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Investigation of the unsaturated zone in semi-arid regions using isotopic
and chemical methods and applications to water resource problems

W.M. Edmunds

British Geological Survey, Wallingford, United Kingdom

Abstract. Isotopic techniques combined with chemistry can provide comprehensive information on
groundwater recharge and recharge history, as well as on environmental and climatic change.
Examples of integrated use are reviewed from studies in Senegal and Cyprus as well as Sudan. Tritium
provides calibration for the wider use of Cl as a tool for larger scale recharge estimation in low rainfall
areas. A recharge history is preserved in the unsaturated zone in favourable locations where
homogeneous unsaturated flow predominates. Recharge variations taking place at the decadal scale tie
in well with instrumental records and extrapolation indicates records may exist over centuries or
millennia. Results from the CRP, from Nigeria, Tunisia, Jordan and Mexico have been modelled
against local rainfall records and chemistry to give a reasonable correlation with recharge events over
various timescales from 30 to 50 000 yr.

Introduction

Geochemical techniques using chloride and tritium contained in unsaturated zone moisture
profiles are becoming established as a reliable tool for measurement of direct (or diffuse)
recharge rates in semi-arid regions. Tritium has been widely used in temperate zones and less
commonly in arid zones (Edmunds and Walton 1980; Allison and Hughes 1978; Aranyossy
and Gaye 1992; Gaye and Edmunds 1996) to measure recharge but there are limitations to its
use, notably the cost and specialised sample preparation, the radioactive decay (half life 12.3
years), the cessation of thermonuclear testing, and the loss of tritium in the vapour phase
during evapotranspiration. Nevertheless the position and shape of the tritium peak in
unsaturated zone moisture profiles provides convincing evidence of the extent to which
'piston displacement' occurs during recharge as well as providing an estimate of the recharge
rate.

In contrast to tritium, chloride inputs from atmospheric deposition are conserved in the soil
zone and are concentrated due to the loss of moisture by evapotranspitration. The
accumulation of chloride may therefore be used as a basis for recharge estimation. Although
the timing of the tritium spike is well known, use of chloride relies on knowing the
depositional flux and hence details of present and past distributions in rainfall (Edmunds and
Gaye (1994), Allison et al. (1994).

The accumulation of chloride in the unsaturated zone under piston flow conditions, together
with stable isotope data may also provide a record of past recharge and to help reconstruct the
antecedent climatic conditions. The unsaturated zone therefore may act as an additional
climatic archive in continental areas where records are scarce and supplement those obtained
from lake sediments for example. Such records may be found in Africa covering the century
or millennial scale with typically decadal resolution (Cook et al 1992), although much longer
unsaturated zone records in excess of 105 yr may be preserved in some arid regions (Tyler et
al 1996).



The unsaturated zone may in addition record environmental change over similar time periods,
especially the influence of vegetation cover and subsequent removal by humans and the onset
of agricultural development. This is seen especially in the nitrate concentrations preserved in
the unsaturated (and saturated zones) beneath continental areas (Edmunds and Gaye 1996;
Edmunds 1999).

The objective of this paper is to briefly summarise existing knowledge on the use of isotopic
and inert chemical tracers in unsaturated zone investigations of a) groundwater recharge, b)
recharge history and c) environmental change. Examples used are from the recent literature as
well as some results gathered within the present programme of research co-ordinated by the
IAEA.

Methods and theory

The chloride balance method has now been successfully used in a range of environments to
determine recharge, for example in north Africa and the Middle East: Edmunds and Walton
(1980), Suckow et al.(1993), Edmunds and Gaye (1994), Bromley et al.(1996); in Australia:
Allison and Hughes (1978), Allison (1994); in India: Sukhija et al.(1988); in southern Africa:
Gieske et al. 1990) and in north America: Stone (1987), Phillips (1994), Wood et al.(1995).
Details of the chloride method have been described elsewhere (Edmunds et al. 1988; Herczeg
and Edmunds 1999) but a conceptual model and summary of the measurement of recharge
and recharge history are given in Figure 1 based on a profile at Akrotiri, Cyprus.

Samples of moist sand are obtained by auguring or other dry drilling techniques at regular
intervals through the unsaturated zone. Moisture contents are measured gravimetrically and
chloride is determined on samples obtained either by centrifugation (Kinniburgh and Miles
1983) or by elutriation with distilled water (typically adding 30ml water to 50g sediment).
Chloride (and nitrate) have been measured with high precision using colorimetric methods.
Other analytical methods such as anion chromatography may be suitable for chloride
providing low level Cl (#0.5 mg I'1) can be determined with suitable precision - notably in
samples of continental rainfall.

Rainfall (total deposition) inputs must be known. In the studies discussed here an average of
the mean rainfall and weighted mean chloride concentrations have typically been obtained
over three or more seasons. Errors associated with rainfall measurement and the spatial
variability of rainfall are likely to constitute the largest uncertainty in recharge estimation
using chloride and an assumption must be made that the average atmospheric chloride flux
has remained constant with time at a given location.

Groundwater at the water table taken from shallow wells may also used to obtain information
on recharge and in conjunction with the unsaturated zone profiles can provide estimates of the
spatial variability of recharge (Edmunds and Gaye 1994).

Estimation of modern recharge from profiles

Representative single profiles from three semi arid regions - the Mediterranean (southern
Cyprus), west Africa (Senegal) and east Africa (Sudan) are shown in Figures 2-4 which cover
the range of conditions from active recharge to effectively zero recharge at the present day.
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Figure 1. The movement of water and solutes through the unsaturated zone. Estimation of
recharge and use of Cl profiles to indicate recharge history. Based on a profile from Akrotiri,
Cyprus.

The data from Cyprus are from the Akrotiri peninsular from Recent dune sediments and
chloride is shown together with tritium profiles (Figure 2) from the same percussion drilled
borehole these are described in greater detail in Edmunds et al (1988). The chloride
concentrations below the zero flux plane (around 2 m in grass vegetation) oscillate about
mean values (Cs) in each profile of 119 and 122 mg I"1 respectively. These oscillations have



been interpreted in terms of seasonal variations related to periods of wet and dry years. The
mean concentrations can be interpreted to give values of recharge (see Fig.l) respectively of
56 and 55 mm yr, using a three year mean rainfall concentration of 16.4 mm yr at this coastal
site. Tritium profiles serve to confirm the recharge rates given by chloride, the peaks marking
the position of the 1963 thermonuclear fallout maximum in the rain; the recharge rates
obtained using the amount of moisture above the tritium peak are 52 and 53 mm yr"1

respectively. The shape of the tritium peaks also confirms that downward movement of
moisture (and solutes) is homogeneous with little or no by-pass flow.
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Figure 2. Two profiles from Akrotlri, Cyprus for which both Cl and tritium have been
measured. The position of the i963 tritium peak is indicated. Cs indicates the mean
concentration of chloride in the unsaturated zone moisture over the indicated distance.

An example of an integrated study from Senegal using Cl, stable isotopes and tritium is given
in Figure 3, based on results given in Gaye and Edmunds (1996) and Aranyossy and Gaye
(1992). Samples were obtained from Quaternary dune sands where the water table was at 35m
and where the long term (100 year) rainfall is 356mm yr (falling by 36% to 223mm since
1969 during the Sahel drought). The tritium peak defines clearly the 1963 peak as well as

-idemonstrating the excellent approach to piston displacement. A recharge rate of 26mm yr" is
indicated. The Cl profile shows oscillations due to variable climatic conditions (see below)
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but a mean concentration of Cl (23.6 mg I"1) corresponding to a recharge rate of 34.4 mm yr"1,
in close agreement with the tritium is calculated using a value for rainfall Cl of 2.8 mg I"1

(average rainfall 290mm yr'1). The stable isotope values are consistent with the trends in
recharge rates indicated by Cl, the most enriched values corresponding to high Cl and periods
of drought, but the stable isotopes are unable to quantify the rate of recharge, unlike Cl and
3H.
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Figure 3. Intercomparison of data for ô18O ô2H, Cl and 3Hfor one site near Louga, Senegal.
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Figure 4. Four profiles of chloride in the unsaturated zone from Abu Delaig, Butana region,
Sudan.
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Further profiles from Louga in north-west Senegal (Edmunds and Gaye 1994) illustrate the
spatial variability of recharge within one site (1 km2). The average chloride concentrations of
7 separate profiles at this site is 82 mg/1 giving a spatial average of 13mm/yr. Having
established that all the Cl in this region is atmospherically derived, it is therefore possible to
extrapolate the unsaturated zone data to determine the spatial variability of recharge at a
regional scale using data from shallow dug wells. Data from 120 shallow wells over an area
of 1600 km2 were used to calculate the distribution of recharge. The regional recharge varies
from 20 to <lmm/yr, corresponding to a renewable resource of between 13 000 and 1100
m3/km2/yr (Edmunds & Gaye 1994).

A limiting condition must exist in arid regions where rainfall becomes too low and other
factors such as soil type intervene to inhibit any regional or diffuse recharge. Under this
condition the unsaturated zone will become saline and geochemical reactions will lead to the
formation of indurated crusts. The data from Sudan (Figure 4) are from near Abu Delaig in
the Butana region, north east of Khartoum where prior to 1969 the mean annual rainfall was
225mm but for the following 15 years was only 154mm (Edmunds et al. 1992). The profiles
were drilled in interfluve areas comprising sandy colluvial clays of probable Quaternary age
overlying Nubian (Cretaceous) sandstone. The four profiles are very similar in their shape
with mean chloride concentrations which range from 1357 - 4684 mg I"1 corresponding to
recharge rates of <0.1 to 0.78 mm yr"1. This is effectively zero and water in the unsaturated
zone in this part of Sudan which is 25m thick must be in storage or have been in transit for
around 2000 yr. The shapes of the profiles are complex and suggest that in the top 3m
recently recharged water has mixed with water being recycled due to evaporation during drier
interludes; in the lower part of the profile fluctuations of the water table where less saline
water is found have probably led to a diffusion gradient. Similar high concentrations of
chloride and low recharge rates have been recognised in Australia (Allison and Hughes 1983)
and in southern USA (Phillips 1994).

Recharge history at the century to millennium scale

Under conditions of piston flow solute (or tritium) inputs derived from the atmosphere should
be displaced at regular intervals from the soil horizon into the unsaturated zone, with higher
solute concentrations corresponding to lower recharge. The theory of the movement of solutes
through the unsaturated zone and the transmission of solute peaks corresponding to recharge
episodes has been described and critically reviewed by Cook et al (1992). Variations in
chemistry will be preserved only if the time scale for hydrological change is large relative to
the diffusive timescale. Using the model developed by Cook et al. (1992) a persistence time
may be defined which represents the time that it takes for the relative difference in solute
(chloride) concentration to be reduced to 20% of its original value.

1 J?

In Figure 5 the persistence time is shown for solute (chloride) and isotopic (eg 8 O or
tritium) profiles for events of 0.5, 5, 20 and 100 years and for recharge rates of 0.1 -
160mm/yr. The situation is shown for two values of moisture content. It is clear that seasonal
fluctuations will persist for more than one year for a water content of 0.10 only when the
recharge rate is above 50mm/yr (or at a water content of 5% when the recharge is above
20mm/yr). However if the oscillations have a timescale (half wavelength) of 5 years then
these will persist for more than 50 years if the recharge rate is more than 20mm/yr and for
more than 100 years if the rate is greater than 40mm/yr. A 20-year event such as the recent
Sahel drought should persist at a recharge rate of 10mm/yr and at a moisture content of 5%
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(typical of fine grained sands) for around 800 years. The corresponding isotopic (water) signal
will be significantly less due to diffusion also in the gas phase.
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Figure 5. Persistence times of variations in solute (chloride) and isotope concentrations in the
unsaturated zone before they are smoothed by diffusion and dispersion for volumetric
moisture contents of10% and 5%. For definition of persistence time see text. Adapted from
Cook et al 1992.
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Figure 6. Comparison of the calibrated L3 profile (Louga, Senegal) with the climatic record
of the last century as given by the rainfall record ofSt Louis and the flow of the Senegal River
at Bakel

Several profiles obtained from N Senegal have been interpreted successfully as archives of
recharge, climatic and environmental change for periods up to 500 years. Over the past 100
years, good corroboration is provided by instrumental records for rainfall and river flow. In
Figure 6 one profile (L3) has been calibrated using the recharge rates and moisture contents
according to the formula in Figure 1, subdividing the data according to intervals of high and
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low chloride. The profile record is 108 years, assuming that recharge over this period is
representative of the 3-year average (2.8mg/l) measured in this study. Assuming that the
piston flow model applies, the peaks in Cl at 4-6m and 6-13m should correspond to periods of
drought from 1970 and also in the 1940's. Another peak in the 1900's also reflects a drought
period. The unsaturated zone profile is compared with the rainfall record at St Louis (some 80
km from the research site) dating back to the 1890's (Olivry 1983) and with the Senegal River
with records over a similar period (Gac 1990). Whereas the correlation with the rainfall
records is moderately good, the correlation with the river flow, representing the regional
influence is better. The correspondence with the main wet phase from 1920-1940 is well
shown in all sets of data. During the dry episodes the recharge rate reduced to around 4mm/yr
but during the wet phases this rose to as high as 20mm at this site. An exact correlation
between the various archives would not be expected for reasons stated above, the possibility
of some by-pass flow, dispersion of small scale events and the likelihood that some variation
of rainfall chemistry over the long term might be expected. In addition the rainfall and river
flow data also contain possible errors. Nevertheless similar records are found in other profiles
(Cook et al 1992; Edmunds et al 1992) and provide confidence to extrapolate further over
longer time scales (over the past 500-2000 years) for which archives are generally scarce.
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Figure 7. Chloride profile L 10 (near Louga, Senegal) compared with a reconstruction of the
water levels of Lake Chad.

A further profile at Louga, northern Senegal (L10) which contains higher chloride
concentrations than in the L3 profile is used to attempt an extrapolation beyond the range of
instrumentally recorded data (Figure 7). This profile is compared with a reconstruction of
water level variations of Lake Chad which is based on sedimentological and palynological
data (Maley 1973; Servant and Servant-Vildary 1980). Using the rainfall data (2.8 mg/1)
measured over the three year period the profiles have been aligned using a chloride fallout of
Ig/m2/yr since 1950 and of 0.7 g/m2/yr before 1950, the lower value being arbitrarily chosen
to provide a best fit with the Lake Chad record. The data are expressed as cumulative chloride
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against time where the conversion to years is possible using the values of fallout given above.
There is a reasonable correlation between both archives for events at the century scale.
Numerical modelling of the profile data show that there is no unique recharge history that can
be determined from the profile (Cook et al. 1992). However the total recharge that caused the
lowering of Cl concentrations above 30,15 and 5mg/cm2 cumulative chloride (300, 150 and
20 years BP) must have been 150, 50 and 50 mm/yr respectively. Further records are needed
from arid and semi-arid regions to strengthen the use of unsaturated zone archives over the
longer term, but the L 10 result is consistent with the length of profile which should be
preserved using the above model. An unsaturated zone record of 70m has recently been
described from southern Niger which represents a recharge history of over 700 yr (Bromley et
al 1966).

An unsaturated zone record of 70m has recently been described from southern Niger which
represents a recharge history of over 700 yr (Bromley et al 1966). Recharge records over
much longer periods representing major climatic shifts have been inferred from the chloride
concentrations contained in the unsaturated zone especially in Australia and the southern
USA. Allison et al.(1985), Stone (1987) have described profiles up to 28m in South Australia
which are thought to contain recharge records up to 30 000 years. Using cumulative chloride
vs depth plots they infer that breaks in slope represent changing recharge rates, albeit only
within the range 0.07-0.10 mm/yr. Examples of chloride profiles from New Mexico which
contain evidence of possible changing climate and recharge over the Holocene are also
described by Stone (1987) and some correlation is found with archaeological records. Support
for the use of chloride to record climatic/environmental changes at the regional scale over
timescales of millennia also comes from work in SW United States by Phillips (1994) who
used 36C1 to demonstrate that no by-pass flow occurred and that the piston flow model was
valid. The close similarity of all the profiles obtained for the unsaturated zone is interpreted as
showing that the soils were hydraulically responding to a regional shift in the soil-surface
boundary condition. It is proposed that in particular the records show a response to the major
change in the water balance around 13 000 yr BP which is recorded also in the water levels of
closed lake basins. Vegetation changes are proposed as one of the most important controls
affecting the soil moisture change and hence the water balance and groundwater recharge.

Results from recent studies

Several profiles obtained during the present CRP reported in the country papers as well as in
the overview paper (Edmunds and Verhagen 2000) provide further evidence that unsaturated
zone profiles can be used universally to measure recharge rates. The general principle applies
that where chloride concentrations approach steady state and can be averaged in the
unsaturated zone active recharge is occurring with the mean chloride in the profiles being
proportional to recharge amount. Stable isotope values may in some cases reflect the Cl
enrichment and provide confirmation of evaporative enrichment but unlike Cl cannot be used
quantitatively to calculate rates of recharge. In addition however several profiles where
piston-type displacement can be inferred may also contain information on the recharge history
since oscillations in the Cl profiles are observed.

A simple spread sheet model has been produced which can calibrate the profiles in terms of
timescale represented by the chloride stored in the unsaturated zone (cf Cook et al 1992).
Cumulative Cl in the profiles is proportional to time and a depositional flux measured in
modern rainfall is used to provide the timescale using the moisture contents and chloride in
the profiles. Modelling of the recharge history is shown against the best available long term
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rainfall records for each region. The profiles are shown using the ratio 1/C1; higher values are
therefore indicating wetter years and may be compared directly with the rainfall records. The
four examples chosen (from Nigeria, Jordan, Tunisia and Mexico and Nigeria) show a strong
contrast in recharge rates.

Magumeri, Nigeria

This site at Magumeri lies on the top of a low line of former dune sands some 40km north of
Maiduguri. The mean Cl of the profile is 29.5 mg I"1 and using a value of Cl in rain of 1.7 mg
I"1 a recharge rate of 22.5 mm yr"1 calculated (Goni and Edmunds this volume). This
calculation (in the absence of more reliable data) used rainfall data for Garin Alkali some
250km to the north. A new compilation of the mean annual rainfall for Maiduguri, which is
very close to the Magumeri profile site, has been made for the period 1965-1999. The rainfall
for this period was 550 mm (as compared with the mean for the period 1915-1999 of
644mm).

800

1970 1975 2000

Figure 8. Interstitial water Cl (expressed as 1/Cl) from Magumeri profile, Borno, Nigeria
compared with local rainfall over the period 1970-1997.

Using the spread sheet model an excellent match between the Maiduguri (9-year moving
average) and the profile Cl (plotted here as 1/Cl) is found (Figure 8). However the mean
rainfall chemistry used to produce the matching is 0.7 mg I"1 Cl which is lower than for the
area near Garin Alkali. This is close to the lower values for Cl obtained at the latter site, but it
is noted that the Magumeri site is in an area of higher rainfall and slightly distant from the aid
areas. The matching is good even at the 1-3 year scale and this is taken to as an indication of
piston flow with only limited dispersion. The profile corresponds to 26 years recharge with a
mean recharge rate for this location of 20.7 mg I"1.
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Jarash, Jordan

As part of the investigations in Jordan a profile was drilled in the Kurnub sandstones at Jarash
in the northern highlands using dry percussion methods. This area has a mean annual rainfall
of 480mm. The mean Cl in this 19.5m profile is 173 mg I"1 and several peaks and troughs are
found (Kilani et al. this volume). Using the current model a mean recharge rate of 36 mm yr"1

is calculated, using the local (short term) weighted mean rainfall Cl of 10.2 mg I"1. This value
compares with median (unweighted) Cl concentrations in rainfall from Galilee northern Israel
of 5.7 mg I"1 (Herut et al. 2000). The data have been modelled against the long term records
for Jerusalem which date from 1848. The best fit (Figure 9) is obtained if a rainfall Cl value
of 7.4 mg I"1 is used. This correlation indicates well the lower recharge in the drought years
around 1930 as well as in the late 1950's. The lower degree of correlation in the last three
decades may relate to land use changes involving higher water use.
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Figure 9. Interstitial water Cl from Jarash, northern Jordan compared with the record of
local rainfall (Jerusalem) since 1849.

Tozeur, Tunisia

A series if six profiles have been obtained from the Tozeur area in southern Tunisia both as
part of the present project (see Zouari et al this volume) and during a larger study of the
groundwater systems of the Grand Erg Orientale (Edmunds et al. 1997). This is an arid region
where the mean annual rainfall is 100mm with records available since 1899. The profiles
were drilled using a hand augur in semi-consolidated Mio-Pliocene sands covered by natural
vegetation. One profile (TOZ 3) drilled to a depth of 19.8m is used to illustrate the results.
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The chemistry of rainfall is only available for the coastal site of Sfax over a two year period
where the weighted mean was 9 mg I"1. Rainfall records are available for Sfax since 1899 and
also for Tunis since 1880. For modelling purposes a rainfall chemistry of 4.7 mg 1-1 was
arbitrarily chosen on the assumption that the deposition would be lower at the inland site. The
plot is shown in Figure 10 where a good correlation is found using the local values, although
an even better fit is found for the longer term data if Tunis rainfall (not shown) is used. The
profile as calibrated represents a residence time of 781 yrs and a mean recharge over the
period of 1.34 mm.

0.04 140

Figure 10. Interstitial Clfrom Tozeur 3 borehole, Tunisia, compared with local rainfall since
1849.

These are preliminary results and there is a need especially for longer term measurements of
rainfall chemistry and to know its distribution in relation to the synoptic conditions. However
it is clear that recharge is occurring, albeit at a low rate, and that a record corresponding to
climatic changes over a period of several centuries almost certainly exists.

El Parabien, Mexico

An unsaturated zone profile was drilled in the region of Ciuadad Juarez in Chihuahua,
northern Mexico, details of which are given in this volume by Gutierrez-Ojeda. Samples were
obtained by dry percussion drilling to a depth of 58m. The region is semi-arid and has a mean
annual rainfall of 230mm. The Mesilla Bolson aquifer was drilled in mixed alluvial sediments
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of Quaternary age with moisture contents ranging from 1 to 27% - near saturation - in some
of the clay rich sediments.

Rainfall chemical results are available only for the year of the study. Analyses from samples
collected on an event basis ranged from 0.5 to 2.8 mg I"1. Samples collected at a comparable
location in New Mexico (Phillips 1994) have a range of Cl concentrations 0.24-0.63 mg I"1.
For modelling purposes a value of 0.5 mg I"1 is used here. The unsaturated zone chloride
concentrations measured at 1 m intervals range from 61 to 4555 mg I"1 are used to calculate
the average recharge rates and the recharge history.
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Figure 11. Interstitial water Cl from El Parabien, northern Mexico with model calibration
over 50 000 years.

The model results (Figure 11) indicate an average recharge rate of 0.1 mm yr over the whole
profile and a residence time for the water stored in the 58m profile of 54.7 k yr using the
present day input values . The profile shape and the apparent steady-state indicates that very
low recharge rates have been occurring here during the Holocene and late Pleistocene. The
mean value of Cl in the lower profile (295 mg I"1) would indicate a higher point source
recharge rate of 0.5 mm yr"1 for the same input conditions. The profile yet needs much more
detailed analysis but it may be provisionally interpreted as a record of changing wetter and
drier periods in the late Pleistocene and Holocene with drier conditions being inferred during
the late Pleistocene and glacial maximum as compared with the modern era or that prior to
40k yr. Other interpretations would however be possible if the input conditions were to be
changed. This is nevertheless a further deep profile from N America which may be compared
for example with that from Nevada (Tyler et al 1996) where up to 200k yr record is thought to
be available.
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Conclusions

A review of studies where isotopic and geochemical techniques have been applied to recharge
estimation in the unsaturated zone indicates the value of an integrated approach. Tritium used
in Cyprus Senegal and elsewhere provides striking evidence by means of well-preserved
tritium peaks that piston flow occurs in many porous media in arid areas. This has in turn
provided confidence in the application of Cl mass-balance methods - a much cheaper and
more easily accessible method for recharge studies over much wider areas. Point source
estimations of recharge can be used together with water table information to determine spatial
variability. Stable isotopes (818O, ô H) provide evidence of the extent of evaporative
enrichment and hence qualitative indications of recharge, although quantitative estimates are
not possible.

It is shown using examples from Senegal that good correlation between the oscillations in Cl
and past climate, as expressed in rainfall and river flow records, may be found over the past
few centuries. Modelling of results obtained during the CRP from Nigeria, Tunisia, Jordan,
Mexico show that, using local rainfall data and chemical inputs from modern rain, a
reasonable correlation is found over the time span (cal50yr) of the instrumental records
available. By extrapolation, longer term records may also reflect century to millennium scale
changes (eg in Mexico) and these longer records tie in with results becoming available from
North America.
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