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ABSTRACT 

Barnes, C.J. and Allison, G.B., 1988. Tracing of water movement in the unsaturated zone using 
stable isotopes of hydrogen and oxygen. J. Hydrol., 100: 14~176. 

The development of an analytical model for movement of the stable isotopic species of water in 
unsaturated soils is presented by means of a review of recent literature on the subject. The model 
adequately represents experimental observations of isotope profiles during evaporation from 
saturated or unsaturated soils, under both nonisothermal and nonsteady conditions. Interpreta- 
tion of field isotope profiles using the model is discussed, and indications are made of areas where 
further work is desirable. 

INTRODUCTION 

Craig and Gordon (1965) modelled the isotopic behav iour  of water  evaporat-  
ing from a free water  body into the a tmosphere  by applying Fick 's  law of 
diffusion to vapour  movement  above the a i r /water  interface.  Subsequent ly  
their  approach  has  been developed fur ther ,  and extended to evapora t ion  from 
sa tu ra ted  and unsa tu r a t ed  soils, under  both  uns teady  and s teady-state  
condit ions.  

Under ly ing  this theore t ica l  effort was the observa t ion  tha t  a number  of 
features  were common to stable isotope profiles in the surficial layers  of field 
soils across a wide range  of cl imatic  condit ions.  

Groundwa te r  rep len ishment  occurs  by both  indirect  (or localized) recharge  
t h r ough  streambeds,  depressions,  etc., and direct  (or local) r echarge  th rough  
the surficial materials .  I t  is this la t ter  form of r echarge  which  often leads to a 
difference in the isotopic s igna ture  between rainfal l  and the unconf ined 
groundwater .  To obta in  hydro log ic  in format ion  from the isotopic composi t ion  
of g roundwater ,  the processes occur r ing  in the unsa tu r a t ed  zone which .lead to 
changes  in isotopic composi t ion  must  be t aken  into account .  

In a seminal  paper  Z immermann  et al. (1967a) demons t ra ted  tha t  the 
en r i chment  of deuter ium in the soil wa te r  of a sa tu ra ted  soil co lumn decreased 
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NOTATION 

Symbol Unit First use Definition 
defining eqn. 

D* m2s ~ (1), (8b) 
D m~s ~ after (5), (Sa) 
D,* m2s 1 (7), (8b) 
Dv m2s 1 (8b) 
E ms 1 (1) 
f (8a) 
g (8b) 
h~, (12) 
N sat kg m 3 (7) 
R (1) 
R .... (1) 
R o (2) 
R* (4) 
R,.~p (10) 
R~ (12) 
t s (13) 
w ms ~ after (5) 
z m (1) 
z~. t m (6) 
z, m (3) 
z, m (7) 
~* (7), (10) 
,~ (4) 
,~ .... (5) 
b,.~ (6) 
4, (5) 
5,,, &2,-~,~ (9) 
a 1 8 , 5  iSre ~ (9) 
~. (11) 
). m s 1,~ (13) 
~r" (7) 
p kgm a (7) 
%0 (4) 

Effective liquid diffusivity of isotopes 
Molecular diffusivity of liquid water 
Effective diffusivity of water vapour 
Molecular diffusivity of water vapour 
Evaporation rate 
Liquid flow impedance factor 
Vapour flow impedance factor 
Relative humidity of the atmosphere 
Saturated water vapour density 
Isotope ratio in liquid water 
Isotope ratio of feed water 
Isotope ratio at z - 0 
Isotope ratio of standard water 
Isotope ratio of water vapour 
Isotope ratio of atmospheric water vapour 
Time coordinate 
Filter velocity 
Depth coordinate, positive downwards 
Depth of evaporating front 
Length scale for liquid diffusion 
Length scale for vapour diffusion 
Equilibrium fractionation factor 
Isotope ratio "'delta-value" 
Delta value of feed water 
Delta wdue at z - z,. t 
Delta value at z z 0 
Delta wdues for 2 H / 1 H  ratios 
Delta values for 1~O/1~O ratios 
Equilibrium enrichment 
Boltzmann variable 
kinetic fractionation factor 
Density of liquid water 
Parts per thousand 

e x p o n e n t i a l l y  w i t h  d e p t h ,  w i t h  t h e  d e c a y  l e n g t h  a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  

t h e  e v a p o r a t i o n  r a t e .  

T h i s  w o r k  w a s  l a t e r  e x t e n d e d  t o  u n s a t u r a t e d  s o i l s  b y  M u n n i c h  e t  a l .  (1980) 

a n d  B a r n e s  a n d  A l l i s o n  (1983). I t  w a s  s h o w n  t h a t  b e n e a t h  t h e  e v a p o r a t i n g  f r o n t  

i s o t o p e  p r o f i l e s  w e r e  o f  s i m i l a r  s h a p e  t o  t h o s e  f o r  s a t u r a t e d  m a t e r i a l s ,  a n d  

f u r t h e r m o r e  t h a t  t h e  l o w e r i n g  o f  s l o p e  o f  t h e  o x y g e n - 1 8 / d e u t e r i u m  r e l a t i o n s h i p  

w a s  d u e  t o  t h e  d e c r e a s e d  i n f l u e n c e  o f  a t m o s p h e r i c  t u r b u l e n c e .  T h e  t h e o r y  h a s  
b e e n  u s e d  t o  o b t a i n  e v a p o r a t i o n  r a t e s  i n  t h e  f i e ld  f o r  s y s t e m s  s h o w i n g  s t e a d y  

e v a p o r a t i o n  f r o m  a w a t e r  t a b l e  ( A l l i s o n  a n d  B a r n e s ,  1983, 1985; F o n t e s  e t  a l . ,  

1986; C h r i s t m a n n  a n d  S o n n t a g ,  1987). 

R e c e n t l y ,  t h e  t h e o r e t i c a l  a p p r o a c h  h a s  b e e n  e x t e n d e d  t o  c o v e r  n o n s t e a d y  

e v a p o r a t i o n  f r o m  so i l s ,  u n d e r  b o t h  l a b o r a t o r y  a n d  f i e ld  c o n d i t i o n s  ( W a l k e r  e t  
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al., 1988; Barnes and Walker, 1988), and the effects of temperature gradients in 
the soil (Barnes and Allison, 1984). 

In this paper we review the available l i terature on isotope studies which 
have been carried out in the unsaturated zone, and identify areas requiring 
further study. To this end we follow in outline a model which appears to 
describe adequately the behaviour of isotopes in porous materials. We begin 
with steady, isothermal evaporation from a saturated sand, proceed to un- 
saturated, nonisothermal conditions, and finally to nonsteady evaporation. 
Effects of other processes, such as infiltration, transpiration and the presence 
of salt on the isotope profiles are considered. In the light of this model, 
examples of field profiles are discussed, and where possible an interpretation of 
the observed features is given. 

1. EVAPORATION FROM SATURATED SOILS 

Zimmermann et al. (1967a) reported isotope concentrations in pore waters as 
a function of depth for a number of saturated sand columns undergoing ev- 
aporation. In contrast to the earlier work of Craig and Gordon (1965) and 
others for evaporation from open water bodies, where the assumption was 
generally made that  the water body was more-or-less well mixed, they assumed 
that  the soil effectively prevented any ver t ica l  mixing. They explained the 
observed exponential isotope profile as the result of competition between 
diffusive and convective fluxes; at equilibrium the two must balance. For the 
existence of a steady-state concentration gradient near the surface, equality of 
the diffusive and convective fluxes implies that: 

D * d R / d z  = E ( R  - Rre~) (1) 

where D* is the effective diffusivity of the isotope in the pore water and E is 
the evaporation rate. Rre s is the isotope ratio of the water entering the column 
from below (see Notation section for definition of symbols and notation). The 
solution of this differential equation gives: 

- Rres)exp( - z / z l )  (2) R - Rros + (R0 

where: 

zl = D * / E  (3) 

and D* has been assumed constant, which will be the case provided only that  
the pore space is homogeneous with depth. 

Because variations in stable isotope concentrations are generally small in 
percentage terms, isotope concentrations are usually expressed as relative 
deviations from the concentration of a standard water, usually Standard Mean 
Ocean Water (SMOW)_multiplied by 1000 (i.e. "per mille", denoted by %0). 
Thus, if R* is the isotope ratio of the standard, the "delta-value" is defined by: 

5 = ( R / R *  - 1) × 1000(%o) (4) 

Equation (2) then becomes: 
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Fig. 1. Depth /de l ta  value re la t ionsh ip  for s teady-s ta te  evapora t ion  from a sa tu ra ted  sand column, 
toge the r  wi th  exper imenta l  parameters .  The oxygen-18 profile is scaled onto  the  same curve as the  
deu te r ium profile. 

= (~res -~ (~0 -- ~res) exp( z / z l )  (5) 

[Zimmermann et al. (1967a) used the molecular diffusivity D ( = D * / f )  and the 
filter velocity w = (E l f ) ,  in place of D* and E in eqn. (1); the factor f (a function 
of water content) accounts for the reduced cross-sectional area available for 
diffusion in porous media, and the increased effective path length or tortuosity. 
They took tortuosity into account by using a value for D of 1.5 x 10 ~ m2s 1 [cf. 
2.3 x 10 9m2s ~ given by Mills (1973), for free water.] 

Figure 1 compares theoretical (solid line) and observed isotope profiles for 
evaporation from a saturated medium sand, reproduced from Allison et al. 
(1983a). Because oxygen-18 and deuterium concentrations are linearly related, 
both isotope profiles have the same shape. The observed evaporation rate was 
1.14 mm d ~, compared with the value calculated from the exponential rate of 
decay of the profile with depth of 1.12mmd 1. 

In assuming isothermal conditions, the above analysis ignores the lowering 
of temperature at the surface due to latent heat effects. For sufficiently low 
evaporation rates, this effect will be minimal, but at higher evaporation rates 
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(e.g. 10 mm d 1, which was the highest rate used by Zimmermann et al., 1967a) 
a significant reduction in surface temperature may be expected. The magnitude 
of the surface temperature depression must be less than the equivalent wet bulb 
depression. However, as the temperature dependence of the self diffusion 
coefficient of water is of the order of 2.5%/°C for saturated systems at steady 
state, a few degrees lowering of the surface temperature will have only a small 
effect on the isotope profile. 

2. EVAPORATION FROM UNSATURATED SOILS 

Much has been written on the modelling of water movement in the un- 
saturated zone (Philip and De Vries, 1957; Taylor and Carey, 1964; Philip, 1969, 
1988; Jury, 1973; Raats, 1975; Jury and Letey, 1979; Corey and Klute, 1985). 
Recently, the more traditional deterministic approach to water movement in 
soils has been supplemented by a stochastic one (e.g. Jury, 1988), involving 
both solute and water transport. 

The heavy isotopic species of water can be considered as a solute species, but 
with certain properties which make them almost model tracers for water 
movement (Dincer and Davis, 1984). Their physical and chemical similarities to 
bulk water remove most of the complications associated with other tracers (e.g. 
adsorption), while their very small concentrations in natural  waters allow 
their flow equations to be linearized. Hence it is appropriate to employ the 
theoretical approaches which have been developed for solute and water 
movement in unsaturated systems, with equations for isotope movement 
linearized with respect to the isotope concentrations. One of the advantages of 
using these isotopes to obtain information about water movement is that  the 
relevant diffusivities vary slowly with water content, in contrast to the 
extreme variation of the soil water ~'diffusivity" with this parameter, for 
example. The development of the theory of stable isotope movement in un- 
saturated soils so far has used the deterministic approach as given, for example, 
in Philip and De Vries (1957); and this is the approach followed below. 

Isothermal evaporation 

Experiments for unsaturated materials similar to those carried out by 
Zimmermann et al. (1967a), were repeated by Allison et al. (1983a) for a variety 
of materials. Similar experiments, although not at steady state, were reported 
by Munnich et al. (1980). At steady state the isotope profiles were similar to 
those observed by Zimmermann et al., except that  the maximum in the profile 
occurred a short distance below the surface. Above this maximum the isotope 
concentration decreased rapidly towards the surface. Figure 2 shows two 
isotope profiles which clearly demonstrate these features: Fig. 2a taken from 
Allison et al. (1983a) for steady evaporation from an unsaturated column of 
0.5-1mm sized aggregates of the clay mineral attapulgite; and Fig. 2b, an 
unsteady arid zone dune profile reproduced from Barnes and Allison (1982). 
Nonsteady profiles, both in the laboratory (Munnich et al., 1980) and in the field 
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Fig. 2. Isotope profiles in unsaturated soils. (a) Experimental, steady-state profile similar to that 
of Fig. 1; (b) field profile from an unvegetated arid zone sand dune. 

as in Fig. 2b, have  a shape similar  to s teady-s ta te  ones, but  different  in detai l  
as will be seen later.  

In the zone above the  maximum in the isotope profile, the isotope concent ra-  
t ion decreases  rapidly  towards  the surface.  This is due to diffusion of  wa te r  
vapour  to the soil surface  from the  region in which evapora t ion  takes  place, 
and where  the isotope maximum also lies (Barnes  and Allison, 1983). The 
analysis  of Z immermann et al. is modified to take  into accoun t  this region of 
wa te r  vapour  movement  at  the  top of the  profile; and also the possibil i ty of 
vapour  phase  diffusion of isotopes below the  maximum (Barnes and Allison, 
1984); and the effect on the k ine t ic  f r ac t iona t ion  fac tor  in the "d ry "  soil l ayer  
t h rough  which  the  wa te r  vapour  has  to diffuse. 

Fol lowing Barnes  and All ison (1983), and recogniz ing that ,  at  least  in 
modera te ly  wet  soils, the  zone in which  s ignif icant  evapora t ion  occurs  is 
nar row,  the soil profile can  be divided into two parts:  an upper  one in which 
wa te r  movemen t  is by vapour  diffusion, and lower one in which liquid t r anspor t  
is significant.  In the  lower  region isotope movemen t  in u n s a t u r a t e d  soil was 
shown to be s imilar  to tha t  unde r  s a tu ra t ed  condi t ions,  if a ccoun t  is made of  
the dependence  of  the  effect ive diffusivi t ies  of  isotopes on wa te r  content ,  bo th  
in the l iquid and the  vapour  s ta te  (see the next  section).  The l a t t e r  is impor t an t  
because  isotopes may still diffuse in the  vapour  phase  even though  the re  is no 
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relative humidity gradient, and no bulk movement of water vapour. This point 
was overlooked in Barnes and Allison (1983) (cf. Zouari et al., 1985), but was 
later recognized (Barnes and Allison, 1984). At steady state the profile in this 
region is found to be exponential with respect to a modified depth function 
which takes into account changes in water content, affecting both the 
convective velocity and the ability of the isotopes to diffuse. Thus, beneath the 
region where evaporation occurs: 

(~ (~ref ((~ef  - -  t~ re f )  exp [ -  idz/(zl + Zv)] (6) 
Zef 

where z~ is defined by eqn. (3) above, and: 

Zv = (~*aVD*N~at)/(Ep) (7) 

Here, ~* and a v are the equilibrium and kinetic fractionation factors, which are 
discussed later in this section, see pp. 152 and 153. 

The characteristic lengths, Zl and Zv, indicate the relative importance of 
liquid and vapour diffusion. They are proportional to the effective diffusivities 
D* and D* respectively, and inversely proportional to the evaporation rate E. 
From eqn. (6) it can be seen that  the effect of vapour diffusion is to increase the 
effective diffusivity of the isotopes, leading to a more extensive isotope profile 
than would be possible with liquid diffusion alone. [Barnes and Allison (1983) 
assumed that  the effective diffusivity was proportional to the water content, 
and introduced a modified length scale slightly different to that  implicit in the 
exponential of eqn. (6)]. 

In dry soils, where the paths for liquid diffusion are discontinuous and 
tortuous, z~ will decrease with water content, while zv will increase, so that  Zv 
may dominate z~. Jury and Letey (1979) point out that  vapour diffusion may be 
enhanced by a ~series/parallel" type flow, where vapour diffusion pathways are 
short circuited by liquid-filled pores. The result is that, as a function of water 
content, the sum (Zv + zl) will vary smoothly over the entire range of water 
contents, with rate of variation somewhat less than that  of the water content, 
except near saturation. 

The effective diffusivities 

In Barnes and Allison (1983), and Allison et al. (1984), it was assumed that  
the cross-sectional area available for diffusion was directly proportional to 
water content. The relatively good agreement with the experimental results 
(the solid line in Fig. 2a) tends to suggest that  this is a reasonable assumption 
for the materials and water contents studied there, and that  vapour diffusion 
below the isotope maximum was small in these experiments. 

The effective diffusivities D* and D ' a r e  both functions of water content, but 
will vary in quite different ways in response to changing water content. Both 
diffusivities will be proportional to the respective molecular diffusivities of the 



150 

isotopes in liquid water and in air, multiplied by an impedance factor represent- 
ing the effective cross-sectional area available for diffusion, and tortuosity 
(defined as the ratio of the effective path length to the true path length). Thus 
the effective diffusivities may be represented: 

D* - f D  (8a) 

D * -  gDv (Sb) 

where D and D v are the respective molecular diffusivities, and f and g represent 
the effects of the porous medium in reducing the effective diffusion rates. 

For steady-state or slowly varying profiles, appropriate to evaporation, the 
effect of dead-end pores and relatively immobile volumes of water will be 
negligible, and at saturation, the whole of the pore space will be available for 
liquid diffusion. For vapour movement in a dry sand, Penman (1940) determined 
experimentally a tortuosity of 0.66, but for liquid movement in soils having 
more complicated structure (e.g. clay minerals) it may be much smaller, with 
values as low as 0.24).1 having been found even when water-saturated (Porter 
et al., 1960; Nye, 1979; Barraclough and Tinker, 1982; Johnston, 1987). 

In unsaturated materials, the cross-sectional area available for diffusion in 
the liquid phase will decrease in proportion to the water content (provided it 
is not too low), while the tortuosity will also decrease. The factor f may then 
be modelled as the product of tortuosity and the volumetric water content. This 
is the approach used almost universally so far for isotope diffusion in un- 
saturated soils (Munnich et al., 1980; Barnes and Allison, 1983; Allison et al., 
1983a; Sonntag et al., 1985; Yousfi et al., 1985; Zouari et al., 1985; Christmann 
and Sonntag, 1987). Equation (6) reduces to eqn. (21) of Barnes and Allison 
(1983), only if this assumption is made, as well as assuming a constant 
tortuosity. In drier soils, the continuity of liquid-filled pores may begin to break 
down, with a consequent drastic reduction in the effective liquid diffusivity. 
The tortuosity may also be expected to decrease significantly for the same 
reason, and zl may be effectively zero at low (nonzero) water contents. 

Recent experimental evidence (Porter et al., 1960; Barraclough and Tinker, 
1982; Johnston, 1987) suggests that  the tortuosity also decreases approximately 
linearly with water content over almost the whole range up to saturation. It 
should be noted that  the impedance factors used by these authors differ from 
the one defined above, which must be divided by the water content for 
comparison. With few exceptions (Scott and Paetzold, 1978) impedance factors 
in the liquid phase have been measured for chloride, and unless anion 
exclusion has been explicitly included in calculations, results may not be 
directly applicable to diffusion of the stable isotopes of water. 

On the other hand, vapour diffusion will play an increasingly important role 
at lower water contents. The factor g may be modelled similarly to the factor 
f, except that  the cross-sectional area available for diffusion is now the air filled 
porosity. Vapour diffusion may also be enhanced in systems with appreciable 
water content by the "series/parallel" flow mechanism of Philip and De Vries 
(1957). That is, small isolated pockets of water which are no longer able to 
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contribute to liquid diffusion may enhance vapour diffusion by short-circuiting 
the vapour pathway, provided a concentration gradient exists. Thus, at all non- 
zero water contents, the effective cross-sectional area available for diffusion in 
the vapour phase may be expected to be somewhat greater than would be 
calculated from the air-filled porosity alone (Scotter, 1976; Scott and Paetzold, 
1978). The tortuosity will also be affected by these considerations, but only to 
the extent that  its variation across the range for which vapour movement is 
important will be small, and in this case a value close to that  of Penman (which 
was measured for vapour diffusion) may be universally appropiate. 

The sum of the characteristic lengths, zv + z~, which indicates the extent of 
diffusion, will vary smoothly with water content, even though independently 
t he  variation of either zv or z~ with water content may be more rapid. This 
suggests that  diffusion of isotopes plays a major part in the formation of isotope 
profiles at all water contents, ensuring the ubiquitous shape of measured 
profiles. The fact that  both evaporation rate and the total effective diffusivity 
decrease with water content tends to restrict the range of the length scale 
observed in nature. 

It is clear from the above considerations that  the variation of the effective 
diffusivities with water content may be quite complicated, and that  the models 
currently used for predicting diffusivities, particularly for vapour diffusion, 
have long been regarded as inadequate (e.g. Jury and Letey, 1979). Given the 
number of investigations now using stable isotope techniques to estimate 
evaporation rates from isotope profiles (see below), and the fact that  these 
estimates are directly proportional to the effective diffusivities; direct measure- 
ments of these parameters on a range of materials seems warranted. This could 
be done using steady-state techniques as suggested in Barnes and Allison 
(1984), or more rapidly using the unsteady theory developed in Walker et al. 
(1988) and Barnes and Walker (1988), after the fashion of Bruce and Klute 
(1956) for measuring the unsaturated hydraulic conductivity of soils (cf. 
Scotter, 1976). 

The oxygen-18/deuterium relationship 

As a surface body of water evaporates, enrichment of both oxygen-18 and 
deuterium occurs, with changes in the delta-values of oxygen-18 and deuterium 
closely correlated, with a slope of 4-6 in 52 51s space. Water samples 
extracted from the surface layers of a soil have been found to produce slopes 
in the range 2-5 (with lowest slopes generally produced by drier soils), so that  
such water shows greater relative enrichments of oxygen-18 over deuterium, 
when compared with meteoric waters (see Fig. 3). 

Although the effective diffusivities of the isotopic species HD160 and H.~O 
in liquid water differ slightly (Mills, 1973; Mills and Harris, 1976; Harris and 
Woolf, 1980), both are within 1% of the self diffusion coefficient for liquid 
water. Similarly, molecular diffusivities of water vapour for both H~O and 
HDlSO differ by less than 0.5%, al though they differ from that  of normal water 
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vapour by nearly 3% (see below). The decay lengths, zl and Zv, will then be 
approximately the same for both isotopic species. From eqn. (6) profiles for both 
isotopes will have almost identical shapes and so isotope concentrations at any 
depth are expected to be approximately linearly related according to: 

((~2 -- (~2res)/((~20 -- ~2res) : ((~18 -- ~18res)/((~lS0 -- ~18res) (9)  

where the subscripts 2 and 18 refer to the heavy isotopes of hydrogen and 
oxygen of mass 2 and 18 respectively. The slope of the relationship between 
oxygen-18 and deuterium delta-values clearly depends only on the ratio of the 
total surface enrichments of the two isotopes. If the surface isotope concentra- 
tion can be predicted in terms of the concentration at depth, the slope can be 
predicted. Figure 3 shows oxygen-18/deuterium relationships for the profiles 
given in Figs. 1 and 2a, demonstrating the lower slope for the unsaturated 
profile. 

Two effects have been shown to contribute separately to the production of 
an excess of heavy isotopes at a site where evaporation is proceeding (Craig 
and Gordon, 1965), and are termed the equilibrium and kinetic effects, respec- 
tively. 

The equilibrium effect is due to small differences in chemical potential 
between the isotopic species. As a result, when liquid water is in equilibrium 
with its vapour at a given temperature, the isotope ratios in the vapour phase 
are less than those in the liquid phase and: 

Rvap = ~*Rliq (10)  

where the parameter a* is less than, but close to, unity. The temperature 
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dependence of this parameter (the "equilibrium fractionation factor") was 
studied extensively by Majoube (1971). (Note that  Majoube's '~equilibrium 
fractionation factor" is the inverse of what we have defined here.) In keeping 
with the delta-value notation introduced earlier, the '~equilibrium enrichment" 
~* is usually defined by: 

r.* = (1 ~*) × 1000(%o) (11) 

At 25°C, the equilibrium enrichment is 73.69/00 for deuterium, and 9.3%0o for 
oxygen-18. 

The kinetic effect contributing to the isotope maximum at the evaporating 
surface is due to slightly different rates of diffusion of the different isotopic 
species through the atmospheric boundary layer. Merlivat  (1978) has measured 
these diffusivities, finding that under static conditions diffusivity ratios were 
approximately temperature independent. She found that the molecular dif- 
fusivity of water vapour was 24.9 and 28.1%o greater than that of HDI~O and 
H~O, respectively. Thus, while the deuterium equilibrium enrichment is about 
eight times that for oxygen-18, the kinetic effect is similar in magnitude for 
both species. 

Combining these two effects into a Fickian model of diffusion of water 
vapour away from the site of evaporation, Barnes and Allison (1983) following 
Craig and Gordon (1965) obtained the expression: 

~*R 0 = (l - ha)~VRres + haR a (12) 

where Ra is the isotopic ratio of atmospheric water vapour far from the surface, 
and av is the kinetic fractionation factor, discussed below. Equation (12) allows 
us to calculate the slope of the oxygen-18/deuterium relationship, via eqn. (5) 
provided the kinetic fractionation factor a v is known. 

The kinetic fractionation factor 

The slope of the oxygen-18/deuterium relationship for isotope profiles in 
saturated soil is found to be in the range 4-6, as for free water. This can be 
predicted from eqns. (5) and (9) using typical values of the isotope ratios and 
relative humidity in the atmosphere, provided that the kinetic fractionation is 
about half that  given by Merlivat (1978) for the molecular diffusivities in the 
vapour phase. It is known (see for example Ehhalt  and Knott, 1965; Eriksson, 
1965; Zimmermann et al., 1967a) that the degree of kinetic fractionation is 
affected by turbulence in the atmospheric boundary layer, leading to a 
reduction in kinetic enrichment by 50% during evaporation from a free water 
body, compared with that  expected from molecular diffusion. 

Allison et al. (1983a) following Brutsaert  (1975), and suggested that  the 
lower oxygen-18/deuterium slopes observed for dry soils arose as a result of the 
increased significance of laminar flow over turbulent  flow during diffusion of 
the isotopes to the atmosphere. In a series of experiments using varying thick- 
nesses of dry porous material over an evaporating source of water they showed 
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that  as the dominant diffusive resistance changed from atmospheric (as over a 
free water body) to being due to the porous medium, the kinetic fractionation 
varied from 50 to 100% of the value due to molecular diffusion. This led to a 
concomitant change of slope in the oxygen-18/deuterium relationship. Figure 
4, taken from Allison et al. (1983a) shows the variation in slope of the oxygen- 
18/deuterium relationship for different thicknesses of dry porous material over 
water evaporating under otherwise identical conditions. Atmospheric 
resistance for these experiments was found to be equivalent to a few millime- 
tres of soil. Using these results they were able to explain quanti tat ively the 
results of a series of steady-state column experiments using a variety of 
materials, including both detailed profile shapes and the slopes of the oxygen- 
18/deuterium plots. These materials ranged from sand to a loam, and included 
attapulgite, an aggregated material with a very high microporosity. 

Munnich and co-workers (Munnich et al., 1980; Sonntag et al., 1985) reported 
on a number of experiments for unsteady evaporation using materials of 
different grain sizes, including medium and coarse sands. They reported that  
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although oxygen-18/deuterium slopes for the finer materials were adequately 
predicted by the above theory, coarser material resulted in slopes which were 
closer to those expected for evaporation through a fully turbulent boundary 
layer, even though the drying front had proceeded relatively further down the 
column. This effect was attributed to penetration of atmospheric turbulence 
into the soil for the coarser materials (Farrell et al., 1966) but the precise 
mechanism is not yet fully understood. They also investigated the effect of 
varying relative humidities on the oxygen-18/deuterium slope, and reported 
results which were at variance with theoretical predictions, for which they 
were unable to offer an explanation. Saxena (1987) looked at the effects of grain 
size on oxygen-18 concentrations in lysimeter leachate, and found that  the 
courser materials showed greater enrichment of leachate. This would appear to 
support the conclusion that  these materials provide opportunity for turbulent  
penetration of the soil, with the resulting advection of the water vapour 
causing enhanced evaporation from the soil. 

Klotz et al. (1987) investigated oxygen-18/deuterium slopes for columns of 
medium sand of different lengths which were subjected to constant or periodic 
rates of infiltration of water for long periods of time, and different rates. The 
leachate draining from the bottom of the columns showed considerable isotopic 
enrichment, with low slopes for the ~2-~1s plots. Their results were explained 
using the unsaturated zone theory discussed above. 

Nonisothermal effects 

The impetus for the development of the above theory came from a desire to 
understand isotope profiles measured in the field. However, this theory does 
not take into account the sometimes appreciable temperature gradients which 
are found in real soils. The effect of temperature gradients on the water fluxes 
is generally small, except if the temperature gradient is very large, as may 
occur in the upper 100-300mm of soil, or if the soil is very dry. In these cases 
temperature induced vapour movement may dominate the water flux, and must 
be properly accounted for. The work of Philip and De Vries (1957) (see also 
Sophocleous, 1979) indicates a number o f  mechanisms by which thermal 
gradients might cause water movement in either the vapour or the liquid phase, 
and suggest an approach to model such movement. Because water movement 
in the unsaturated zone under a thermal gradient often involves a change of 
state, it is likely that  isotope fractionation may occur, leading to changes in the 
profiles described above. 

Figure 5, reproduced from Dincer et al. (1974) shows the effect of annual and 
diurnal surface temperature fluctuations on the temperature profiles within 
dune sands in the Saudi Arabian arid zone. Diurnal temperature gradients of 
up to 200°C m 1 in the upper 100 mm are evident, while for the deeper annual 
temperature cycle, gradients are more modest (up to 5°Cm 1 in the top few 
metres). Measurable variations in temperature may persist below 10 m for the 
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annual  temperature  cycle in dune sands, whereas diurnal effects rarely 
penetrate  below 300 ram. 

Sonntag et al. (1980) reported on a computer model which was used to 
describe moisture and isotope movement in an arid zone dune, allowing both 
evaporat ion and infiltration. The model appeared to be similar to the box model 
used by Craig and Gordon (1965), but few details were provided. 

In adapting Philip and De Vries' (1957) model Barnes and Allison (1984) 
assumed that  water movement was so small that  latent  and sensible heat  effects 
were negligible, so that  the temperature  distribution could be taken as givenl 
and heat  t ransport  was not coupled with the mass t ransport  of water. Since 
many of the parameters  involved in the  equations for isotope movement are 
temperature  dependent (including diffusivities, vapour pressure, and equili- 
brium fract ionat ion factors), the resulting analysis was considerably more 
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complicated than that  for the isothermal version given above, even for steady- 
state conditions. The only new feature to come from their analysis was the 
theoretical prediction that  isotope profiles may show a secondary minimum 
below the surficial maximum, but the effect for the conditions they modelled 
was small (see Fig. 6). Allison et al. (1983a) had earlier compared isothermal 
and nonisothermal steady-state isotope profiles experimentally, but no data 
were obtained in the region where the secondary minimum may be expected. 
For comparable rates of evaporation, the isotope profiles showed similar 
features, although the evaporating front for the isothermal profile was more 
than twice as deep as for the nonisothermal one. 

Water vapour fluxes, driven by temperature gradients of the size measured 
by Dincer et al. (1974), can be calculated through Fick's law by assuming 
representative values for the temperature-dependent effective diffusivities. 
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Thus, if a relatively dry sand has a 30% air filled porosity and a vapour 
tortuosi ty factor of 0.66, for a mean soil temperature of 35°C, tem- 
perature driven vapour fluxes will be of the order of 0.2 and 0.005 mm d 1 for the 
diurnal and annually induced temperature gradients of 200 and 5°C m 1 respec- 
tively. Equivalent evaporation rates are obtained for evaporation from sand at 
the same temperature, when the evaporating front is 0.075 and 3.0 m, respec- 
tively, beneath the soil surface. Thus, for dry soils, diurnal temperature 
gradients may be expected to perturb the upper part of the profile, whereas only 
extremely dry profiles such as those measured by Fontes et al. (1986) and 
Christmann and Sonntag (1987) will be appreciably affected by the deeper 
annual temperature cycle. In the case of these latter profiles, neglect of tem- 
perature induced vapour movement may have biased the calculated estimates 
of evaporation rate. 

Figure 5 shows that strong diurnal cooling of the soil surface may occur. For 
very dry soils, this may lead to atmospheric water vapour being condensed and 
subsequently re-evaporated. Rose (1968) found possible evidence for such a 
mechanism by measuring water contents, but  this process has not been inves- 
tigated using isotopes. 

Nonsteady evaporation 

In the field it is the exception rather than the rule for evaporation to be 
constant  with time. After a soil profile has been wet up by infiltration from a 
rainfall event, for example, typically it will drain fairly rapidly to "field 
capacity" and then more slowly. Evaporation will at first be relatively 
constant, while water  is freely available at the surface. Subsequently, when 
soil physical factors become limiting, the evaporation rate will decrease, with 
cumulative evaporation increasing as the square root of time. Munnich et al. 
(1980) suggested that  the evaporation rate changes only slowly after a period 
of time, and that isotope profiles may be interpreted as "quasi steady-state" 
profiles, with an exponential decay reflecting the current  evaporation rate. 
However, Allison et al. (1983b) applied a simplified model of evaporation 
(Heller, 1968) to isotope movement through a dry surface layer. They showed 
that the inherent time dependence of the evaporation rate resulted in isotope 
profiles having a complimentary error function form. That is, the decay in 
isotopic concentrations with depth is much more rapid than the exponential 
rate suggested by Munnich et al. 

Subsequently, Walker et al. (1988) and Barnes and Walker (1988) have 
extended the steady-state model to nonsteady evaporation from a soil with 
initially uniform water content, and attempted to apply the results to interpret 
experimental data. 

Isotope movement under unsteady conditions can be modelled using con- 
siderations of mass balance, by equating the time rate of change of total isotope 
concentrat ion with the divergence of the isotope flux at each point in the 
medium. The isotope flux is then assumed to be equal to the sum of a diffusive 
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part proportional to the concentration gradient, and a convective part propor- 
tional to the liquid phase water velocity (Barnes and Allison, 1984). For non- 
isothermal systems, a further equation involving heat transport  must be added 
also (see e.g. Philip and De Vries, 1957; Sophocleous, 1979). 

Because of the complicated dependence of the diffusivities and other 
parameters on water content and on temperature, analytic solutions of the 
general equations for unsteady and nonisothermal isotope movement are not 
possible. Attempts at numerical solution of these equations which have been 
carried out by the authors have been complicated by the peaked nature of the 
isotope profiles, which require careful handling in order to avoid numerical 
instabilities in the solution. 
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It has been found that, under isothermal conditions and assuming certain 
simple boundary and initial conditions, water content profiles at different 
points in space and time are functions of a single variable involving both space 
and time. This observation has allowed fairly simple theoretical and experi- 
mental investigation of the assumptions underlying the theory of water 
movement in unsaturated soils (Bruce and Klute, 1956; Philip, 1969; Scotter, 
1976). It is necessary to assume that  the effect of gravity is absent (as for 
horizontal absorption or desorption) or is relatively small compared to the 
other terms, so that  it may be neglected. This has found to be a good approxima- 
tion for moderately dry soils. Walker et al. (1988) and Barnes (1988) have shown 
that  under similar conditions, the isotope profile is also a function of this 
variable only. 

The transformation necessary to achieve this one-dimensional solution is 
the so-called "Boltzmann" similarity transformation (Boltzmann, 1894), where 
substitution of the variable: 

is found to reduce diffusion-type equations in time and space [Philip, 1969, eqn. 
(31)] to an equation in one dimension provided that  boundary and initial 
conditions are of a compatible form. The necessary initial condition for the 
water content and isotope concentrations is that  the profiles should be uniform 
with depth. Compatible boundary conditions, such as constant concentrations, 
or flux decreasing with the square root of time, are also necessary. These 
conditions, while apparently quite restrictive, often correspond reasonably 
well to natural  systems, such as just after drainage has effectively stopped 
following a recharge event. 

Figure 7, taken from Barnes (1988) shows water content and isotope profiles 
taken from a series of three experimental columns evaporating under identical 
conditions, but for different lengths of time. The water content and isotope 
profiles are seen to collapse approximately onto single curves, as functions of 
the variable X, i.e. the profiles at different times are approximately "similar" in 
shape. Similarity is not obeyed initially as a profile dries out, because the 
kinetic fractionation varies as a function of time as the "bone dry layer" 
increases in thickness. After a short time, however, the kinetic fractionation 
approaches the value for laminar diffusion, and the isotope profile approaches 
similarity. 

Two questions important for the interpretation of field data arise. Firstly, for 
a given instantaneous evaporation rate, what difference is there between a 
steady-state profile (evaporating from a water table at constant depth), and an 
unsteady one which is drying out from the surface? In other words, if an 
estimate of evaporation rate was made from the latter type of isotope profile by 
assuming that  it was in steady state, how significant would the error be? The 
second question concerns the time taken for the isotope profile to develop. For 
a given evaporation rate (i.e. depth to the isotope maximum) does one form of 
profile develop more quickly than the other? 
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As a partial answer to the first question, Barnes and Walker (1988) 
considered evaporation from a soil with physical properties such that  the water 
content profile was always a step function. They showed that  for a given 
evaporation rate for this soil, the absolute differences between the profiles at 
any depth were small, al though the unsteady profile has a reduced isotope 
maximum, so that  estimates of evaporation rates made by fitting an exponen- 
tial form to the unsteady profile would give a good estimate of evaporation in 
this case (see Fig. 8). It is not clear how well this observation applies to soils 
with more realistic water content distributions. It should be noted that  in both 
steady and unsteady cases under isothermal conditions, evaporation rates will 
be identical for identical depths of the evaporating front. The second question 
is dealt with under the discussion of field profiles. 
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3. INFLUENCE OF SALT AND VEGETATION ON ISOTOPE PROFILES 

Effect ofsalt 

Soluble salts are known to have an effect on the rate of evaporation of 
brines. For instance, Harbeck (1955) cites evidence that  a 1% change in 
solution density due to soluble salts produces approximately a 1% change in 
the evaporation rate. He also recognized that  the effect depended on the 
mixture of salts present. The main effect of the salts is to reduce the chemical 
activity of water, so that  the vapour pressure deficit which drives evaporation 
is reduced (Salhotra et al., 1985). A secondary effect will be a raising of the 
surface temperature relative to that  of a comparable fresh water system. 

Gonfiantini (1965) and Lloyd (1966) measured the isotopic composition of 
evaporating pans of brine, and showed that  the resulting isotopic enrichment 
was reduced at high salinities compared to evaporation from fresh water pans. 
This was ascribed to the above mentioned effect of salinity on the effective 
relative humidity. Sofer and Gat (1972, 1975), Stewart and Friedman (1975) and 
Gat (1979), showed that  dissolved salt usually reduced the equilibrium frac- 
tionation, with the degree of reduction dependent on the particular salt. 

Because the kinetic fractionation factor reflects the conditions of the atmo- 
spheric boundary layer, such as the degree of turbulence and the diffusive 
resistance away from the surface, this factor is not affected directly by salinity. 
However, since the effect of kinetic fractionation is proportional to the 
effective relative humidity, according to eqn. (11), very saline surface solutions 
will reduce the kinetic fractionation. 

When a saline solution evaporates from a porous material, movement of salt 
occurs in the liquid phase only, and evaporation will result in high salt con- 
centrations near the evaporating front, even for quite small initial concentra- 
tions in the evaporating water body. As a result of diffusion in the liquid phase, 
a salt concentration gradient will develop (Allison and Barnes, 1985; Ullman, 
1985). 

Under conditions of near saturat ion in solutes, care must be taken in 
estimating evaporation rates from the depth of the isotope maximum because 
of the reduction of the saturated vapour pressure at the evaporating front. A 
further complication may arise if a salt crust develops, thus modifying 
tortuosity and porosity. An experimental difficulty is caused by gypsum which 
is usually present in evaporitic environments, as most of the techniques 
developed for extracting water from sediments will also remove a part of the 
water of crystallization of gypsum. This may be quite different isotopically 
from that  of the pore water and a technique such as centrifugation with a 
nonmiscible heavy liquid must be used for obtaining the pore water. 

Recently, Walker and Dighton (1988) have studied the simultaneous 
movement of water, salt and isotopes during evaporation. They were able to 
show that  even at very low soil water potentials, liquid movement was signifi- 
cant, and also to show how salt gradients can modify the isotopic composition 
of soil water. 
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Effects of vegetation 

Several authors have found an effect of vegetation on the isotope profiles in 
the underlying soil. Zimmermann et al. (1967a) reported that  isotope profiles 
beneath grass were relatively less enriched than nearby profiles under bare 
ground. Similar observations were reported by Bath et al. (1982a,b) for different 
sites corresponding to different land usage on the English chalk, and have also 
been observed by us beneath arid zone dunes. 

The observations of Zimmermann et al. prompted them to carry out 
experiments to determine whether plant roots were capable of producing frac- 
tionation, but under the saturated conditions of their experiments, no frac- 
t ionation was found. Subsequently Allison et al. (1983b) confirmed this result 
for unsaturated conditions, even for very dry soils. FSrstel (1982) also reported 
no fractionation in oxygen isotopes between water obtained from twigs taken 
from plants and soil water in field experiments. 

Zimmermann et al. (1967a) concluded that  in their case the main effect of the 
grass cover was the reduction in soil evaporation, leading to a less enriched 
profile beneath the vegetation. In contrast, Bath et al. (1982a,b) concluded that  
the differences they observed were due to selective infiltration rather than 
evaporation, presumably due to preferential transpiration of the isotopically 
heavier rainfall events of summer. 

Barnes and Allison (1983) considered theoretically the effect on the shape of 
the isotope profile of water removal from the soil by the non-fractionating 
process of transpiration. Because transpiration both removes some enriched 
water and causes a water flux at depth which is greater than the evaporative 
flux at the soil surface, the isotope profile at depth may be expected to decay 
more quickly than would be expected in the absence of transpiration. On the 
other hand, partial shading of the soil surface and /or  lower soil water contents 
which may be expected under vegetation will act to reduce the soil evaporation 
rate, as observed by Zimmermann et al., and may ultimately lead to deeper 
isotope profiles, given sufficient time for their development. Christmann (1986) 
also discusses the effect of transpiration on the isotope maximum using a 
simple mathematical  model, and shows that  transpiration may be expected to 
reduce the maximum isotope concentration in the soil. Rodhe (1987) and 
Saxena (1987) also include some discussion on the effects of vegetation. 

The total isotopic enrichment in the unsaturated zone under vegetation will 
thus depend on the relative effects of deeper profiles due to lower evaporation 
rates on the one hand, and lower water contents and the effect of the transpira- 
tion stream on the other. The mean time between rainfall events will also 
influence the mean isotopic concentration of recharge as the rate of isotopic 
enrichment will decrease with time (i.e. with the evaporation rate); this seems 
to be the dominant effect for the observations of Zimmermann et al. In the arid 
zone, the effect of lower soil moisture under vegetation would appear to be 
dominant leading to less total enrichment of isotopes in the surface layers, and 
consequently less enrichment of deep percolation, under vegetation. The 
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selective infiltration mechanism of Bath et al. (1982a) may also be important in 
arid zone infiltration because of the observed tendency of heavier rainfalls to 
be isotopically light. 

4. FIELD APPLICATIONS 

The use of unsaturated stable isotopes profiles in field investigations has 
become widespread in recent years (see, e.g., the contributions to IAEA- 
TECDOC-357, 1985). Initially investigations were aimed at examination of 
isotopic modifications to water which infiltrated through the unsaturated zone 
to the water table (Gat and Tsur, 1967; Zimmermann et al., 1967a). More 
recently, investigations have been aimed at using stable isotopes to determine 
the distributed groundwater  recharge rate (Dincer et al., 1974; Saxena and 
Dressie, 1983; Saxena, 1987; Vachier et al., 1987), and recharge mechanisms 
(Bath et al., 1982a,b; Fontes, 1983; Issar et al., 1985; Darling and Bath, 1988; 
Darling et al., 1987); and also to obtain evaporation rates from groundwater 
discharge zones (Allison and Barnes, 1983; 1985; Fontes, 1983; Sontag et al., 
1985; Yousfi et al., 1985; Christmann, 1986; Fontes et al., 1986; Christmann and 
Sonntag, 1987) and the upper layers of arid zone soils (Barnes and Allison, 1982; 
Zouari et al., 1985). 

Groundwater recharge rates and mechanisms 

For areas where there is a marked seasonal temperature cycle (e.g. those 
with cool to temperate climates), the isotope concentrations of rainfall are 
seasonally '~tagged" because of the temperature dependence of isotope con- 
centrations of precipitation (Dansgaard, 1964; see also the reviews on isotope 
concentrations in precipitation in White, 1983; Rodhe, 1987; Saxena, 1987). 
Thus recharge waters from successive seasons can be identified in deep un- 
saturated profiles where piston flow is the dominant mechanism of water 
movement, although diffusive at tenuat ion of the signal is to be expected. 
Measurements of recharge rates in the unsaturated zone have been made by 
successive observations of isotope profiles, or by observing the displacement 
between successive seasonal inputs (Eichler, 1965, as quoted in Zimmermann et 
al., 1967a; Thoma et al., 1979; Bath et al., 1982a,b; Saxena and Dressie, 1983; 
Saxena, 1987; see also Zimmermann et al., 1967b). Figure 9 is reproduced from 
Saxena (1987) and shows more or less cyclic variations in oxygen-18 concentra- 
tions in soil moisture, which Saxena identified with annual recharge aliquots. 
By observing the displacement following one year's infiltration, an estimate of 
that  year 's  recharge can be obtained by integrating the water content profile 
over that  interval. 

For this method to be useful, it is necessary that  the isotopic signature of 
rainfall changes over the year, that  there is significant recharge during both 
summer and winter periods, and that  measurements are made beneath the root 
zone. The first of these requirements may make the technique unsuitable for 
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areas  wi th  equa tor ia l  or mar i t ime  cl imates  where  there  is l i t t le  d i f fe ren t ia t ion  
be tween  seasons, whereas  the  second excludes arid and semiar id  c l imates  
where  ra infa l l  is ve ry  var iable ,  and no ra in  may fall for long periods. The 
t echn ique  appears  to be most  successful  when  r echa rge  is h igh  (20(~ 
300 mm yr  1 or more).  An addi t ional  advan tage  in such areas  is t ha t  the  root  
zone is usua l ly  shallow, and sampling can be car r ied  out  nea r  the surface.  If  the  
r echa rge  ra te  is low, or  the depth  of  roots  is large,  the size of the isotope 
peaks will be reduced  by diffusion. Al te rna t ive ly ,  if a record  of the  isotopic 
c o n c e n t r a t i o n  of p rec ip i t a t ion  is kept,  it  may  be possible to ident i fy  the  passage 
of  wa te r  from pa r t i cu l a r  events  t h rough  the  soil profile (Dincer  et al., 1974). 
This  method  would be sui table  for arid zones, except  t h a t  the meteoro logica l  
s ta t ions  col lec t ing  isotope samples in these  regions are re la t ive ly  sparse,  and 
ra infal l  var iab i l i ty  and c l imat ic  difficulties genera te  special  sampling problems 
in these  areas.  

A l though  much  has  been said about  the re la t ive  meri ts  of  the pis ton flow 
model  (e.g. Z immermann  et al., 1967a; Sha rma  and Hughes,  1985) it  is c lear  tha t  
it  will r emain  a good model  dur ing  u n s a t u r a t e d  flow condi t ions.  Mac ropore  
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flow can only occur under saturated conditions, and for pores which are 
directly connected to the surface. For distributed recharge, bypass flow 
through macropores will only occur when the rainfall intensity exceeds the 
saturated hydraulic conductivity of the soil matrix. 

If significant flow does occur through macropores and cracks, the soil matrix 
which is sampled may be bypassed, and thus will not reflect the true recharge 
rate. Bath et al. (1982a,b), and Darling and Bath (1988) have used stable 
isotopes in this way to compare flow mechanisms in the English chalk. In order 
to explain trit ium and solute profiles, as well as the stable isotope data, they 
were forced to consider a model involving a continuum of pore sizes. They 
observed similar isotope profiles at significantly different sites, with the 
profiles tending towards uniformity after a certain depth. The depth at which 
uniformity was obtained varied with the recharge rate, and this uniformity was 
attributed by them to effects of dispersion. For high recharge rates seasonal 
cyclicity was preserved for several metres, whereas for lower rates (less than 
200 mm yr-1) the cyclicity was damped. 

Fontes (1983) also summarizes a number of experimental field investigations 
into flow mechanisms in the unsaturated zone using a variety of tracers, 
including stable isotopes. Lysimeter studies on a number of different soils, with 
either natural  rainfall or irrigation, showed only partial piston flow, and 
evidence of quite complicated interactions between water in large and small 
pores within the soil matrix. 

Stable isotope work involving investigations into pathways for infiltration 
has been mostly semiquantitative, with little use made of the considerable body 
of l i terature available on macropore flow; see e.g. White (1985) and references 
therein. Stable isotopes are ideal tracers for both field and laboratory inves- 
tigations of this kind, and closer cooperation between those using stable 
isotopes on the one hand, and those attempting to derive quantitative models 
of water movement in complex porous media on the other, would appear to offer 
scope for a more detailed examination of the processes involved. A model of 
isotope movement involving both evaporation and infiltration is necessary, 
and it is essential that  heterogeneity be realistically accounted for (e.g. Jury, 
1988) if field observations are to be accurately interpreted. 

Allison (1987) has recently reviewed methods of estimating groundwater 
recharge in arid and semi-arid regions, including the use of stable isotopes. In 
these regions, distributed recharge through the unsaturated zone is thought to 
be strongly biased towards the heavier rainfall events, with little or no deep 
percolation from the more numerous smaller events. The critical size of the 
events which will produce significant recharge will depend on the effect of 
capillary rise of soil water to the surface, i.e. on the grain size (Dincer et al., 
1974). Allison et al. (1983b) (see Fig. 10) observed that  for four dunes in the 
Australian arid zone, having different mean annual  rainfall, the enrichment of 
the deep soil water of the unsaturated zone relative to the local Meteoric Water 
Line appeared to be related to an independent estimate of the recharge rate. A 
very simple model of recharge through the dune suggested that  this enrichment 
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Fig. ]0. Correlat ion between displacement of deep unsaturated zone water from the Meteoric Water 
Line, and independent  estimates of recharge for four dune sites in South Australia.  

should be proportional to the inverse of the square root of the recharge rate, 
and this was found to be consistent with the data. The approach is somewhat 
empirical, and has not been corroborated with other data so far. 

Estimation of evaporation rate 

Strictly, the steady-state theory applies only to isotope profiles which have 
reached steady-state so that  the evaporation rate is constant; dry soils will 
generally exhibit a decreasing evaporation rate. On the other hand, soils which 
have been recently wetted will show an approximately constant rate of ev- 
aporation while the flow of water  to the surface is not limited by soil physical 
properties (i.e. during the so-called '~first stage" of evaporation). If this first 
stage is sufficiently long compared with the characteristic time for develop- 
ment of the isotope profile, the theory may be satisfactorily applied. 

Allison and Barnes (1983, 1985) used the theory of section 2 above to estimate 
evaporation from near-saturated and unsaturated isotope profiles of a '~dry" 
salt lake in Australia (see Fig. 11), and showed that the use of stable isotope 
profiles compared favourably with a similar technique using soft water 
chloride concentrations (see also Ullman, 1985). They proposed three separate 
estimates of the evaporation rate. 

The first method involves determination of the exponential decay length in 
the profile beneath the isotope maximum. Knowledge of this parameter enables 
an estimate of E to be made provided tortuosity, and hence the effective 
diffusivity, can be estimated. Although this parameter seems well behaved for 
the experimental systems, for fine-grained sedimentary systems the value for 
the tortuosi ty is not w~n known. It could be measured experimentally, but thi~ 
was not done by Allison and Barnes, and is the major source of uncertainty in 
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Fig. 11. Comparison of isotope and chloride profiles obtained from L. Frome in S. Australia. The 
solid line is a "best fit" for estimation of the evaporation rate; the isotope profile gives an estimate 
of 120 + / -  15mmyr 1, whereas the chloride profile gives l l 0 m m y r  2, with much greater 
uncertainty. 

their estimate of the evaporation rate. This method has the advantage of 
relying on a number of data points, providing a degree of statistical robustness 
to the estimate. Allison and Barnes were fortunate that  the time since the last 
filling of the lake was longer than the characteristic time for development of 
the isotope profile. 

The second method uses the isotope profile to give the depth of the evaporat- 
ing front. This depth, together with a value for the effective diffusivity for the 
upper part of the profile, enables the flux of vapour (the rate of evaporation) 
through this part of the profile to be calculated. Again the effective diffusivity 
through this region must be estimated, but in this case the effect of changing 
water content and particle size is likely to be of much less significance, and the 
main difficulty is in obtaining the depth of the maximum to sufficient accuracy. 
Differences between the depth of the maximum and the effective depth of 
evaporation are thought to be small. This method is likely to be relatively 
sensitive to temperature gradients in this part of the profile. A third method 
which involves the isotope profile in the region above the maximum is not 
generally practical, because low water contents and the narrowness of this 
region make sampling impractical. In common with other profile techniques, 
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all three methods suffer from the disadvantage of being point estimates of the 
evaporation rate, and are subject to the natural  spatial heterogeneity of the 
area for which the estimate is required. 

Fontes et al. (1986), and Christmann and Sonntag (1987), report estimates of 
evaporation for very dry sands in the Sahara. The water content and isotope 
profiles were assumed to result from a process of capillary rise from a relatively 
deep water table, followed by evaporation from depths of more than I m below 
the surface. The very low evaporation rates reported (as low as a few mm per 
year) imply a time for development of these profiles of up to a few centuries, so 
that  this technique can only be used in this way for extremely arid areas where 
rainfall does not penetrate the soil effectively. Changes in evaporation rates 
due to changes in sand thickness etc. over time periods of the order of decades 
would be averaged. However, effects of temperature gradients were not taken 
into account in these studies, and may be important (see below). 

Time for profile development, and effect of infiltration 

The characteristic time for development of an isotope profile: 

= D*/E 2 (14) 

can be derived for steady-state evaporation from a saturated (Zimmermann et 
al., 1967a) or unsaturated soil in the absence of vapour diffusion (Barnes and 
Allison, 1983). Since the length scales zv and zl are proportional to the 
reciprocal of the evaporation rate, halving the evaporation rate will have the 
effect of doubling the length scales, but quadrupling the time taken to reach 
steady state. Bearing this in mind, Allison et al. (1984) suggested that  the shape 
of the isotope profile would reflect mean atmospheric and soil conditions over 
a period related to the evaporation rate. For extremely low evaporation rates 
(e.g. Fontes et al., 1986) this may involve millennia, whereas profiles with 
evaporation rates of 10mmd -1 will be affected by conditions for only the 
previous day or so. The implication is that  the steady-state theory cannot be 
used when conditions are not reasonably constant over the equilibration 
period; in particular, infiltration of rainfall in this period will invalidate the 
approach (Fontes et al., 1986). 

The observation that  water extracted from very dry soils could have oxygen- 
18/deuterium slopes considerably less than the values ~ 6  typical of evapora- 
tion from free water bodies (Dincer et al., 1974), gave rise to the expectation 
that  such low slopes could be transferred to groundwater bodies by infiltration 
through the unsaturated zone. Laboratory experiments by Klotz et al. (1987) 
have shown this to be so under conditions of more or less constant recharge. 
However, arid zone recharge is erratic, with most recharge thought  to come 
from very infrequent large events. This infrequency of recharge implies that  in 
general the surface soil will be very dry before a recharge event. Even though 
the prior soil water is considerably enriched in heavy isotopes within these 
layers, infiltrating water will so compress the isotope profile that  diffusive 
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mixing occurs, and it is not usually possible to use the enriched surficial soil 
waters as markers of water movement (Sonntag et al., 1985). This results in 
recharge which is somewhat enriched relative to rainfall, but which does not 
preserve the original low slopes. Isotope concentrations with slopes near 8, but 
somewhat displaced from the Meteoric Water Line, can be obtained for water 
from deep in the unsaturated zone (Allison et al., 1983b). 

Fontes et al. (1986) following Allison et al. (1984) showed that  if the region 
of vapour movement was considered alone, a second characteristic time may be 
derived, which in their case was considerably shorter than that  necessary for 
steady state to apply to the whole profile. For unsteady evaporation from a dry 
soil, the work of Walker et al. (1988) and Barnes and Walker (1988) implies that  
this estimate may be seen to apply to the isotope profile as a whole. In a drying 
profile with cumulative evaporation increasing as the square root of time, the 
evaporating front descends at a rate proportional to (time)- ~'~. Water content 
and isotope profiles are functions of the reduced variable ~ ( = zt '= ). Thus, the 
location of the evaporating front (or the isotope maximum) at any time gives 
an estimate of the time scale necessary for profile development to that  point, 
namely: 

~* = z2of/D~ (15) 

Since the evaporation rate is inversely proportional to Zef, this time scale, like 
the steady state one above, has a 1/E 2 dependence on the evaporation rate. 

Barnes and Walker (1988) showed that  for the hypothetical soil they 
considered, the characteristic time for the profile development was from one to 
two orders of magnitude greater for the steady-state profile than for the 
unsteady profile, the difference being greater for drier soils. The implication of 
this is that  following a recharge event, as a soil profile dries out, the isotope 
profile will develop relatively rapidly, and if a water table is present the isotope 
profile will approach the steady-state form as more and more of the evaporation 
loss is replenished from the water table. 

Examinat ion  of arid zone profiles 

A feature of the isotope profiles, particularly in the arid zone, is their 
remarkable uniformity with depth below the surface 2-4m which is often 
observed (see Fig. 12a; Bath et al., 1982a,b), compared with the detail observed 
in the upper few metres of the same profiles. Occasionally profiles show very 
smooth, but exceptionally large excursions in isotope concentration at depth 
(Fig. 12b). Given the extremely low water contents of the arid zone sites, the 
hydrodynamic dispersion mechanism of Bath et al., (1982a,b, 1987) does not 
seem adequate to account for these profiles. Another feature which has often 
been observed is an apparent secondary minimum in the isotope profiles at a 
depth of 1-2 m (see Fig. 12; Bath et al., 1982a; Allison and Hughes, 1983). 

Although Barnes and Allison (1984) were able to demonstrate that, at least 
under steady-state conditions, secondary minima could result from soil tern- 
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Fig. 12. Deep unsaturated arid zone dune profiles of water content and deuterium. Both deuterium 
profiles show secondary minima at 1 2m: (a) is relatively smooth at depth, whereas (b) shows 
marked variation with depth to 10m. 

perature gradients, the magnitude of the effect was considerably smaller than 
that  typically observed in the field. Allison et al. (1984) and Darling and Bath 
(1988) decided that this explanation was unlikely for their profiles, and 
concluded that infiltration of isotopically light precipitation was the most 
likely explanation. 

In order to investigate further the origin of the secondary minimum, Barnes 
(unpublished data) has examined the effect of the annual temperature cycle on 
isotope profiles taken from an arid zone dune at three monthly intervals. A 
secondary minimum, initially present, was seen to persist throughout  a 
complete temperature cycle, with some attenuation. Although temperature 
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gradients were seen to persist to below 10 m depth, calculations indicate that  
they are insufficient to cause significant water movement, even at the very low 
water contents (less than 0.5% ) recorded. 

At these sites the secondary minima appear to be a result ofisotopically light 
recharge events of intermediate size. Precipitation from such events partially 
penetrates the unsaturated zone, and then is removed slowly by evaporation 
and/or transpiration. Only occasionally will events of this type penetrate 
below the top metre or two, producing the observed secondary minima. Deep 
penetration is only possible for infrequent rainfall events of relatively large 
size (the magnitude will depend on the grain size, according to Dincer et al., 
(1974) which will result in water  movement through the entire profile, and 
produce uniform isotope profiles at depth. 

5. CONCLUSIONS 

The past two decades has seen considerable progress in the use of oxygen-18 
and deuterium for tracing water  movement in the unsaturated zone. The stable 
isotopic species of water have been used to investigate the processes of infiltra- 
tion, evaporation and mixing, and to make quanti tat ive estimates of ground- 
water recharge and evaporation rates. 

A principal advantage of using stable isotopic tracers to determine water 
movement is the limited variability of the effective diffusivities with varying 
water content, compared to the marked variation of the soil water ~'diffusiv- 
ity", for example. Without  some effort devoted to understanding the actual 
variation of the diffusivities for different water contents and materials, the 
stable isotope technique will remain a rather  blunt tool, failing to achieve the 
precision potentially available, not only for estimating evaporation rates, but 
also for determining soil physical mechanisms operating during evaporation, 
for example. 

Temperature effects on soil water profiles and fluxes can be significant, but 
appear to have little effect on isotope profiles. Further  experimental clarifica- 
tion of the interaction of the isotope profiles with temperature gradients is 
required in order to obtain greater precision in interpreting unsaturated zone 
profiles; in particular, this is necessary for accurate estimation of evaporation 
rates. 

This review has summarised the development of a model of isotope 
movement in soils, accounting for unsaturated, nonisothermal and unsteady 
flow in both liquid and gas phase. Experimental evidence for the validity of 
each part of the model in isolation has been obtained, sufficient to give a degree 
of confidence in the model as a whole, but verification of the combined model 
(e.g. unsteady, nonisothermal evaporation) is difficult because of the lack of 
analytical solutions of the full model. An efficient numerical model, capable of 
handling all the above features simultaneously, would greatly reduce the 
experimental effort needed to complete our understanding of the development 
of isotope profiles under natural  conditions, but is not currently available. 
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