 
modified by topography 
causing a strongly bimodal 
annual cycle

Tierney et al 2011
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3.  Characteristics of Catchment’s



3.  Lake History -Variability
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3.1. EARS Paleolakes African Humid Period lake highstands 15-5kyr
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Today 9,000 years ago

Bergner et al 2009

3.2 CKR Paleo and modern Lake Extent

NV. Area, 685 Km2 
NK-EL Area 755km 2

NV. Area, 140 Km2 
NK-EL Area 72 +20 km 2



4.  Lake Variability



Lake Morphometry

Olaka et al., 2010, JOPL 

Pan shapedGraben shaped 

5. Geomorphology
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Olaka et al., 2010, JOPL 

5.1. Lake Responses

Olaka et al 2011 PhD thesis 



Olaka et al., 2010, JOPL 

Hypsometry

Olaka et al 2011 PhD thesis 



Hydraulic Gradient of the EARS Basins

S

6. Groundwater

• Hydraulic gradient
• Flow pathways, Faults

Olaka et al., 2010 ,Junginger et al 2014

CKRNKR SKR
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6.1.  Ground Water Flow in the CKR

Clarke et al 1990

Rift axis flow to the 
south and north



Lake-groundwater relationships and fluid-rock interaction 
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Figure 5. Map of the area north of Lake Baringo, northern Kenya, showing groundwater potentiometric 
contours and schematic flow directions (adapted from Allen and Darting, 1992). 

temperature (-80°C) and about double the TDS show 
no sign of a lake water component (Fig. 6). 

Lake Awasa area, Ethiopia 

The freshwater Lake Awasa in the MER (Fig. 1) 
is also similar in size to Naivasha. While no detailed 
estimates of its subsurface outflow have been 
published, it seems likely to be of the same order as 
Naivasha. Table 2 gives relevant stable isotope data 
for the area, including some steam condensate values 
obtained from fumaroles associated with the nearby 
Corbetti caldera (Fig. 7). The S-plot in Fig. 8 shows 
strong evidence that there is a northward flow from 
Awasa with around 50% lakewater outside the 

caldera to the east and northeast at the temperature- 
gradient boreholes TG-7 and TG-3, but considerably 
less to the north at Koka, where, assuming a iY80 
fractionation between fumarolic steam and parent 
water of around 2-3%0, there might be -2O-30% lake 
water underlying the area. A similar amount is 
indicated for the Borama fumarole immediately 
outside the caldera. By contrast, it appears that there 
is little or no lake water beneath the caldera, even 
allowing for the possibility of steam heating or 
subsurface steam condensation, making the parent 
water in the caldera appear somewhat more 
isotopically depleted than it actually is. The Corbetti 
caldera is a much better-defined ring structure than 
the Olkaria or Eburru eruptive centres and may 

Area North of Baringo, showing groundwater potentiometric contours and schematic 
flow direction (after Allen and Darling, 1992, Darling et al., 1996)

6.2 Groundwater flow  NKR

• Groundwater flow North of 
Baringo

• Geochemical composition 
of the Lake Baringo 
waters reflects two 
physical processes: 

• evaporation and the 
binary mixing between 
river water and 
hydrothermal fluids((Tarits et al 
2006)



6.3 Baringo Bogoria- Structures, Geology
2028 C. TARITS ET AL.
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Figure 1. (a) Location of the central Kenya Rift and the Lake Baringo basin within the East African Rift system. (b, c) Simplified structural
maps of the central Kenya Rift showing the asymmetry of the rift and the Palaeogene–Pliocene and Pleistocene–present-day active axis,
which contains the Lake Baringo and Lake Bogoria basins. This area of the Kenya Rift is characterized structurally by the intersection of
north–south-trending grid-fault systems developed during Pleistocene times and deep-rooted, northwest–southeast-oriented faulted zones.
BTZ: Bahati Transverse Zone; WMTZ: Wasages–Marmanet Transverse Zone; POKTZ: Porumbonyanza–Ol Kokwe Transverse Zone (from

Le Turdu et al. (1995)). X–X0 and Y–Y0: lines of B1 and B2 geological cross-sections presented in Figure 11

the solutes. New evidence is presented to show that a hydrothermal signature may be recognized in the lake
waters, and that sublacustrine hydrothermal fluids may discharge directly into the lake.

Lake Baringo is a small perennial freshwater lake lying between 0°200 and 1 °N in the axial graben of
the central Kenya Rift (Figure 1(a and b)). This lake is the remnant of a larger freshwater-to-saline, alkaline
lake, known as Lake Kapthurin, which developed in the axial graben during the Pleistocene (Renaut et al.,
1999, 2000). The Lake Baringo waters derive from rainfall on the lake surface, ephemeral streams and a few
perennial rivers, supplemented by local groundwater and a small group of hot springs. The visible part of
the hydrothermal system that partly feeds the lake lies on the northeastern side of the largest of five volcanic
islands near the centre of the lake, named Ol Kokwe (Tiercelin et al., 1987; Renaut et al., 2002) (Figure 1c).
The contribution of this subaerial hydrothermal system to the lake water is poorly known, but visually it
does not appear to be a major source of recharge compared with the other non-thermal sources. During the

Copyright © 2006 John Wiley & Sons, Ltd. Hydrol. Process. 20, 2027–2055 (2006)

areas of maximal hydrothermal activity
areas of minor hydrothermal activity

HYDROTHERMAL RECHARGE 2051
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Figure 11. (a) Schematic three-dimensional structure of the Baringo–Bogoria basin, showing major border faults and the north–south-
trending grid-fault system affecting the floor of the basin from Lake Bogoria to Lake Baringo through the Loboi Plain. Areas of hydrothermal
activity coincide with areas of intersection between the north–south-trending faults and the WMTZ and POKTZ deep-rooted transverse fault
zones. (b1, b2) Schematic geological cross-sections through the Baringo and Bogoria basins, showing the difference in deep basin structure
and volcanic/sedimentary infill. Areas of maximal volcanic activity in the Lake Bogoria basin correlate with areas of dense fracturing
affecting mainly volcanic terrains (major border faults and intersection between the grid-fault system and the WMTZ fault zone). The deeper
structure of the Baringo basin is characterized by a thick (up to 8 km) pile of alternating sediments and lavas. The upper sediments and
lavas flows are slightly affected by the north–south-trending grid-fault system. Such diffuse fracturing in the upper sediments may permit

seepage dispersion of upflowing hot fluids on the basin floor

Copyright © 2006 John Wiley & Sons, Ltd. Hydrol. Process. 20, 2027–2055 (2006)

88 B. Le Gall et al. / Tectonophysics 320 (2000) 87–106

1. Introduction half-graben-like structure bounded to the west by
the Elgeyo Border Fault, and to the east by the
Laikipia Border Fault system. In the axial part ofPart of the Eastern Branch of the East African

Rift system, the Kenya Rift is a linear graben this half-graben, the uplifted Tugen Hills separates
the Kerio Basin from the tectonically activestructure which extends for 900 km from the

Turkana Depression at ca. 5° latitude N to the Baringo Basin, presently occupied by the fresh-
water Lake Baringo (Fig. 1b and c).Tanzanian Plateau at ca. 3° latitude S (Fig. 1a).

North of the equator up to 2°N, the central As suggested by recent geophysical investiga-
tions in the Kerio and Baringo basins (Mugishasegment of the Kenya Rift extends as a 100 km

wide and 100 km long N–S-trending asymmetrical et al., 1997; Hautot et al., 2000), this part of the

Fig. 1. (a) Simplified tectonic map of the East African Rift system showing the location of the central Kenya Rift. (b) Simplified
structural map of the central Kenya Rift between the equator and 1°N, showing the main rift border faults (Elgeyo, Saimo and
Laikipia border faults), and the present-day active inner trough, presently occupied by the Bogoria and Baringo lake basins. (c)
Detailed structural interpretation from SPOT imagery of the Baringo–Bogoria inner trough, showing the main N–S and NW–SE
structural features and the location of the volcanic and sedimentary formations: Baringo Trachyte (BT); Chemakilani Basalts (CB);
Loyamarok Phonolite (LP); Kapthurin Formation ( KF); and Baringo Basalts (BB). (d) Lithostratigraphic log of the volcano-
sedimentary syn-rift sequence infilling the Baringo Basin [modified after Hautot et al. (2000)].

• Lake in basin formed by 8km deep fault
• Numerous faults forming the Islands

Legal et al., 2000;Tarits et al., 2006



6.4 Hydrology Magadi-Geochemistry

Geochemistry
 Hypersaline- Na-CO3- Cl brine fed mainly by hot, alkaline (40-80oC)  springs 
that discharge along lake marginal faults covered by thick bed of Trona 
( renault et al..)

figure from Renault et al



6.5 Isotopic Evidence of gw connection

Becht et al 2005 
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Figure 3c. Plot of 8180 and 8D for rain, surface, and subsurface 
water from Lake Naivasha region drawn separately and then the 
regression lines combined to compare with the Meteoric Water Line. 

and intermediate ground water wells to the east and further south 
toward Olkaria (C210, C567, C3767, and C630D). Wells C630D 
and C3767 have mantle helium, as deduced from their R/Ra ratios 
and C3767 has an absence of tritium (Table 1). Apart from these 
wells, all other wells to the south of the lake have water ages iden-
tical to, or slightly older than Lake Naivasha water (Table 1). 
Figures 3a and 3b are plots of 3H+3He* against 8D and 8180 iso-
topes, and they both show that the Manera Farm, southern wells, and 
lake water all have identical 3H+3He* values but different 8D and 
8180 values. Both 8D and 8180 are progressively enriched from the 
Manera water compared to the geothermal and the southern wells 
and Lake Naivasha, with Oloidien Bay having the highest value. 
Wells to the east have similar 8D and 8180 values as the southern 
wells but are more enriched in 3He+3He* than the latter. Effects of 
mantle helium input in wells C3767 and C630D is further seen in 
Figures 3a and 3b by the fact that these wells have water with iden-
tical 8D and 8180 values as the southern wells, but three to five times 
the 3H and 3He* values. This indicates that these wells have iden-
tical source water to the other southern wells and also have man-
tle helium input. The stable isotope values for the geothermal 
wells (OW- 102, 226, 725, and 728) are the reservoir fluid values 
corrected for steam separation using the continuous steam model 
(Truesdell et al. 1977; Ojiambo and Lyons 1993). The geothermal 

530 B.S. Ojiambo et al. GROUND WATER 39, no. 4: 526-533 

Figure 3d. Plot of deuterium versus oxygen-18 of Lake Naivasha 
water. Meteoric Water Line (MWL). 

reservoir water is lighter than that from the eastern and southern 
wells. If the lake contributed water only to the Olkaria field, the 
water there would demonstrate a more evaporative signal. From the 
standard 8D VS. 8180 plot, a mixing line can be drawn between the 
eastern and southern wells and the lake with Oloidien Bay/Lake 
Naivasha and the Manera Farm wells, and Nandarashi stream 
(sample no. R-9, Table 2) on the eastern escarpment of the Rift 
Valley as the end members (Figures 3c and 3d). Except for the 
Manera Farm wells, which fall on the World Meteoric Line (Figure 
3c), all other ground water is depleted in 8D, but enriched in 8180. 
This suggests that ground water has become heavier in 8180, either 
from chemical reaction with the aquifer rocks through which it 
flows, or through evaporation. Because of the higher nitrate levels 
in the Manera Farm ground water, we favor an evaporative source 
for the heavier 8180. There is little doubt that Lake Naivasha and 
Oloidien Bay water has gained its 8180 signature through evapo-
concentration. Oloidien Bay is more enriched and more saline 
because it becomes highly evaporated for long periods during 
drought periods (Verschuren 1999). During such periods, it receives 
no fresh water from the rivers. The Manera Farm and river water 
is depleted compared to the other ground water in the basin. It falls 
on, or close to, the meteoric line indicating direct recharge from the 
Rift flanks rain water (Figure 3c ); rain samples (Table 2) RW-1 and 

Plot of 3H+3He versus δ18D, %o for ground water from 
Lake Naivasha region.

Plot of 3H+3He versus δD for ground water from 
Lake
Naivasha region.

Ojiambo et al., 1996

7.1 Groundwater Recharge and flow



• Both Surface and Groundwater contribute to the lake budget- 
• input for closed lakes -rivers, rainfall, springs, 

hydrothermal,

Tweed et al. 2010

2.  Discharge lake

Evaporites

1. Recharge lake

water table

Evaporites

3. Throughflow lake

Lake

Lake

Lake

6.6 SW- GW interconnection
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2. Lake Tilo, Ethiopia

Telford et al., 1999; Lamb, 2001
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Fig. 2—Schematic summary of the hydrology of Lake Tilo, comparing (a) modern and (b) reconstructed early
Holocene conditions.

Table 1—AMS radiocarbon-dated charcoal samples from the Lake Tilo core.

Sample depth Laboratory !13C PDB Age (14C yr Age Age range
(‰)number (cal. yr B.P.)(cm from sediment (cal. yrB.P.!1")

surface) B.P.!1")

−15.9 1390!50174–186 1290 1330–1270Beta-106145
341–353 Beta-106146 −15.9 2400!50 2430 2490–2340
592–597 Beta-106147 −19.1 4140!60 4670 4810–4560

−18.1 5520!80 6320Beta-90886 6410–6210802–806
Beta-1061481287–1292 −17.3 6880!50 7660 7710–7620

−21.1 7930!90 87401762–1766 8950–8580Beta-90887
−15.6 8840!50 9850Beta-106149 9920–96802314–2319

39

• Observed high diatom inferred salinity  at the 
same time all paleoshoreline proxies show 
high lake levels

• Change to saline conditions at 4500 yr B.P. 
due to increased Geothermal groundwater flux  

6.6. SW- GW interconnection



1-Ziway, 2-Awassa, 3-Abaya, 4-Turkana, 5-Suguta, 6-Baringo, 7-Nakuru, 8-Naivasha, 9-Manyara, 10-Natron, 11-Tana. Rainfall distribution was provided by: http://iridl.ldeo.columbia.edu/maproom/.Regional/.Africa/.Climatologies/Precip_Loop.html (March 2011).
Figure 2 | Synoptic climatology of tropical East Africa for four representative months discussed in this study. The blue shaded area (contours at 50 mm intervals) explains the seasonal migration of the Intertropical Convergence Zone (ITCZ) and associated rain belts across the studied region. The distribution is based on gauge data over land, and satellite estimates over sea. Dotted grey lines show the mean position of the Congo Air Boundary (CAB) and ITCZ. Black dashed line outlines the East African Rift System and yellow numbered dots the studied lake basins. 1-Ziway, 2-Awassa, 3-Abaya, 4-Turkana, 5-Suguta, 6-Baringo, 7-Nakuru, 8-Naivasha, 9-Manyara, 10-Natron, 11-Tana. Rainfall distribution was provided by: http://iridl.ldeo.columbia.edu/maproom/.Regional/.Africa/.Climatologies/Precip_Loop.html (March 2011).1-Ziway, 2-Awassa, 3-Abaya, 4-Turkana, 5-Suguta, 6-Baringo, 7-Nakuru, 8-Naivasha, 9-Manyara, 10-Natron, 11-Tana. Rainfall distribution was provided by: http://iridl.ldeo.columbia.edu/maproom/.Regional/.Africa/.Climatologies/Precip_Loop.html (March 2011).1-Ziway, 2-Awassa, 3-Abaya, 4-Turkana, 5-Suguta, 6-Baringo, 7-Nakuru, 8-Naivasha, 9-Manyara, 10-Natron, 11-Tana. Rainfall distribution was provided by: http://iridl.ldeo.columbia.edu/maproom/.Regional/.Africa/.Climatologies/Precip_Loop.html (March 2011).
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8. Amplifier lakes
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9. Recent Lake level changes  1992-2020

Lake Naivasha

Lake Turkana

Lake Victoria

TOPEX /POISEDON 
USDA



Onywere et al 2013

9.1 lake surface area changes jan2010- 2013

Bogoria, 26.3% Nakuru, 71.9%
Baringo 61.2 %

Naivasha, 57.8%
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9.1.  Impact of lake level changes in rift lakes

• Destruction of property
• changes in the geochemistry of the lake water
• impact on the  biodiversity, - flamingo, tourism, extremophiles in 

Bogoria,



Summary

• Lakes are Highly sensitive to climate shifts.
• Connection of Ground and surface water is high - 

structures, geothermal activity
• a combination of regional‐scale (e.g. climatic) and site‐

specific local factors- topography,Groundwater modify 
lake level and surface area



1. Enhanced monitoring network of the Hydroclimatic 
parameters ( evaporation, groundwater)

2. Flood models for the lakes need to be developed, 
considering the projected climate changes

3. Exploring Adaptation options

4. Landuse planning

Recommendations
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Summary



Climate variability Drivers

• Rainfall across Africa 
are known to resonate 
with the coupled 
Ocean-Atmosphere 
phenomena of ENSO 
and IOD 

• ENSO (El Nino 
Southern Oscillation) 
3-7 year cycle 

• IOD (Indian Ocean 
Dipole)  ca. 2 year 
cycle

Heavy rain

Heavy rain

El Niño

La Niña

Drought

Drought
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now seems clear. Furthermore, studies of deep-sea cores, and the fossils 
contained in them (see page 140), indicate that the fluctuation of climate during
the last few hundred thousand years is remarkably close to that predicted by Mi-
lankovitch.

A problem with this theory is that the astronomical cycles have been in existence
for billions of years.We might expect that glaciation would have been a cyclic event
throughout geologic time, instead of a rare occurrence (Figure 14.38). Other fac-
tors must also be involved that caused Earth’s temperature to drop below a criti-
cal threshold. Once the temperature is low enough, Milankovitch cyclicity will act
as an ice age pacemaker, forcing the planet into and out of glacial epochs.

An attractive theory holds that decreases in atmospheric carbon dioxide, an
important greenhouse gas, started the long-term cooling trend that eventually led
to glaciation. Recent studies of the carbon dioxide content of gas bubbles pre-
served in the Greenland ice cap lend support to this idea. High carbon dioxide
contents correspond to warm interglacial periods, and low carbon dioxide to glacial
epochs. Similarly, conclusions drawn from our current understanding of the geo-
chemical cycle of carbon indicate a greater than 10-fold decrease in atmospheric
carbon dioxide since the middle of the Mesozoic Era (Figure 14.41). However, we
must still ask: Is this decline the cause of global cooling or is it the result? What
caused the carbon dioxide levels to decline?

Another important component of the cause for the long-term temperature drop
(Figure 14.38) may be related to the positions of the continents, relative to the
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FIGURE 14.40 Milankovitch climate cycles are caused by periodic changes with time in Earth’s orbital elements, including orbital
eccentricity, obliquity or tilt of the spin axis, and precession or wobble of the spin axis. When all of these cycles are added together, they affect the
seasonal differences in temperature on Earth. The total solar radiation at 65° N is shown as an example. The principal periods of glaciation as
defined from the continents, seafloor sediments, and polar ice cores are also shown.

 



5. Lake basins of the EARS

Longitude Latitude Altitude Lake Area Basin

Area

Basin Area/

Lake Area

Hypsometric

Integral

Precipitation Potential

Evaportrans

piration

Aridity Index Holocene Lake 

Level Rise 

Normalized

Holocene Lake 

Level Rise

Normalized

Holocene Lake 

Level Rise

References

Nakuru-Elmenteita

Naivasha

Awassa

Suguta

Ziway-Shala

Magadi-Natron

Baringo-Bogoria

Manyara

Turkana

Victoria

deg deg m km2 km2 mm/yr mm/yr m (Lake Area) (Basin Area)

36.08 -0.37 1,770 60 2,390 39.83 0.30 1,200 1,400 0.85 180 3.0000 0.0753 11, 28
36.34 -0.77 1,885 180 3,200 17.78 0.23 1,500 1,250 1.20 110 0.6111 0.0344 3, 27, 29
38.43 7.03 1,680 129 1,455 11.28 0.23 1,028 1,000 1.03 40 0.3101 0.0275 1, 16, 25,  4
36.55 2.22 275 80 12,800 160.00 0.30 1,000 2,309 0.43 300 3.5000 0.0219 9, 13, 18
38.76 7.59 1,558 1,222 14,600 11.94 0.23 1,200 900 1.33 120 0.0982 0.0082 1, 15
36.26 -2.33 600 440 10,930 24.84 0.36 1,000 1,750 0.57 48 0.0409 0.0016 5, 6, 10, 14, 26
36.06 0.63 967 215 6,200 34.98 0.37 1,000 2,309 0.43 9 0.0419 0.0015 7, 18, 20, ,22, 24, 26
35.80 -3.62 960 12,000 23,207 1.93 0.13 1,000 2,000 0.50 23 0.0019 0.0010 8, 21 
36.05 3.66 375 7,300 130,860 17.92 0.13 1,400 2,560 0.55 80 0.0110 0.0006 12, 17, 18, 19
36.26 -2.33 1,134 68,800 184,000 2.67 0.18 2,400 1,690 1.40 18 0.0007 0.0027 19, 23

 Table 1

Characteristics


