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Unsaturated zone solute and isotope profiles may be interpreted in terms of past changes in recharge 
rate in cases where water movement can be approximated by piston flow. A model is presented which 
describes water movement in terms of piston flow below a surface mixing layer. Below the mixing 
layer, diffusion and dispersion occur in the liquid phase in the case of solutes, and in both the liquid 
and gas phases in the case of isotopically labeled water. Climatic events of 4-5 years duration may be 
preserved in the unsaturated zone for more than 50 years if the recharge rate is greater than 
approximately 20 mm yr-1. Longer-term fluctuations in climatic conditions (century scale) might be 
preserved for over 1000 years, provided the recharge rate is greater than approximately 2 mm yr -1 , 
and the unsaturated zone is sufficiently deep. Profiles from Cyprus and northern Senegal appear to 
record changes in recharge rate over periods up to 400 years. The profiles are well correlated with 
known variations in rainfall, and fluctuations in lake levels. The model provides limiting conditions to 
be applied to the interpretation of profiles. 

1. INTRODUCTION 

Records of former fluctuations in the hydrological cycle 
have usually been made using indirect evidence from the 
sedimentary and fossil record, for example, that contained in 
lake basins [Street-Perrott and Perrott, 1990; Gasse et al., 
1990]. Direct evidence of change in the hydrological cycle 
may be obtained for up to 100 years by a study of rainfall 
records and records of flow in major rivers in certain parts of 
the world [Olivry, 1983]. Over longer time periods (thou- 
sands of years), evidence may be obtained from dating of 
groundwaters [Edmunds and Wright, !979; Phillips et al., 
1986; Fontes et al., 1991]. Apart from ice cores, there is no 
other established archive which can directly store the infor- 
mation of climate change. 

A possible exception to this may be the unsaturated zone, 
within which water on its way to recharge the aquifer may, 
under favorable circumstances, retain information relating to 
the antecedent climatic conditions. Several authors [e.g., 
Andersen and Sevel, 1974; Sukhija and Shah, 1976; Allison 
and Hughes, !978] have used tritium (3H) to measure rates 
of recharge, based upon the downward displacement of 
thermonuclear peaks which can be recognized within the 
percolation water. More importantly, these studies have 
demonstrated that water movement often approximates a 
piston flow in fairly homogeneous media such as sands 
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[Dincer et al., 1974] and fine-grained carbonates [Smith et 
al., 1970]. More recently, solutes, and especially chloride, 
have also been used to measure mean recharge rates to 

aquifers using the relationship between atmospheric chloride 
and accumulations in the unsaturated zone [Allison and 
Hughes, 1978; Edmunds and Walton, 1980; Edmunds et al., 
!988; $ukhija et al., 1988]. In addition, the stable isotopes 
oxygen 18 (•80) and deuterium (2H) have been used to trace 
pulses of water with different evapotranspiration signatures 
[e.g., Dincer et al., 1974]. 

The unsaturated zone therefore contains not only infor- 
mation that can enable estimation of aquifer recharge, but 
also an archive of recharge history. The length of the record 
preserved in such profiles will depend on several factors, 
notably the depth of the unsaturated zone, the moisture 
content and the recharge rate. The difficulty is to disentangle 
the complex information stored in the unsaturated zone 
archive. Several authors have recognized short-term hydroø 
logical/climatic episodes in the isotopic [Verhagen et al., 
1979] or chemical records [Edmunds and Walton, 1980; 
Bachmat et al., 1989] of the unsaturated zone, particularly 
annual or short-term climatic changes over a period of a few 
decades. For palcoclimatic reconstruction, however, longer- 
term records are desired, and these are likely to be found in 
semiarid regions. Recently, Edmunds et al. [1991] have 
recorded chloride and isotopic profiles from Senegal, which 
can be used to trace recharge history for over 100 years. 
These profiles record evidence of changing recharge rates, 
not only during the recent Sahel drought, but also during a 
period in which other major climatic oscillations occurred. 
These profiles can be cross-correlated with both the long- 
term rainfall records and the flow of the Senegal River. It is 
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possible that many thousands of years of recharge informa- 
tion can be stored in the unsaturated zone. In Sudan [Ed- 
munds et al., 1988] up to 2000 years' input have been 
recorded, while in Australia and southwestern United States 
the chloride stored in the unsaturated zone may represent 
over 20,000 years of inputs, and has been used toward 
paleoclimatic reconstructions [Allison et al., 1985; Stone, 
1987, 1992; Scanlon, 1991]. 

Previous studies have often failed to critically examine the 
circumstances under which realistic inferences can be made 

concerning paleoclimate and paleorecharge. It is clear that 
dispersion and diffusion will tend to smooth any input 
signals, and ultimately limit the usefulness of data for 
paleoclimatic reconstruction. In this paper, the persistence 
of events of different magnitudes under varying geologic/ 
hydrologic conditions is described using mixing and diffusion 
models. The results of the models are then applied to 
interpretation of profiles from Cyprus and Senegal, some of 
which are considered to span an interval of over 400 years. 
An evaluation is also made of published data from the 
unsaturated zone, which have been interpreted previously in 
terms of paleohydrology. 

2. THEORY 

If rainfall flux and chemistry are constant, then changes in 
recharge flux will be accompanied by changes in the concen- 
trations of dissolved ions in recharging water, through dif- 
fering degrees of concentration. In particular, for the con- 
servative chloride ion, the mean recharge rate under steady 
state conditions will be given by 

t• = C•,P/CR (1) 

where C R is the mean chloride concentration of soil water 
below the root zone, and C•,P is the total chloride fallout (in 
precipitation and as dryfall) [Allison and Hughes, !978, 
1983; Edmunds et al., 1988]. Changes in the recharge rate, 
where related to changes in evaporative fluxes, may also 
give rise to changes in concentrations of fractionating iso- 
topes, such as deuterium and oxygen 18 [Allison et al., 
1984]. If water movement can be approximated by piston 
flow, then past changes in recharge chemistry may be 
preserved in the unsaturated zone, and interpreted in terms 
of paleorecharge and paleoclimate. 

It is apparent from tracer studies using Rhodamine dye 
[e.g., Nulsen et al., 1986], tritium [e.g., Allison and Hughes, 
1983] and chlorine 36 [e.g., Phillips et al., 1988], however, 
that piston flow is often not a good approximation of water 
movement within the active plant root zone. Water and 
solutes may move preferentially through root channels 
[Nulsen et al., 1986] and laterally to roots. Both water and 
solutes may move upward in response to evaporation, espe- 
cially in arid and semiarid climates. Solutes may be taken up 
by plants to be redeposited on the soil surface. Hence 
considerable mixing of water and solutes may occur within 
this zone. 

In contrast, unsaturated water flow below the root zone 
can often be satisfactorily modeled using piston flow [e.g., 
Dincer et al., 1974;Jolly et al., 1989]. While bypass flow has 
been recognized and widely studied under saturated or 
near-saturated flow conditions [e.g., Nkedi-Kizza et al., 
1983; De Smedt and Wierenga, 1984], there is little evidence 

of it in arid and semiarid climates, or under low water fluxes, 
particularly where soils are coarse grained. 

Here we model water and solute movement by assuming 
piston flow below a surface mixing layer. Complete mixing 
of water and solutes is assumed to occur within the mixing 
layer. Its thickness is denoted by Zr. The mass balance of 
isotopically labeled water within the mixing layer will be 
given by 

ZrOD ' -' W•,P- WeE- W•R (2) 
Ot 

where Z r is the depth of the mixing layer, 0D is its water 
content (assumed constant), P is precipitation, E is the 
evapotranspiration rate, W is the mean isotope concentra- 
tion above Zr, We is the isotope concentration in precipita- 
tion, We is the mean isotope concentration of evapotrans- 
piration and W• is the isotope concentration of water 
draining below Zr. Under complete mixing W• = 1•. If the 
isotope is nonfractionating, then W a = We. 

The mass balance of chloride to depth Z r is represented by 

Zr 0 D -•' = C •,P - CaR (3) 

where Ca is the chloride concentration of water draining 
below Zr, C is the mean chloride concentration above Zr, 
and Ce is the mean chloride concentration in precipitation. 
Under complete mixing, Ca = C. 

The movement of water and solutes below the mixing 
layer is assumed to satisfy 

O(OC) 0 ( O•_zC ) O(qC) =-- D (4) 
ot oz oz 

where 0 is the volumetric water content, C is the concentra- 
tion of solute in solution, q is the water flux, z is distance, t 
is time, and D is the effective dispersion coefficient, given 
empirically by [Biggat and Nielsen, 1976; Black and Kipp, 
1983], 

D =Dm + aV n (5) 

where D m is the molecular diffusion coefficient, V is the 
mean velocity of the water (q/O), n • 1 is an empirical 
exponent, and a is the dispersivity. The molecular diffusion 
coefficient in the liquid phase is given by 

D l = DloOrl (6) m 

where D 0 / is the self-diffusion coefficient of free water, 0 is 
the volumetric water content, and 0 < 7 -I < 1 is the liquid 
phase tortuosity. For sodium chloride at 25øC, D• • 1.5 x 
10-9 m 2 s-•. The molecular diffusion coefficient in the gas 
phase is given by 

Dr• = D•e • v (7) 

where D• is the vapor phase, self-diffusion coefficient, •a is 
the air-filled porosity, and 0 < r v < ! is the gas phase 
tortuosity. 

Diffusion of gases through partially saturated soils is a 
complicated process [Weeks et al., 1982], but may be sim- 
plified by assuming a parallel model for the liquid and gas 
phases. In this case, the diffusion coefficient of water in soil 
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may be calculated as the sum of the liquid and gas phase 
diffusion coefficients, allowing for partitioning between the 
two phases: 

D m • Dt• + DmNsatha*/p (8) 

where Nsat is the saturated vapor concentration, a* is the 
equilibrium fractionation factor for the isotope species 
[Barnes and Allison, 1988], h is the relative humidity of soil 
air and p is the density of water [Walker et al., 1988]. We 
assume that diffusion between the liquid and gas phases is 
virtually instantaneous. Differences between this simplified 
solution, and a combined series and parallel flow model are 
usually minor [Woods, 1990]. For both deuterium and oxy- 
gen 18 labeled water, the liquid phase and gas phase self- 
diffusion coefficients are approximately Do / = 2.4 x 10 -9 
and D• = 2 x 10 -s m 2 s -] respectively. 

We may also define the mean residence times of water and 
salt within the mixing layer. From (2) and (3), these are 

and 

trw '- ZrOD P-1 (9) 

tr s = ZrOD R-1 (10) 

respectively, if complete mixing is assumed (C R = •). In 
reality, less than complete mixing is likely to occur within 
the mixing layer. Hence the true residence time for water 
will usually be greater than t rw , and the residence time for 
salt less than trs. For fractionating isotopes (e.g., deuterium 
and oxygen 18), the residence time will also lie between 
these two extremes. Variations in recharge or in rainfall 
chemistry will produce variations in the chemistry of water 
draining below the mixing layer only if the time scale for 
variations in hydrologic conditions is greater than the resi- 
dence time within the mixing layer. 

Consider that the recharge rate varies from R• to R 2 
(R• > R2), with a time period of ti years (ti years of 
recharge at R l, followed by t i years at R2; subscript i 
denotes input). The chloride concentration of water draining 
below the root zone (CR) will range between C'• and C [ with 
the same time period (Figure 1). As the time period t i 

R 1 

R 2 

Time 

C• ........................... .:.- ....................................................... 

Time 

Fig. 1. Schematic representation of (a) variations in recharge 
rate and (b) resulting variations in chloride concentration of water 
draining below the surface mixing layer. 
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Fig. 2. Relative changes in chloride concentration of water 
draining below the surface mixing layer caused by periodically 
varying recharge rate (Figure la). (a) Relative changes in chloride 
concentration, expressed as a function of the time scale of recharge 
variations divided by the residence time of solutes in the mixing 
layer at the lower recharge rate. (b) Special case where R2 = 0. 
Relative changes in chloride concentration are expressed as a 
function of the time scale of recharge variations divided by the 
residence time of solute in the mixing layer at recharge rate, R t. 

becomes large, the chloride concentrations C'• and C• will 
approach C• and C2 respectively, where C1 and C2 are the 
equilibrium chloride concentrations given by (1), for re- 
charge rates R• and R2 respectively. However, if t i is very 
small, then the relative change in chloride concentration will 
be small. This is shown diagrammatically in Figure 2a, 
where the relative change in concentration is given as a 
function of the ratio of the time scale, t i, tO the residence 
time under the lower recharge rate, tr(R2). As shown, the 
curve is relatively insensitive to absolute recharge rates, and 
for all reasonable values of R • and R 2, will approximate the 
curves shown here. If there is a period with no recharge 
(R 2 = 0), tr(R 2) and C2 are undefined, and so Figure 2a is 
meaningless. In this case the maximum difference in chloride 
concentration is given by Figure 2b. Differences in chloride 
concentration will not be measurable if t i << t r(R 1)- The 
persistence time will also increase as the dispersion coeffi- 
cient, D, decreases. 

We also define a persistence time, which represents the 
length of time that variations in water chemistry will persist 
in the unsaturated zone before they are lost through diffusion 
and hydrodynamic dispersion. Suppose that step changes in 
water chemistry (e.g., chloride concentration) exist in the 
unsaturated zone, as in Figure 3a. Suppose that these 
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The maximum difference in chloride concentration (x = 
œ/2) will then be equal to 

4 • (-1) n 

C/Co =- n.•o •r : (2n+l) 
exp [(ti/tD)2(2n + 1)2•r2/4]. 

(15) 

Variations in chemistry will be preserved only if the time 
scale for hydrologic change, ti, is large relative to the 
diffusive time scale, tz>. This is depicted in Figure 4. If t i is 
much less than t o then C/Co will be close to zero, and a 
constant concentration will exist in the unsaturated zone. 

We define the persistence time, t•,, as the length of time 
until the changes in concentration are reduced by a factor of 
f (f > 1). As, in this case, we are interested only in how long 
the variations will persist in time (C/Co small), we may 
approximate (15) using the first harmonic. Thus 

ti2R 2 
tp • DTc202 In [4f/•r]. (16) 

. . 

b L:•2 I:. 
x 

Fig. 3. Schematic of the diffusion process. Chloride concentra- 
tion is initially represented as a step function (to). As time in- 
creases, diffusion and dispersion will smooth the profile through t] 
and t2, and ultimately to too. 

variations have a time scale of ti years. This is equivalent to 
a length scale (half wavelength) of 

L = tiRO -1. (11) 

With time, diffusive and dispersive processes will cause 
these fluctuations to approximate a sine wave, with its 
magnitude decreasing in time (Figure 3b). At very long 
times, a constant concentration will exist in the unsaturated 
zone. Supposing constant concentration boundary condi- 
tions at x - 0 and x = L, this diffusion process is 
represented by [Carslaw and Jaeger, 1959, Figure 3b] 

Times given by this approximation are plotted in Figure 5 for 
values of ti = 0.5, 5, 20 and 100 years, 0 = 0.05 and 0.1 
(Fa = 0.25, 0.2; r t = 0.1, 0.2; r • = 0.5, 0.45)and 
recharge rates between 0.1 and 160 mm yr -! (f = 5). ̂  
dispersivity of a = 0.02 m is used, which is considered 
representative of published values for sands [e.g., Gvirtzman 
and Magaritz, 1986; Black and Kipp, 1983; $chulin et al., 
1987]. For a water content of 0 = 0.1, the model suggests 
that seasonal fluctuations (t i -- 0.5) will persist for more 
than 1 year only when the recharge rate is greater than 50 
mm yr -1 , and for more than 3 years only when the recharge 
rate is greater than 150 mm yr -1. However, if the oscilla- 
tions have a half wavelength of t i = 5 years, then these will 
persist for more than 50 years if the recharge rate is greater 
than 20 mm yr -1 , and for more than 100 years if the recharge 
rate is greater than 40 mm yr -1 . The persistence time, tv, 
increases with the square of the input time scale, ti. For 
lower water contents, the persistence of solute variations 
increases sharply, but the persistence of isotopes (which will 
also diffuse in the gas phase) increases only marginally. 

In summary, variations in recharge rate or rainfall quantity 

4C0 1 

C(x, t)=. •o •r = (2n + 1) 
• exp [-Dt(2n + 1)2yr2/L 2] 

ß sin [(2n + 1),rx/L] (12) 

where x is distance, t is the time, and D is the effective 
dispersion coefficient. The concentration will be a maximum 
at x = L/2. 

The length scale for dispersion may be represented by 
[Freeze and Cherry, 1979, equation 3.47] 

x = (4Dt)1/2. (13) 

Expressing this length scale in terms of equivalent years 
recharge gives 

tz) = •'J•-l(4Dt) 1/2, (14) 

where t is the length of time represented by the profile, and 
t z) is the dispersion time scale. 
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Fig. 4. Smoothing of variations in water chemistry with time. 
Where the time scale for hydrologic change, t i , is large in relation to 
the diffusive time scale, tD, little smoothing of the signal takes place 
(C = Co). For t• << tz>, C/Co --> O, and so a constant concentration 
should exist in the profile. 
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Fig. 5. Persistence time of variations in solute and isotope 
concentrations in the profile, before they are smoothed by the 
processes of diffusion and dispersion, for moisture content of (a) 0 
= 0.10 and (b) 0 = 0.05. The persistence time represents the time 
that it takes for the relative difference in chloride concentration to be 
reduced to 20% of its initial value. 

or chemistry should appear as variations in chemistry of soil 
water in the unsaturated zone if (1) the input time scale of the 
variations in hydrological regime (t i) is large relative to the 
residence time of water (trw) or solutes (trs) in the mixing 

layer, and (2) the input time scale, t i, is large relative to the 
diffusive time scale, t o . 

Finally, the length of record (in time) contained in a single 
core will be approximately equal to 

• CRO dz (CpP) -• (17) 

where H is the length of the soil profile (in meters), and 
f o • C R 0 dz is the total chloride contained in the profile. 
Equation (17) will be exactly true if there is no mixing of 
solutes (either within the mixing layer, or by diffusion/ 
dispersion) and the chloride fallout is constant with time. If 
mixing occurs, then it will be exactly true only for H = •. 
The bomb tracers tritium and chlorine 36 can be used as a 

check on the time scale estimated by (17). 

3. FIELD EXAMPLES 

3.1. Cyprus 

The first example is from the Akrotiri Peninsula, on the 
island of Cyprus lEdrounds et al., 1981, 1988; Edrnunds and 
Walton, 1980; Kitering et al., 1980]. Mean annual rainfall is 
approximately 400 mm, and mean chloride fallout was mea- 
sured at 6.6 g m -2 yr -1 over the three years prior to 1980. 
The recharge investigation at this site involved the use of 
lysimeters [Kitching et al., 1980], as well as unsaturated 
zone chloride and tritium profile methods. 

At the Akrotiri site, the addition to the profile of chloride 
from a marine horizon (shelly gravels) complicated interpre- 
tation of some profiles. Also, tritium profiles from some 
cores suggested that water movement was not by piston 
flow. Although 12 holes were drilled at the field site, we here 
present data from only one profile (AK3), where a complete 
tritium profile was obtained, and addition of chloride from 
marine horizons appeared to occur only below 15 m depth. 

Measured chloride and tritium values for the top 13 m of 
profile are plotted against cumulative chloride (Figure 6). 
Plotting the profiles against cumulative chloride rather than 

0 
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Fig. 6. Measured chloride and tritium profiles at bore AK3, Akrotiri Peninsula, Cyprus, compared with rainfall at 
Akrotiri since 1955 Plotting versus cumulative chloride rather than depth approximately normalizes the profiles with ' -2 -1 
respect to time. The profiles are scaled relative to the rainfall record assuming a chloride fallout of 6.6 g m yr . 
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TABLE 1. Summary of Senegal Profiles 

Mean Residence Diffusive Time 
Mean Length of Sampling Time,$ years Scale,{} years 

Depth, Recharge, Record,* Resolution,? • 
Profile m mm yr- 1 years years Water Solute Water Solute 

LOUGA2 15 32 30 1.4 <0.1 0.3 2.7 2.4 
LOUGA18 27 50 40 1.2 <0.1 0.2 2.4 2.1 
LOUGA10 11.5 0.7 475 40 <0.1 21 124 52 

*Calculated using (17), with C•,P --- 1 g m -2 yr -1 for LOUGA2 and LOUGA18, and C•,P = 0.7 g m -2 yr -l for LOUGA10. 
tBased on 50-cm sampling interval, and mean volumetric water content 0 = 0.04 for LOUGA10, 0 = 0.08 for LOUGA2 and LOUGA18. 
$Calculated using (9) and (10), with P = 300 mm yr -•, Zr = 0.5 m; 0z) = 0.03 for LOUGA10, OD = 0.02 for LOUGA2 and LOUGA18. 
{}Calculated using (14), with mean volumetric water content 0 = 0.04 for LOUGA10, 0 = 0.08 for LOUGA2 and LOUGA18. 

against depth normalizes them with respect to time. Cumu- 
lative chloride is converted to years before present assuming 
the chloride fallout has remained constant at 6.6 g m -2 yr -1 . 
Rainfall at Akrotiri is shown on this time scale. The shape of 
the tritium profile broadly matches that of the rainfall input 
[Edmunds et al., 1981], confirming that piston flow is a 
reasonable approximation for the unsaturated zone. In addi- 
tion, the position of the 1960s bomb peak confirms the time 
scale approximated by chloride. 

The rainfall record shows a series of climatic fluctuations, 
over time scales of 5-10 years, which appear to correspond 
to variations in the chloride concentration of soil water. In 

particular, the high chloride concentrations between 11 and 
8 mg cm -2 and between 5 and 3 mg cm -•- are ascribed to 
periods of low rainfall in the early 1960s and !970s respec- 
tively. Zones of low chloride concentrations between 8 and 
5 mg cm -2 and between 3 and 1 mg cm -2 are ascribed to 
periods of higher than average rainfall in the late 1960s and 
mid- 1970s respectively. 

3.2. Senegal 

Deep unsaturated zone profiles have been obtained from 
Quaternary dune sands near Louga in northwestern Senegal 
[Edmunds, 1990; Gaye, 1990; Edmunds et al., 1991]. The 
long-term yearly average rainfall measured at St. Louis is 
356 ram, but during the period 1968-1986 the mean rainfall 
had fallen to 223 mm, producing the worst period of drought 
this century. Chloride fallout has been estimated to be 
approximately 1 g m -2 yr -• based upon samples collected 
over a 3-year period prior to 1990. The water table occurs 
below 15 m and, depending on topography, may be as deep 
as 40 m. Surface runoff is negligible. The current land use is 
rain-fed agriculture, predominantly millet and peanuts. 

Nineteen profiles were obtained at the field study site near 
Louga for the estimation of recharge using chloride mass 
balance methods. The mean recharge rate over the area was 
estimated to be approximately 15 mm yr -l , although there is 
considerable spatial variability. Edmunds et al. [1991] have 
interpreted variations in chloride concentration in two of 
these profiles (LOUGA3 and LOUGA18) in terms of 
changes in recharge over the past 100 years. Three profiles 
(LOUGA2, LOUGA10 and LOUGA18) are used in the 
present study. 

LOUGA2 was drilled to 16 m depth, and the mean 
recharge rate was estimated to be 32 mm yr -• using a 
chloride mass balance (equation (!)). LOUGA!8 was drilled 
to 35.5 m depth, where it intersected the water table. The 

mean recharge rate was estimated to be 50 mm yr -•. 
LOUGA!0 was drilled to 11.5 m depth, and the mean 
recharge rate estimated to be 0.7 mm yr -1. 

The potentials of each of these profiles for inferring 
palcorecharge can be seen in Table 1. The length of record 
contained in profiles LOUGA2 and LOUGA18 is approxi- 
mately 30 and 40 years respectively (equation (17)). The 
mean length of record contained in an individual sample 
(sampling resolution) is less than 2 years. The estimated 
mean residence times of water and solutes within the surface 

mixing layer are both less than I year (equations (9) and 
(10)). The diffusive time scale is approximately 2-3 years for 
both solutes and stable isotopes (equation (14)). For 
LOUGA10, the length of record is 475 years. The mean 
sampling resolution is 40 years, and the mean residence time 
in the mixing layer is 21 years for solutes and less than 1 year 
for water. The diffusive time scale is 52 years for solutes and 
124 years for water. Hence LOUGA2 and LOUGA18 should 
provide a record of climatic variability and consequent 
recharge fluctuation over the past 30-50 years, with a 
resolution of approximately 3 years. Palcorecharge informa- 
tion should be apparent in both chloride and stable isotope 
profiles. In contrast, LOUGA!0 should provide a record of 
the past few hundred years, with a resolution of approxi- 
mately 50 years. Significant variations would not be ex- 
pected in isotope profiles. 

Profiles of chloride and deuterium for LOUGA2 and the 

top 27 m of LOUGA18 are plotted against cumulative 
chloride in Figure 7. The y axis is converted to years 
assuming the chloride fallout has remained constant at ! g 
m -2 yr -•. Rainfall at St. Louis is shown on this same time 
scale [Olivry, 1983]. The rainfall record shows a series of 
climatic oscillations since 1970, with a half wavelength of 3-5 
years. A record of these appears to have been well preserved 
in both the deuterium and chloride profiles of LOUGA2. The 
LOUGA18 profile shows the same general trends, but with 
less detail. Most notable are the higher chloride concentra- 
tions above 2 mg cm -2 cumulative chloride, which are 
ascribed to low rates of recharge during the Sahel drought 
(1970-1986). Recharge was higher between 1950 and 1970. 
The same trends are apparent in profiles of oxygen 18 (W. M. 
Edmunds, unpublished data). 

The chloride profile obtained at LOUGA10 is shown in 
Figure 8, where it is compared with a reconstruction of water 
level variations of Lake Chad based on sedimentological and 
palynological data [Maley, 1973; Servant and Servant- 
Vildary, 1980]. The profiles have been aligned using a 
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Fig. 7. Measured chloride and deuterium profiles at LOUGA2 and LOUGA18, compared with rainfall at St. Louis 
since 1950. The profiles are scaled relative to the rainfall assuming a chloride fallout of 1 g m -2 yr -1 . The top of each 
profile is aligned with the year in which the profile was drilled. 

chloride fallout of 1 g m -2 yr -1 since 1950, and of 0.7 g m -2 
yr -• before 1950. This lower value has been arbitrarily 
chosen to provide a best fit with the earlier Lake Chad data; 
however chloride fallout is likely to be correlated with 
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Fig. 8. Measured chloride profile at LOUGA10, compared with 
a reconstruction of the water levels of Lake Chad since 1350. The 
profiles are aligned assuming a chloride fallout of 1 g m -2 yr -] since 
1950, and 0.7 g m -2 yr -] before 1950 (see text). 

rainfall amount, and measurements at the field site were 
made over three wet years. High chloride concentrations in 
the profile (low recharge) correspond well with low water 
levels of Lake Chad, and low chloride concentrations with 
high lake levels. The deuterium'profile at the same site 
showed some scatter, with no significant trends other than 
enrichment at the base of the profile, and near the soil 
surface [Edmunds, 1990]. 

Changes in chloride concentration may be used to esti- 
mate mean recharge rates over selected time intervals, 
provided that the length of these time intervals is large in 
comparison with the residence time, t rs , and the diffusive 
time scale, to. For LOUGA18, the mean recharge rate since 
1950 has been estimated to be 50 mm yr -• . From Figure 7 
and equation (1), the mean recharge rate at this site during 
the recent Sahel drought (1970-1986) was approximately 30 
mm yr -•. In contrast, during the 1950s and early 1960s, the 
recharge rate was in excess of 65 mm yr -• . Since 1986, a 
recharge rate of approximately 150 mm yr -] is estimated. 

Over longer time scales, quantitative interpretation is 
more difficult. Figure 9 depicts three different recharge 
scenarios which could all produce a chloride profile similar 
to that observed at LOUGA10. These simulations have been 

carried out using a numerical solution to (4), with upper 
boundary condition given by (3), with zrO]> between 2.5 and 
7.5 ram, constant concentration lower boundary condition 
(Cb), and assuming a constant water content. Chloride 
fallout was assumed constant at 0.7 g m -2 yr -] water 
content was in the range 0 = 0.02-0.03, and dispersion 
coefficients were in the range D = 0.8-1.0 x 10 -4 m 2 yr -•. 
Figure 9 shows that no unique recharge history can be 
inferred from the measured chloride profile, although some 
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tentative conclusions can be drawn. In particular, the re- 
charge rate must have been very low (<<0.! mm yr-]), and 
the mixing layer very thin, to generate the sharp increases in 
chloride concentration apparent above 10 mg cm -2 and 20 
mg cm -2 cumulative chloride. The total recharge (Rt) which 
caused lowering of the chloride concentration above 30 mg 
cm -2 15 mg cm -2 and 5 mg cm -2 cumulative chloride must 
have been approximately !50, 50 and 50 mm yr -] respec- 
tively. (In these areas, the simulated chloride profile is 
sensitive to total recharge and not recharge rate.) The lack of 
sensitivity to short periods of high recharge before 300 years 
B.P. is shown by case 1. Of course, variations of chloride 
fallout with time, and of water content, and hence also 
dispersivity, with depth will lead to further possible alterna- 
tives. In particular, changes in recharge will induce changes 
in soil water content [Jolly et al., 1989] and further compli- 
cate the flow process. 

Quantitative interpretation of stable isotope profiles is 
difficult, even if the effects of dispersion and surface mixing 
can be resolved. Higher concentrations of isotopes of deu- 
terium and oxygen 18 may result either from greater evapo- 
rative enrichment [Allison et al., 1984] or from changes 
(increases) in mean annual temperature [Dansgaard, 1964]. 
It may be possible to disentangle the two effects [Phillips et 
al., 1986], although other factors influencing isotopic com- 
position will complicate the analysis [Gat, 1987]. 

4. DISCUSSION 

For areas where there is a marked seasonal temperature 
cycle, the stable isotope concentrations of rainfall will vary 
seasonally. Provided the recharge rate (in each season) is 
sufficiently high, recharge waters from successive seasons 

may be identified within the soil profile. Measurements of 
recharge rates in individual years can be made by observing 
the displacement between successive seasonal inputs [e.g., 
Thoma et al., 1979; Saxena and Dressie, 1984]. From Figure 
5, it appears that seasonal variations in stable isotope 
concentration should persist in the profile for more than a 
few years only when the recharge rate is much more than 100 
mm yr -• . This is supported by the study of Darling and Bath 
[1988], who found that seasonal isotopic variations were 
preserved for only 3 years at a site in the English Chalk, 
where the recharge rate was approximately 100 mm yr -]. 

The persistence of changes in concentration with time, 
however, will also depend on the magnitude of the original 
perturbations. Gvirtzman et al. [1986], Gvirtzman and Ma- 
garitz [1986] and Bachmat et al. [1989] interpreted measured 
variations in chloride and tritium concentrations beneath 

irrigated agricultural land in Israel in terms of seasonal input 
variations, preserved in the profile for periods of 15 years or 
more. The recharge rates were between 100 and 200 mm 
yr -• . In this case, the variations in input concentration were 
due to oscillation between irrigation with high-chloride, 
low-tritium groundwater during summer, and rainfall with 
low chloride and high tritium concentrations during winter. 
Variations in input concentrations were much greater than in 
the natural situations described in this paper. The long 
persistence of these variations may also have been due to 
lower dispersivities than assumed in this paper [Gvirtzman 
and Magaritz, 1986]. 

The approach described in this paper, and previously used 
by Allison et al. [1985], Stone [1987, 1992] and Scanlon 
[!991], uses cumulative chloride to provide the time scale, 
and infers changes in recharge from changes in chloride and 
stable isotope concentrations. Resolution is poorer with 
isotopically labeled water than it is with chloride, because 
these may also move in the gas phase. Cumulative chloride 
below the root zone will be approximately linear with time, 
provided chloride fallout has not changed. The temporal 
scale can be determined if the mean chloride fallout is 

known. However, measurements of chloride fallout are 
usually only available for a short time period (3-5 years), and 
longer records are needed to improve the precision in 
interpretation. There is the possibility that changing climate 
may give rise to changes in chloride deposition, and this 
requires further consideration. For short time periods, the 
time scale can be confirmed using tritium or chlorine 36. 
However, for longer time periods there is no established 
means for checking the inferred temporal scale, although •4C 
(using accelerator mass spectrometry) may ultimately pro- 
vide such a tool. 

Periods of high recharge are more easily preserved than 
periods of low recharge. Periods of negligible recharge will 
be identified by high chloride concentrations in subsequent 
years' recharge only if the accumulation of salt within the 
surface mixing layer (due to atmospheric fallout) during the 
period without recharge is large relative to the salt storage 
within the mixing zone. 

Variations in solute and isotopic concentrations within a 
soil profile can arise from a variety of causes, other than 
recharge or climatic variability. In particular, the intersec- 
tion of preferential flow paths or ephemeral perched aquifers 
could cause decreases in solute concentrations within the 

soil profile. Higher chloride concentrations may in some 
cases be due to in situ weathering of soil or rock materials 
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[Edmunds et at., 1988]. Where the recharge rate is very low, 
the lower portion of the unsaturated zone may be compli- 
cated by diffusion of ions to or from the water table. 
Decreases in chloride concentration at depth have been 
observed in profiles from southern Australia and southwest- 
ern United States and ascribed to recharge during periods 
when the climate was less arid [Allison et al., 1985; Stone, 
1987]. Elsewhere, however, similar profiles have been inter- 
preted in terms of diffusion of chloride to a relatively fresh 
water table [Watson, 1982; Allison et al., 1990], or upward 
movement of water vapor [Edmunds et al., 1988]. Diffusion 
gradients may extend between the bottom of the plant root 
zone and the water table. However, significant variations in 
chloride concentration due to this process will be limited to 
within 1 m of the water table where the recharge rate is 
greater than 1 mm yr -• [Watson, 1982]. In the examples 
from southern Australia reported by Allison et al. [ 1985] and 
Stone [1987, 1992], the mean recharge rates were all less 
than 0.1 mm yr -•. In addition, in all of these cases, the 
decrease in chloride concentration appeared to commence 
immediately below the root zone of the vegetation. 

Of course, if the rainfall is low and the water table is 
shallow, then evaporative discharge of groundwater may 
occur. Fontes et al. [1986] measured a discharge rate of 2 
mm yr -• from a water table 11 m deep in the northwestern 
Sahara (rainfall 30 mm yr-•). In such areas, temperature 
gradients may maintain a finite flux of moisture upward from 
the water table. These profiles will clearly be inappropriate 
for estimating recharge history, but the possibility must be 
borne in mind that with climatic change, discharge areas may 
become recharge areas. Thus in arid areas, with deep 
unsaturated zones representing potentially thousands of 
years of storage, quite complex profiles may exist. 

The information contained in unsaturated zone profiles 
may be limited for the purposes of record interpretation by 
other factors. Fluctuations in groundwater levels, if they 
have occurred, will destroy the lower unsaturated zone 
record and, likewise, the capillary fringe will limit use of data 
to within about 3-4 m of the active water table. In some 

areas, variations in climate may not produce variations in 
recharge because of the ability of vegetation to use all 
available water. This may explain the uniform chloride 
profiles measured beneath Eucalyptus vegetation in semiarid 
areas of southern Australia [Cook et al., 1989]. Changing 
land use will affect the recharge rates [Walker et al., 1991], 
and growth of individual trees at a site may distort an 
otherwise uniform climatic record. Extensive vegetation 
changes due to climatic factors themselves or to anthropo- 
genic activity may also give rise to abnormal responses in the 
profile records. These may perhaps be identifiable using a 
more comprehensive geochemical approach. If impeding 
layers occur within the soil profile, lateral flow may occur. 
The use of several profiles at a given site is to be encouraged 
to allow for spatial variability, and to determine whether the 
changes in recharge reflect regional climatic or local condi- 
tions. 

The question of when profile changes are associated with 
palcorecharge and palcoclimate, and when certain features 
are the result of confounding factors, is not easy to unravel. 
It may not be sufficient to demonstrate that variations in 
chemistry correlate with known climatic variations. Corre- 
lations between the solute and isotopic records help provide 
greater confidence. The piston flow assumption, which is 

central to the method, can be evaluated using tritium and 
chlorine 36, but only over short time scales. The best 
support for a climatic interpretation is that widely separated 
profiles show the same features at the same depths when 
plotted against cumulative chloride (subject to possibly 
different levels of resolution). Accurate, quantitative estima- 
tion of past recharge rates, however, will not usually be 
possible over long time periods. 

5. CONCLUSIONS 

Water and solutes stored in thick unsaturated zones may 
reflect inputs over periods ranging from tens to thousands of 
years. Where water movement is predominantly by piston 
flow, the solute and isotope profiles may be interpreted to 
provide a record of recharge history. However, the pro- 
cesses of diffusion and dispersion will tend to smooth any 
input signals, and ultimately limit the usefulness of the data 
for palcoclimatic and paleohydrologic reconstruction. 

The model presented in this paper permits critical consid- 
eration of some of the conditions limiting the application of 
solute and isotopic profiles for the study of recharge history. 
It is shown that seasonal variations are unlikely to be 
preserved for more than a few years, unless the recharge rate 
is much greater than 100 mm yr -•. Climatic events of 2-3 
years duration are the minimum that are likely to be seen 
under such recharge conditions. However, medium-term 
fluctuations in climatic conditions (century scale) might well 
be preserved within the unsaturated zone. In practice, 
several additional factors including groundwater level fluc- 
tuation, land use and vegetation changes and movement of 
water along preferential flow paths (e.g., in clay soils) may 
complicate interpretation. 

The unsaturated zone profiles from Cyprus and northern 
Senegal described here withstand the critical evaluation of 
their validity for palcohydrological reconstruction. They 
record changes in climatic events up to 400 or more years 
before the present, which can be matched with rainfall and 
lake level records. 

NOTATION 

a dispersivity. 
C chloride concentration of soil water. 

(7 mean chloride concentration to depth 
C R chloride concentration of water draining below z r 

(mean, CR). 
C p chloride concentration in precipitation. 

CpP mean chloride fallout. 
D effective dispersion coefficient. 

Do / self-diffusion coefficient in liquid phase. 
D• self-diffusion coefficient in vapor phase. 
Drn total molecular diffusion coefficient. 
D t molecular diffusion coefficient in liquid phase. m 

D,• molecular diffusion coefficient in vapor phase. 
E evapotranspiration rate. 
f diffusive smoothing factor. 
h relative humidity of soil air. 

H length of core. 
L length scale for hydrologic change. 

Nsa t saturated vapor concentration. 
P precipitation (mean, P). 
q water flux. 
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R recharge rate (mean, R). 
t time. 

to dispersive time scale. 
t• time scale of input variations. 
t p persistence time of variations in water chemistry. 
t rs residence time of solutes in surface mixing layer. 
t rw residence time of water in surface mixing layer. 

V mean water velocity. 
W mean concentration of water isotope above Zr. 

We concentration of isotope in evapotranspiration. 
We concentration of water isotope in precipitation. 
WR concentration of water isotope draining below Zr. 

z depth. 
Zr depth of mixing layer. 
a* equilibrium fractionation factor. 

0 volumetric water content (mean, 0). 
0o water content of mixing layer. 
Sa air-filled porosity. 
p density of water. 

•.! liquid phase tortuosity. 
r •' vapor phase tortuosity. 
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