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Hydrological Sciences-Bulletin-des Sciences Hydrologiques, 25, 3, 9/1980 

The relationship between surface 
and subsurface waters: water quality 
aspects in areas of low precipitation* 

J . R . G A T Weizmann Institute of Science, Rehovot, Israel 

Abstract. In the temperate and semiarid environment the salinity of both surface and subsurface 
(meteoric) waters is dominated by the weathering products of soil and aquifer minerals, since even 
surface waters have a history of subsurface flow. In the desert environment, in contrast, surface flows are 
more superficial and their chemistry dominated by the aeolian salinity. This has both a marine input and 
a contribution from recycled salinity from surface accumulation of evaporitic minerals. Both these 
sources have chloride (and to a lesser extent sulphate) as the dominant anion. 

Rapport entre les eaux de surface et les eaux souterraines: aspects des propriétés caractéristiques de l'eau 
dans les zones à précipitation faible 

Résumé. Dans les milieux tempérés et semiarides la salinité des eaux de surface et des eaux souterraines 
(météoriques) est dominée par les produits d'altérations des minéraux du sol et des aquifères, puisque 
toute eau de surface a une histoire d'écoulement souterrain. Dans un milieu désertique l'écoulement de 
surface est plus superficiel et leur chimie est dominée par la salinité aéolienne. Ceci a un débit entrant 
d'eau de mer et aussi un apport de salinité recyclée de l'accumulation de surface des minéraux 
évaporitiques. L'une et l'autre de ces sources ont le chlorure (et à teneur dégressive les sulfates) comme 
anion dominant. 

INTRODUCTION 

This review attempts to relate the amount and quality of salinity in water sources to 
their history and in particular to the recharge-discharge relationships between 
surface and groundwaters. It is, of course, important to take account of the 
important role played by the mineralogical composition of the particular soil and 
subsoil layers on the geochemical characteristics of water sources with which they 
are in contact; but allowing for chemical differences associated with different 
geological environments (such as limestones, igneous rocks, clays etc) it is found 
that the chemical relationships between surface and subsurface waters are, primar
ily, a reflection of their hydrological interrelationships. 

Data on arid zone water sources are unfortunately rather scarce and in this review 
the fundamental concepts are demonstrated by reference to the abundant informa
tion from the more humid climate zone; the behaviour to be expected in areas of low 
precipitation is then inferred. Hopefully, additional data to be collected will then 
show to what extent these conclusions are indeed justified. 

* Paper presented at the IAHS Symposium on the Hydrology of Areas of Low Precipitation held at 
Canberra in December 1979. 
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SOURCES OF SALINITY 

The soluble saline components of water sources originate either in the atmosphere 
whence they accrue through fallout, washout or rainout, or from salt or brine 
accumulations near or below the surface which are leached by infiltrating water, or 
from minerals in soils and rocks which are decomposed by the action of water. 
Pollution from fertilizers, sewage or industrial wastes is an additional source which 
has increased in importance in recent years. Much of the salinity, like the water 
itself, is recycled, and only a small portion is juvenile in the sense that it is a primary 
addition to the hydrological cycle either directly (through vulcanism) or through 
decomposition of igneous rocks. 

A major part of the atmospheric input is NaCl of marine (ocean spray) origin 
which is dominant in coastal regions. Sulphates are a second important component 
of the atmospheric input, originating both from the marine environment and 
industrial pollution (iosotopic analysis can distinguish between these sources of 
sulphates). Most other components of the atmospheric dust load are of terrestrial 
origin and composed of particles of clay, carbonate, etc., which are only slightly 
soluble; their contribution to water chemistry is negligibly small compared to the 
direct weathering of soil materials. 

Waters whose salinity is dominated by the atmospheric input are then chloridic in 
nature and characterized by high values of the ratios CtyZ(anions) and Na/E(ca-
tions). Such waters are found on the one hand in the leached terrain of tropical rain 
forests and on the other hand in the semiarid zones (Gibbs, 1970). The range of 
concentrations in continental precipitation is between 0.1 and 10 mg 1~ ' of chloride 
(Junge, 1963); these then are the minimal values to be expected for meteoric waters 
(surface or groundwaters) if chloride is indeed a conservative element in these water 
sources in the low concentration range. Chloride is enriched beyond these concen
trations as a result of the pickup of dry fallout and saline residues from the canopy 
of the trees and the Earth's surface and further salinity increases result from the 
partial evaporation of soil water through exposure to the atmosphere or water loss 
by transpiration. The chloride flux divergence (chloride taken as an example of 
conservative behaviour in the system) was expressed by Eriksson & Khunikassem 
(1969) as VFS = Q + D, where Q is the rate of deposition of air-borne salts, and D the 
addition from interaction with the soil and aquifer minerals. In the case of chloride 
this latter term is usually small in well flushed systems, although the rock interaction 
term may become dominant for other cations or anions, as outlined below. Ele
ments with non-marine inputs are recognized by Sugawara (1967) through their 
high enrichment coefficients, namely the high ratio of (M/Cl)waterSourœ: (M/Cl)seawater-

The local addition of water, namely the recharge rate is 

R = rP^E 

where P is the precipitation amount, r the non-surface runoff fraction, and E the 
evaporation rate. The chloride is diluted by this recharge flux and the change in 
chloride concentration is then a measure of the recharge rate, and eo ipso, the 
evaporative water balance. It is thus not surprising to find aeolian salinity buildup in 
water sources of semiarid zones where the effect of evaporation is dominant. 

Weathering of soil and rock minerals is responsible for introducing much of the 
salinity into continental waters, especially calcium, silica and potassium. Because 
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H2C03 is usually the proton donor in the attack of water on primary silicates (and 
on carbonates), HCOf is the predominant anion in waters whose salinity is derived 
from weathering reactions and for which the Sierra Nevada waters, described by 
Garrels & Mackenzie (1967), is the classical example. These waters are also high in 
dissolved silica. The dissolved C0 2 in rainwater as such is not very effective as a 
weathering agent and significant salinization occurs only through the action of the 
higher C0 2 concentrations which are found in soil waters because of the respiration 
of organisms and oxydation of carbonaceous matter. Weathering is not a proper 
surface process and deeper circulating waters are found to be the more mineralized 
ones. 

Typical and important weathering reactions are given in Table 1, adapted from 
Stumm & Morgan (1970). The relationship between water chemistry and mineral 
composition was described by Garrels (1976). Secondary interactions of ion 
exchange and mineral equilibration determine the final detailed water chemistry. 
Time of contact and water flux are important parameters in determining concentra
tion values. As a rule such waters have low Cl/Z(anion) and low Na/(Ca + Mg) 
ratios and usually rather low salinities, except under geothermal conditions. The 
weathering of the rocks opens up inner faciès and thus also enables the dissolution 
of residual evaporites, the flushing of brine inclusions (mainly in sedimentary rocks) 
and oxidation of sulphides, for example, to form sulphates, or of carbon to give 
additional carbonate (which adds to the aggressiveness of the soil waters). 

Finally, salinity encroaches directly from the ocean into coastal and estuarine 
aquifers. Inland, surface or buried evaporites or brine pockets can find their way 
into cycling water resources. These are foremost gypsum deposits or halite and 
carnalite in the more extreme cases of desiccation. Many aquifers are also underlain 
by saline formation waters; in these, salinity usually is of marine origin but a 
volcanic origin can also be responsible. Concentration beyond sea water concentra
tion occurs by a variety of geochemical processes such as hyperflltration (White, 
1965; Graf et ai, 1965). In most cases the more concentrated brines trend towards 
increasing chloridic character (Ca or Na as dominant cation) whatever their origin, 
simply because of the limited solubility of many carbonate and sulphate minerals 
and possible biological destruction of sulphate. Thus in the high concentration 

TABLE 1. Typical weathering reactions (Stumm & Morgan) 

Si02(s) + 2H2O^H4Si(OH)4 
Quartz 

CaC03(s) + H2CO*-~*Ca2+ +2(HC0 3 ) -
4Nao.sCao.sAl 1 .sSiz.sOs + 6H2CO* +11 H20-> 
Plagioclase 

2Na + + 2Ca2 + + 4H4Si04 + 6HCCH, + Kaolinite 

3KAlSi3Os(s) + 2H2CO*+ 1 2 H 2 0 ^ 
PC feldspar 

2K+ +2HCO3 +6H 4 Si0 4 + Mica 

KMg3AlSi3Oio(OH)2(s) + 7H2CO* + i H 2 0 ^ 
Biotite 

K + + 3Mg2 + + 7HCO 3 + 2H4Si04 + Kaolinite 

4Nao.sCao.sAl
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range the chloridic nature of water sources again assumes dominance (Gibbs, 1970; 
Eugster & Hardie, 1978). The schematic description of salinity sources is given in 
Fig. 1, adapted from Gat (1975). 

CONTROL OF WATER CHEMISTRY BY THE SURFACE-
SUBSURFACE WATER RELATIONSHIPS IN THE HUMID 
AND SEMIARID ZONE 

In the humid zone with its high water table, the groundwater discharge constitutes a 
significant portion of surface and river flow. River discharge increases further 
downstream not only because of the progressively increasing drainage areas (Chow, 
1964) but also because of an increase in the surface water yield as a result of 
additional spring discharges. Surface water yield is denned, for example, as the ratio 
of the flow mass curve, f,'f Qdt, to the integrated precipitation over the drainage 
basin over the time period (t2~ fi). Obviously the river's water chemistry will then 
correspond to an ever greater degree to that of the groundwaters, rather than to that 
of the precipitation input; actually in a typical humid basin even the so-called 
'immediate response' part of the hydrograph is not made up of surface flows proper, 
but involves flow through the upper soil layers (Sklash et al., 1976) where soil 
weathering products are picked up. However, apparently there are usually enough 
differences between the mineralization of shallow soil waters (in which precipitation 
chemistry is still noted, if not dominant) and that of deep groundwaters to be able to 
distinguish between the base flow and flood components in the river hydrographs, 
based on chemical data (Pinder & Jones, 1969). Obviously the mineralogical nature 
of soil and aquifer are important in this respect. For example, the iron content was 
used as a marker of the groundwater component in a granite terrain (Kheonev-
romme & Garner, 1979), while many heavy trace metals, such as lead or copper are 
indicative of the direct precipitation input, since they originate from atmospheric 
pollution and are trapped on the surface (Dethier, 1979). 

In climate areas with an excess of precipitation over water demand there develop 
flushing conditions, with little chance of survival of evaporite deposits or residual 

Atmosphere 

FIG. 1. Salinity sources of surface and groundwaters, adapted from Gat (1975). 
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brines. Groundwater gradients are also usually high under such conditions, result
ing in continuous water movements and minimizing the encroachment of saline 
water bodies. Indeed geothermal areas or vulcanism are then the only extraneous 
sources of salinity. On the other hand, the abundant plant cover causes soil waters 
to be aggressive and very effective in weathering, except on the completely sterile 
soils of the tropical rain forests. Water chemistry is dominated by the mineral 
composition of soil and aquifer units, but the concentration of saline components of 
both airborne and mineral origin generally decrease with increasing water flux. 

As far as the stable isotope composition of the water sources is concerned this 
closely follows the meteoric water line (Craig, 1961) with groundwater isotope 
composition closely matching that of the precipitation on the recharge sites, an 
expression of the minimal evaporative water loss (Fig. 2). 

In the semiarid climate zones the water supply is more or less in balance with 
demand on an annually averaged basis but is deficient during many months, 
typically in summer as in the Mediterranean climate zones. The surface flow 
component is rather small, due in no small part to a well developed soil cover which 
is almost always in an unsaturated state. In northern Israel, for example, with an 
annual precipitation of between 500 and 1000 mm, the surface runoff accounts for 
only 2-5 per cent of the rainfall compared with an average of 35 per cent of 
groundwater recharge. Recharge is strongly correlated with the saturation deficit in 
the soil, leading to (empirical) recharge-precipitation relationships as described by 
Goldschmidt & Jacobs (1958), where only precipitation amounts in excess of a 
certain minimal value (360 mm in the terrain described by these authors) can drain 
through the soil column; smaller rain amounts are intercepted by the soil to make up 
for the transpiration by the plant cover. Under such conditions, recharge (and 
therefore also flushing of the soil column) favours any site where soil cover is rather 
thin, or even rock exposures and relatively denuded sandy areas. In valley terrains 
with deep soil and vegetation cover, all of the soil moisture may be used up locally, 
except during an exceptional rainy season. As a result there is a cumulative build-up 
of salinity in the soil column, salinity originating both from atmospheric input and 

temperate zone s 
water sources /evaporation 

\ A- semi-arid valleys / line slope<8 
J coastai region " V ^ ~ ^ * ^ \ 

i- high alt X ^ ^ ^ ^ ^ / 

meteoric water / V ^ p \ ^ / s l d k ) w water sources 
line : slope of 8 L K A ^ e i r t lowlands ~^> 

S^*m-S\ desert hiqhlands s^ 
J p flash floods ^ Q e r t 

§ 1 F \ i i waters ^ ^ xpaleowaters 

ocean 

/ 

\ 
saline lakes 
and sabkhas 

(-) * ie„ 0 (+) 

FIG. 2. Schematic plot of stable isotope relationships of temperate and arid zone water sources. The 180 
and D scales are arbitrary; however, the D scale is compressed by a factor of 10, so that the slope of lines is 
correctly represented as in conventional S plots. The scheme is based on data of water sources from 
northern Israel and from the Negev Desert. 
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leaching from the soil minerals. The situation is aggravated under a regime of sparse 
irrigation which recycles saline waters (Skibitzke et ai, 1963). Yaalon (1964) reports 
on a differentiation between the anions on the soil profile due a chromatographic 
effect, with chloride being the most mobile. Under more extreme conditions the 
evaporative water loss actually results in secondary mineral deposits within the soil 
column, first of carbonate concretions (Magaritz & Amiel, 1980; Salomons & 
Mook, 1976), later gypsum or even halite. These then form secondary sources of 
salinity which reach the groundwaters when washed down by an excessive rainfall 
or when the salinity buildup forces the farmers, sooner or later, to flush the salts 
beneath the root zone by an excessive application of irrigation waters. Halite is of 
course flushed out first by such a process, followed by CaS04, whereas the carbonate 
is not mobilized. This sequence expresses itself in a shift of the groundwater 
composition to that of the aeolian and evaporative components (CI and S04), which 
then dominate relative to carbonates (Eriksson & Khunakassem, 1968), as has 
indeed been noted, as a general rule, for more saline groundwaters (Gibbs, 1970). 

Salinity, under this regime, is usually a relatively rather deep-seated pheno
menon, and, as a rule, little accumulation on the surface proper is observed. 
Therefore, surface flows are in general much fresher than groundwaters. On the 
other hand, there might not be much difference in the salinity composition, espe
cially in near-coastal areas, with all waters dominated by chloridic components. 
However, a generalization must be avoided, because of the influence of the minera-
logical make-up of the aquifer units. 

The groundwater salinity problem, already severe due to the high EjP ratio 
(Eriksson & Khunakassem, 1969) is even further accentuated by the over-exploit
ation of aquifers. The pumpage results in decrease or even reversal of the piezo-
metric gradients and hence of water flow. At best, this delays the outflow of salinity 
and maximizes mineralization by prolonged interaction with the aquifer. In unfa
vourable situations encroachment of sea water (Schmorak & Mercado, 1969) or 
admixture of fossil brines from deeper or adjacent formations occurs (Gat, 1975) 
with disastrous results with regards to water quality. Under conditions of overex-
ploitation of aquifers spring discharges can be drastically reduced or even stopped, 
so that surface flow then appears only as transient phenomena following strong 
rains. Since water tables are, as a rule, rather low, the groundwater component in 
these flood flows may be rather small. 

The stable isotopic markers (180 and 2H) respond to the evaporative regime by 
some enrichment of these heavy isotopic species in the groundwaters relative to the 
precipitation (Fig. 2). The effect is noted on heavy soils where water is held up near 
the surface prior to recharge but is especially great in irrigated terrain, due to the 
further enrichment of the isotopic species during the sprinkling process. Enrich
ments of up to 1%„ in (5180 have been reported (Gat & Tzur, 1967). 

SALINITY AND THE ARID ZONE'S GROUNDWATER AND 
SURFACE-WATER HYDROLOGY 

The scarcity of water in areas of low precipitation is accompanied by deterioration 
of quality of both surface and groundwaters. This continues the trend established in 
the transition from the humid to semiarid region. However, it is quite evident that 
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under arid conditions an entirely new set of hydrological circumstances is encoun
tered which are unexpected from the point of view of more rainy areas. The 
mechanism of salinization and the relationship between surface and groundwater 
salinity is thus quite different from the one discussed before. 

The hydrological anomaly is apparent from the high incidence of ftashfloods 
following rainshowers which would not be so effective under less arid conditions; 
from the widespread (though not plentiful) presence of groundwaters of meteoric 
origin which derive from rain amounts which are way below the threshold quantities 
required for recharge to occur in the semiarid zone and, finally, from the isotopic 
composition of desert waters. This does not continue the trend of enrichment of the 
heavy isotopic species observed in the semiarid zone, but waters are actually quite 
depleted in their heavy isotopic content and surprisingly 'normal' in their relation to 
the 'Meteoric Water Line' (Fig. 2), although the scatter in compositions is much 
larger than in more humid climate areas (Gat & Issar, 1974). 

It is generally accepted that the foremost factor responsible for many of these 
unique phenomena, and in particular for the flashflood occurrences, is the lack of a 
continuous plant cover and the resultant absence of a deep open-pore soil layer. 
Rather, there is found an abundance of denuded rock and stone surfaces and hard 
crusts of impermeable loess. The fact that the few local storms are often associated 
with relatively intense rain showers of short duration is a contributing factor to the 
(relatively) high floodwater yield in the desert. 

Although based on insufficient observational data, the evidence seems to point to 
the very superficial nature of the surface flow in the incipient stages of the flood, in 
contrast to the situation under more humid conditions, as indicated qualitatively in 
Fig. 3. These surface (flood) flows continually lose water to the subsurface environ
ment, in increasing amounts with the length scale of flow, but there is little 
contribution to the flow from groundwater discharges. This picture is corroborated 
by measurements of Levin et al. (1980) on floods in the Negev Desert, where the 
initial rush of water collected appreciable amounts of surface accumulated salinity, 
but continuing flows approached low salinities of rainwater itself. In this case the 
saline reservoir is literally only 'skin deep'. 

Where does all this water lost by infiltration from the surface disappear to? Near 
the coast some of it may drain into the sea through the alluvial fans formed at the 
wadi mouth; this accounts for the good water quality often encountered in such a 
location (Issar, personal communication). Inland, however, groundwaters give rise 
to oasis type environments as they approach the surface along some wadi bed or 
other low lying terrain, where vegetation takes advantage of the proximity of the 
water table to pump the water (by transpiration) directly from the aquifer, thereby 
putting an end to the water flow and also causing increasing salinity of the shallow 
groundwaters. Direct evaporation from a high water table through a sand cover 
also occurs, but according to Hellwig (1974) this is not necessarily accompanied by 
an accumulation of salinity; the salts which reach the surface by capillary action are 
apparently mostly blown away by wind and dispersed over a wider area. 

Excess groundwaters and surface waters drain into salt marshes, sabkhas etc. 
which serve as evaporative outlets for these waters. Some surface accumulation of 
salinity occurs in depression along the flow paths by water left to dry after the 
recession of the flood. The salinity thus accumulates near or on the surface, possibly 
to be taken up by a later flood (Fig. 4). Wind dispersal also has to be considered. 
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FRACTION OF (NET) WATER AMOUNTS WHICH APPEAR AS 

SURFACE RUNOFF 

mm I cm I dm I m 110 m 1100m I km I 10 k ml 100 km 11000 I 
km 

DISTANCE DOWNSTREAM (log scale) 

FIG. 3. The fraction of (net, i.e. corrected for evaporation loss) w.ater amounts which appear as surface 
runoff, scaled from the site of precipitation, for temperate and arid climates (A); curve (B) shows the 
percentage of water with subsurface history in the surface waters. This is a conceptual graph, since there 
are insufficient data for quantitative verisimilitude. 

SALINATION MECHANISM ALONG THE FLOOD PATH 
(predominantly 
chloridic) 

\ i fallout 

evaporation -HI 

(a) SALINITY ACCUMULATION STAGE 

evapo-transpiration 

precipitation 

i l l flushing of surface 
; " salinity 

surface salt pool 
(often sulphatic-chloridicl 

gravel and sand pocket 
(shallow aquifer) 

(increasingly bicarbonatic) 

(b) FLUSHING PHASE 

I 
increased spring flushing surface 

discharge salinity 

flushing of subsurface 
reservoir 

FIG. 4. Pictorial representation of the accumulation and flushing of salinity along a desert flood path. 
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There is thus the anomalous situation that groundwaters add their salinity to the 
surface flows, without contributing water itself. 

A number of cases of persistent high salinity in surface flows have been explained 
by the mobilization of stagnant waters in gravel beds on the wadi floor under the 
influence of the transient hydraulic head of the floodwaters. This phenomenon, 
schematically pictured in Fig. 4, deserves further study. 

The anomalous surface water hydrology in the desert is echoed by surprising 
isotopic values found by Levin et al. (1980) in floodwaters (Fig. 2). The very 
depleted isotopic values are probably due to the inception of floods by the more 
intense showers which are also the more depleted ones in the heavy isotopic species. 
Interestingly enough, on the rare occasion of continuing rainfall day after day, no 
anomalous flood composition is found on the second day, when the terrain is wet. 
This indicates that the unique properties of desert floods are caused in part by the 
extreme dryness of the area. 

Some of the groundwaters in the desert originate from outside of the desert 
proper in time or space and their chemical composition evolves outside its confines 
(Slatyer & Mabbutt, 1964). The long sojourn time in the aquifer, especially of the 
palaeowaters (Gat, 1977), results in significant mineralization, dominated by the 
aquifer's mineralogical makeup. Both calcium chloridic and sodium chloridic-
sulphatic waters are, for example, found in the Paleozoic Nubian sandstone aquifers 
of the Negev (Gat & Galai, in preparation). However, there is reliable evidence that 
many of the desert groundwater sources are recharged from local rains (Verhagen et 
al, 1974; Gat & Issar, 1974) but there is still no agreement on the relative import
ance of the various possible recharge pathways which form the desertic ground
waters. Many authors (e.g. Slatyer & Mabbutt, 1964) believe that the intermediary 
of a flood is necessary to provide sufficient water depth at any one locality for 
recharge to occur and that recharge occurs primarily along the wadi floor. In that 
case one would expect dominance of surface water chemistry in these water sources. 
One should note that vegetation is more abundant along these water courses than 
throughout the rest of the desert (just because of the more ready availability of 
water) and the ecological conditions thus closer to those in the semiarid zone. This 
pattern might be responsible for some of the carbonate input into desert ground
waters, but incidentally has a negative effect on the groundwater balance because of 
the loss of much of the water along the wadi by évapotranspiration (Hellwig, 1973). 

Direct recharge on rock exposures or sand dunes has however also been docu
mented (Verhagen et ai, 1974; Dincer et al, 1974; Gat & Issar, 1974). The 
geochemical consequences of these recharge routes, occurring as they do without 
the presence of extensive root systems, have not yet fully been clarified. The direct 
infiltration through the sand is apparently accompanied by rather severe water loss 
by evaporation which is effective to a depth of a few metres; this would necessarily 
result in some concentration of the (originally surface) salinity. When recharge 
occurs on rock exposures, some degree of surface flow (on the scale of cm) is 
involved, without, however, leading to much evaporative water loss, as becomes 
evident from the isotopic data (Gat & Issar, 1974). Chemically such waters, in both 
granitic and carbonate terrain, are apparently shaped by the weathering processes 
which are to be expected for these rock types. Possibly the weathering reactions 
which lead to bicarbonate-type waters, are aided by the short-lived plant blooms 
which follow a wetting of the surface. Indeed the carbonate isotope composition of 
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such desert waters, with values of (513C ranging from —13°<)0 to about —8"{m 

although more positive than in the humid zone, nevertheless indicate a distinct 
biogenic component (Pearson & Swarzenski, 1974). Maybe once again we have here 
an illustration of the fact that the unique features of the desert hydrology, on the 
small scale, are the result of the desiccated state of the surface, but that as soon as 
wet conditions prevail more normal behaviour sets in. 

It is widely observed that high salinities appear in desert groundwater sources in 
low lying terrain, close to the discharge points of such waters. This is not just a case 
of concentration of the water's salinity through a mechanism of water extraction by 
evaporation or transpiration as the water table becomes exposed; often there is also 
observed a transition to more sulphatic and finally chloridic waters (Gat & Naor, 
1979). Indeed the statement of Schoeller (1959) that arid zone waters trend towards 
a sea water composition is to a large degree confirmed. This geochemical evolution 
deserves further study. However, it is clear that dissolution of evaporitic minerals, is 
one important cause. In addition, surface saline accumulations apparently also 
contaminate the discharging waters (which are under low pressure and slowly 
moving) possibly by mixing from the surface under the influence of transient higher 
water stands resulting from local rains or floods. 

Due to the cycles of precipitation and dissolution of evaporitic salts, the predomi
nance of the more soluble components (NaCl predominately) in the waters is 
established. The surface salt accumulations which typify the low-lying sabkha areas 
apparently contribute salt to both surface and groundwaters through a mechanism 
of aeolian distribution, on the one hand, and a 'reverse-flow recharge mechanism' 
on the other. One consequence of this 'to and fro' movement of salinity in the arid 
zone environment is that one cannot expect far reaching chemical differences 
between the more saline surface and subsurface waters. However, unlike the situa
tion in the humid zone, it is the surface chemistry which then also dominates the 
subsurface waters. 

Evidently the water quality of the desert water sources is controlled by the 
surface-subsurface water relationship. 
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