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Groundwater recharge from Lake Chad 

Abstract-The open waters of Lake Chad are 
reasonably free of salt (N 12G320 mg liter-l) even 
though it is a shallow, old, closed-basin lake lo- 
cated in the highly evaporative environment of 
sub-Saharan Africa. It is possible that the lake 
remains relatively fresh due to significant re- 
moval of water and solutes by seepage into the 
groundwater beneath the lake. Directly measured 
seepage rates (seepage meters and core tracer 
methods) through the sandy lake bottom are 1.15 
x 1 O-3 m d-l. The regional water table derived 
in this study indicates the lake to be at a higher 
hydraulic elevation than the phreatic aquifer, and 
measurements of the groundwater flow direction 
determined from minipiezometric nests confirm 
that flow is SW, away from the lake. Preliminary 
calculations indicate that seepage plays a signif- 
icant role in water and solute budgets, since it 
removes as much as 18% of the annual water 
input and 40-160% of the annual salt input to 
the lake. 

Lake Chad has the largest drainage basin 
of any lake in the world (2.5 x lo6 km2, 
Herdendorf 1982), is very shallow (mean 
depth, - 1.5 m) and very old, being formed 
by tectonic processes during the Cretaceous 
Period (Burke 1976). Seasonal and other cli- 
matic variations cause the lake to vary in 
size from 1,800 to 22,600 km2 (Carmouze 
1983). Because it is a closed-basin lake lo- 
cated in a semiarid region (30 cm yr- l of 
rainfall, Roche 1980) with a high evapora- 
tion rate (-200 cm yr-l) its waters might 
be expected to be highly alkaline and saline 
(Hardie and Eugster 1970; Eugster and Har- 
die 1978), but its open water is relatively 
fresh (120 mg liter-‘, Carmouze 1983; 320 
mg liter-l, Roche 1980). 

The low salinity observed in the lake has 
been attributed to the following factors: low 
volume-to-surface ratio that ensures signif- 
icant dilution by rainfall (Raeburn and Jones 
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1934); low salinities of the input rivers 
(-42-60 mg liter-‘); seepage through the 
lake bottom to the phreatic aquifer (Car- 
mouze 19 8 3); and biogeochemical regula- 
tions (Gac et al. 1977; Roche 1980; Car- 
mouze 1983). Seepage can be an important 
component in the water budget and chem- 
ical mass balance of a lake (Wessner and 
Sullivan 1984; Brock et al. 1982; Fellows 
and Brezonik 1980). Field methods are 
available to measure seepage directly (Lee 
1977; Lee et al. 1980) or estimate its value 
indirectly (Roche 19 80; Carmouze 198 3). 

Earlier works examined the roles of se- 
lective removal (diagenetic and authigenic 
phases in sediments) and nonselective re- 
moval (infiltration and surface abandon- 
ment) (Roche 1980; Carmouze 1983) of sol- 
utes brought in by the Chari and Lagone 
Rivers. In those studies, direct seepage mea- 
surements were not made, but infiltration 
tracing was performed in areas where the 
hydraulic gradient was low so little seepage 
would be expected. Roche (1980) estimated 
that only -4-8% of the annual water input 
is removed by seepage, but Carmouze (1983) 
obtained a value of 9%. In their budgets the 
remaining water is removed by evapora- 
tion. Roche’s (1980) and Miller et al.‘s (1968) 
water-table maps of the Chad basin indicate 
that the lake level is higher than the phreatic 
aquifer to the southwest of the lake. This 
disparity suggests that the lake water, along 
with its dissolved solutes, should seep across 
the lake bottom into the phreatic aquifer 
near the southwest portion of the lakeshore. 
Here we report direct measurements of this 
groundwater seepage and its implications 
for water and solute budgets of Lake Chad. 

Lake Chad (Fig. 1) lies in Cameroon, 
Chad, Niger, and Nigeria between 12’12’ 
and 14’20’N and 13” and 15”E. The active 
watershed bounds a roughly square area with 
sides of -2,000 km. The surface area of the 
lake is sometimes as large as 30,000 km2 
and is usually around 20,000 km2, but areas 
of <lO,OOO km2 have been reported (e.g. 
Burke 1976; Durand 1982; Durand and Lang 
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Fig. 1. Study area in the Chad basin. Contours are 
mean annual precipitation (mm). Shoreline is based on 
the 280-m-as1 contour. 

1986). The late Quaternary history of the 
basin is characterized by complex climatic 
fluctuations resulting in wet and dry periods 
(Servant and Servant 1983; Durand and 
Lang 1986; Isiorho 1989) as indicated by 
sand dunes with NE-SW and NW-SE 
trends. Adams and Tetzlaff (1984) indicated 
that the lake was not completely dry during 
the last glacial maximum (18,000 B.P.) and 
that it is a sensitive climatic indicator. This 
sensitivity can be seen in the annual lake- 
level fluctuation (- 3 m) recorded at the ca- 
nals at Baga and Kirenowa (Fig. 2). The 
average lake level is reported to be 280 m 
as1 (Carmouze 1983). The period 1980-1984 
shows a much lower level, made evident by 
the Sahelian drought. The lakes in the East 
African Rift System seem to reflect the same 
wet and dry phases recorded in Lake Chad 
during the last 30,000 yr (Rognon and Wil- 
liams 1977). 

The southwest portion of the Chad basin 
(study area) is topographically very flat. 
Sandy and clayey surficial sediments overlie 
Quaternary sediments that have been as- 
signed to the Chad Formation, which is a 

sequence of lacustrine and fluvial clays and 
sands of Pleistocene age. It has been divided 
into upper, middle, and lower aquifers. The 
upper zone is generally unconfined and is 
tapped by hand-dug wells for irrigation and 
domestic use. This zone would be recharged 
by the lake through seepage. 

Several techniques were used to measure 
and calculate groundwater seepage rates and 
flow velocities, including direct volumetric 
measurement of groundwater recharge by 
seepage meters, borehole dilution tests, core 
tracer experiments, minipiezometer tests, 
electrical resistivity soundings, and static 
water-level measurements. 

Seepage flux between the overlying water 
and groundwater was measured directly with 
a seepage meter (Lee 1977) modified by 
placing a known volume of water in the 
storage bag before positioning the meter in 
the sediment. This modification allows 
seepage to occur either into or out of the 
lakebed. The seepage velocity was calculat- 
ed from the volumetric decrease in the stor- 
age bag divided by the cross-sectional area 
of the drum and elapsed time (0.5-6 h). 
Seepage measurements were performed in 
the lake at six distances from shore, ranging 
from ~2 km (Duro) to > 30 km (Fig. 3). 
About 10 measurements were made in an 
area - 1 km2 at each site. 

Another direct estimate of seepage veloc- 
ity through the lakebed was accomplished 
with a chemical tracer. Three 35-cm-long 
(4.5 cm o.d.) core tubes were inserted into 
the lake bottom about 0.3 m apart, leaving 
about 2 cm of the tubes exposed above the 
water surface. One of the cores was retrieved 
immediately, and the overlying water in the 
other two was spiked with - 500 ppm NaCl 
as a conservative tracer. The retrieved core 
was extruded and the Cl- content of the mud 
measured with a custommade Cl- micro- 
electrode (Microelectrodes Inc.) to deter- 
mine the natural tracer profile. One of the 
spiked cores was immediately capped at the 
bottom, permitting sediment-water ex- 
change of the tracer by diffision and ben- 
thos only and eliminating vertical advec- 
tion. The concentration of the NaCl spike 
was found in previous laboratory experi- 
ments not to affect the activities of the ben- 
thos significantly. The two spiked cores were 



Notes 933 

Fig. 2. Daily water-level measurements of the Kirenowa Canal, 1976-1984. Note that annual variation in 
lake level is about 3 m and that lake level was significantly below normal levels during the Sahelian drought 
(1980-1984). 

retrieved after a known period (“5 d) at 
Duro (Fig. 3), and the downcore Cl- distri- 
bution was determined. Horizontal trans- 
port was eliminated by the tube walls, al- 
lowing the vertical component to be 
observed. Downward groundwater flow was 
resolved from diffusion and biological 
transport by one-dimensional diffision-ad- 
vection modeling (van Genuchten and Alves 
1982) of the downcore distribution of Cl- 
in the two spiked cores. These arrays were 
run in triplicates about 0.3 m apart for 
-90 h. 

The average horizontal flow velocity of 
groundwater was estimated by a borehole 
dilution test (also known as the point-di- 
lution method) (Ronen et al. 1986). We per- 
formed single-well borehole dilution tests 
at four of the sampling sites by introducing 
a known quantity of a tracer (-500 ppm 
NaCl) into a drilled well, mixing the well 
water and monitoring the decrease in chlo- 
ride concentration change with time (3-6 
h). The flow velocities were calculated from 
the height of the column of water in the well, 

the wetted area of the well, and the time rate 
of change of chloride concentration and 
range from 0.54 to 2.56 m d-l. 

Groundwater flow direction and horizon- 
tal velocity were determined at Duro by Cl- 
plume tracing in a minipiezometer nest. This 
nest consisted of nine 1 -cm-i.d.-diameter 
tubes (piezometers) in a 3-by-3 grid pattern 
with centers 4 cm apart (Fig. 4). Each pi- 
ezometer tube was 1 m long with slits 86 
mm long and 30 mm wide at the bottom of 
the tube to allow movement of water into 
the tubes when placed in the hole. The tips 
of the tubes were covered with screen to 
prevent sand from blocking the flow of water 
into the tube. In order to give the set-up 
some rigidity, horizontal wire mesh held the 
piezometers near the top and near the bot- 
tom. After the piezometers equilibrated with 
the surrounding static water level (usually 
about 30 min), a tracer spike (-900 ppm 
NaCl) was added to the center piezometer 
and the water in the piezometer was well 
mixed. The surrounding piezometers were 
then monitored for change in Cl- concen- 
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Fig. 3. Study area showing locations for open wells 
(W), resistivity stations (R), and seepage-meter mea- 
surements, borehole dilution tests, minipiezometer 
measurements, and core tracer experiments (No. 1-6; 
Duro). Also shown are water-table elevations (m asl) 
derived from resistivity and open-well measurements. 

tration with custom-designed Cl- and ref- 
erence microelectrodes (Microelectrodes, 
Inc.). The microelectrodes were 20 cm long 
with a combined diameter of 8 mm and 
were inserted into the piezometer tubes dur- 
ing measurement. The flow direction was 
determined by the transport direction of the 
Cl- plume. 

Static water levels were measured from 
12 existing open wells. Electrical resistivity 
vertical profiling was performed at 13 lo- 
cations (Fig. 3) to determine depth to water 
saturation from cumulative resistivity plots 
(Moore 196 1). The combined water-level 
readings and the depth to groundwater level 
determined from the resistivity soundings 
were used to construct a map of the poten- 
tiometric surface in the southwest portion 
of the basin. The lake-level elevation was 
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Fig. 4. Plan view of (A) minipiezometric nest and 
(B) tracer plume indicating flow to the SW, away from 
the lake. 

-280 m as1 during the course of this study 
(1984-1985, Isiorho 1987). 

Seepage velocities (Table 1) range from 
0.02 to 11.7 x 10m3 m d-l with a median 
velocity among 40 measurements of 1.15 X 
1O-3 m d-l. The seepage values obtained 
from repeated measurements without mov- 
ing the seepage meter are significantly less 
variable (e.g. 2.15-2.65 x 1 OP3 m d-l at site 
2; n = 4). This pattern suggests that wave 
action and interstitial water pumping was 
not the major cause of the variability. The 
seepage meter was moved within a l-km2 
area at each site for each measurement, and 
seepage varied both within and among sites. 
The high variability of the measurements 
and the limited number of data points from 
> 11 km offshore (2) does not support a 
decrease of seepage velocity with distance 
from the lakeshore or at least precludes its 
identification. Kruskal-Wallis one-way lay- 
outs for all six sites and for the three sites 
for which we have the most data (Table 1) 
indicate no significant difference among me- 
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Table 1. Seepage velocities ( x 1O-4 m d-l) at six 
locations (distance from shoreline in parentheses) de- 
termined with seepage meters. Median velocities are 
calculated because the data are nonnormally distrib- 
uted and strongly skewed. Median of 40 val- 
ues = 11.48 x 1O-4 m d-l. 

Site 1 Site 2 
(Et) 

Site 4 Site 5 Site 6 
(10 w (11 w (6km) (12km) (3Okm) 

12.0 21.0 1.6 1.7 2.8 6.5 
1.5 22.2 16.1 13.2 - - 

32.1 26.2 0.7 - - - 
116.9 30.0 0.2 - - - 

12.2 19.5 6.9 - - - 
6.1 11.0 5.1 - - - 
1.4 21.6 5.2 - - - 
1.0 85.6 37.5 - - - 
3.1 4.2 44.0 - - - 
2.2 4.3 24.3 - - - 

27.4 12.3 106.9 - - - 
3.2 15.8 3.9 - - - 

Median 
4.6 20.3 6.0 7.4 

dian seepage velocities at the site (Kruskal- 
Wallis H = 4.97, P = 0.419 for six groups; 
H = 2.98, P = 0.226 for three groups). 

For comparison, Cl- concentrations at 
each depth for all three sets of cores were 
averaged and normalized to the highest con- 
centration (Fig. 5). Although there is some 
scatter in the data, the results clearly indi- 
cate that downward transport is signifi- 
cantly greater in the open-bottomed core; 
i.e. vertical advection exceeds diffusion. A 
one-dimensional analytical solution given 
by Ogata (1970) was used to calculate the 
diffusion coefficient and advection velocity 
by curve fitting. The value of the diffusion 
coefficient of Cl- obtained by the model is 
2.3 x 1 Om6 m2 d-l. The calculated seepage 
velocity is 4.9 x 1 Oe3 m d-l, which is within 
the range of values obtained with the seep- 
age meter. 

The flow direction of the groundwater at 
Duro was determined from the minipi- 
ezometer nest. The plume of the tracer in 
the nest indicates that after 1.5 h (Fig. 4) 
the groundwater flow direction is to the 
southwest, away from the lake and toward 
Nigeria. 

In this area (Fig. 3) the topography is very 
flat. The maximal elevation difference be- 
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Fig. 5. Plot of average relative chloride concentra- 
tion with depth from three sets of field cores (core tracer 
experiments). Dashed line- closed-bottomed core, in- 
dicates downward transport by diflusion and benthos 
only. Solid line-open-bottomed core, indicates down- 
ward transport by diffusion, benthos, and vertical ad- 
vection. 

tween the lakeshore and Mongonu (N 50 km) 
is < 5 m. The ground elevation at all resis- 
tivity stations was estimated from this re- 
gional slope. A water-table map of the study 
area constructed from resistivity and well 
measurements superimposed on the sam- 
pling locations (Fig. 3) also shows that 
groundwater flow is toward the SW, away 
from the lake. 

In past work the importance of seepage 
of groundwater recharge from Lake Chad 
has not been considered quantitatively sig- 
nificant in the water and solute budgets of 
the lake. There are no previous direct mea- 
surements of seepage in the lake. We found 
significant groundwater recharge from the 
lake, consistent with the conclusion of Mil- 
ler et al. (1968) that a marked groundwater 
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low extends from the Gubio area to a few 
kilometers NW of Maiduguri, which sug- 
gests that water in the upper zone comes 
from the lake and nearby rivers. From the 
water-table maps of Roche (1980), Miller et 
al. (1968), and our Fig. 3, the lake can be 
seen to be at a higher hydraulic elevation 
than the phreatic aquifer, also implying that 
groundwater recharge from the lake must 
occur. 

Most previous seepage measurements in 
lake bottoms have been designed to mea- 
sure influx into lakes. For this work the 
seepage meter of Lee ( 1977) was slightly 
modified to measure flow in either direc- 
tion. The modified seepage meter is capable 
of measuring seepage rates as low as 1O-5 
m d-l if the meter is left in place for long 
periods (12 h). This velocity is an order of 
magnitude lower than previously reported 
(Lee and Cherry 1978). 

Our measured seepage velocities vary in 
each location and appear not to decrease 
significantly with distance lakeward from 
the shoreline. Generally, inflowing seepage 
velocities have been reported to decrease 
exponentially with distance from the shore- 
line (McBride and Pfannkuch 1975; Wess- 
ner and Sullivan 1984), but this pattern does 
not appear in outflowing seepage from the 
lake. The lakebed contains deposits of very 
coarse sediments in some places that may 
permit high seepage rates and cause the high 
variability in the data. The median seepage 
rate from 40 measurements at six locations 
is 1.15 x 1 Om3 m d-l. This value appears to 
be reasonable since three of the sites are 
close to the shoreline and the other three 
are 2 8 km into the lake. The directly mea- 
sured seepage rate is similar to the 4.9 x 
1O-3 m d-l obtained from our core tracer 
experiments performed at Duro. Our mea- 
sured seepage rate is an order of magnitude 
greater than the value estimated by Roche 
(1980) and Carmouze (1983) (4.6 x 10m4 m 
d-l) who used a chemical mass balance (Isi- 
orho 1987). The difference may be a con- 
sequence of the fact that our study was 
conducted in an area of the lake where the 
water-table gradient is large and therefore 
seepage should be large, while Carmouze’s 
(1983) estimate reflects the solute budget for 
the whole lake. Alternatively, there are sig- 

nificant concentration differences between 
nearshore and offshore waters that may lead 
to an erroneous mass balance. 

The seepage rates and chemical data per- 
mit calculations of the amount of water and 
solutes removed from the lake by infiltra- 
tion into the groundwater system. Most of 
the lakebed is sandy, so seepage is assumed 
to occur throughout the lake bottom (2.1 x 
lOlo m2; Carmouze 1983). This assumption 
was implicitly made by Roche (1980) and 
Carmouze (1983) in their mass-balance cal- 
culations. The seepage volume can be de- 
termined by multiplying the measured seep- 
age rate by the area of the lake. This value 
is likely to be a maximum, since the water- 
table map (Fig. 3) indicates that flow from 
the lake should be greatest in the measure- 
ment area, although the calculation uses the 
entire area of the lake. When lake level is 
normal (- 280 m), the amount of water re- 
moved annually from the lake by seepage 
is 8.8 X log m3; - 18% of the mean annual 
water input to Lake Chad. A similar value 
has been reported for Lake Naivasha, Ke- 
nya (Gaudet and Melack 198 l), which com- 
pares with previous estimates of 4-8% 
(Roche 1980) and 9% (Carmouze 1983) for 
Lake Chad. 

The total annual solute input can be es- 
timated as the mean annual river concen- 
tration times the mean annual water input 
from the rivers (42-60 mg liter-l x 45 x 
log m3 yr-l) and is 1.9-2.7 x 1015 mg yr-l. 
One of the major uncertainties for Lake 
Chad in this type of solute budget is the 
mean solute concentration for the whole 
lake. Roche (1980) reported a mean tds val- 
ue of 320 mg liter-‘, Carmouze (1983) one 
of 120 mg liter-‘, and Isiorho (1987) one of 
188 mg liter- l. From the 120 to 320 mg 
liter-’ range, the total dissolved solutes lost 
through seepage is determined from the 
seepage volume times the concentration to 
be 1.1-2.8 x 1015 mg yr-l. It is 40-160% 
of the annual salt input by the rivers and is 
significantly greater than that calculated by 
Carmouze (1983) and Roche (1980). Our 
estimate is likely to be high, because it is 
based on seepage volume estimates that are 
probably high. Poorly known values for the 
mean solute concentration in the lake and 
in the inflowing river waters and the tran- 
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sient nature of the surface area and solute 
concentrations in the lake preclude a more 
accurate estimate of the salt budget. These 
calculations simply indicate that most or all 
of the annual salt input can be accounted 
for by seepage loss. The seepage volume es- 
timated by Carmouze (1983), 3.85 x log 
m3 (obtained by assuming that Na is elim- 
inated only by seepage), is an order of mag- 
nitude less than the volume estimated from 
our directly measured seepage rate. As stat- 
ed earlier, part of the difference may be be- 
cause our study was conducted in an area 
of the lake where seepage is probably above 
average. Carmouze’s (1983) estimate is 
probably too low, however, because he still 
cannot account for removal of the entire 
chloride input. 

Carmouze (1983) also noted that over 20 
yr of fluctuating lake levels there is a very 
good direct correlation between lake level 
and the total dissolved solute concentration: 
the lower the lake level, the lower the total 
dissolved solutes. Evaporative concentra- 
tion of solutes in a closed-basin lake during 
a dry period would be expected to yield an 
inverse relationship between the lake vol- 
ume and the solute concentrations. This 
pattern suggests that the residence time of 
the solutes in Lake Chad must be short rel- 
ative to the time required for evaporative 
concentration. The high seepage rates re- 
ported here provide a mechanism for the 
short residence time of solutes in the lake. 
Our findings imply that seepage is the pri- 
mary salinity-controlling mechanism in the 
lake and that other, previously postulated 
removal mechanisms such as diagenetic and 
authigenic phase formation and surficial 
abandonment are significantly smaller than 
previously thought. 
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