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Abstract 
 
Considering three sites under different climate conditions (arid, semiarid, and subhumid), this study 
aims to use the vadose-zone water stable isotope profiles to estimate the groundwater recharge rate. 
High-resolution vertical subsurface soil sampling along the vadose zone of the investigated sites 
was conducted. The collected samples were analyzed to determine their stable isotopes ratios (δ2H 
and δ18O) that were used in the piston displacement method for estimating recharge. Annual 
recharge rates of 0.2% (±0.1%), 2.5 %, and 18% of the total annual precipitation were obtained for 
the arid, semiarid, and subhumid sites, respectively. Recharge rates at the semiarid and subhumid 
sites are comparable to those previously estimated using water balance-based methods. The 
recharge rate at the arid site is lower than that previously estimated for that site using the water 
budget-based method, revealing difficulties in applying the piston displacement method under an 
arid regime.  
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1 Introduction 

Groundwater recharge is widely recognized as being the most important parameter for the 

sustainable management of aquifers and water resources (Kinzelbach et al., 2002). As this 

parameter cannot be measured directly, its assessment remains particularly challenging (Bakker et 

al., 2013, Bredehoeft, 2007). Many methods have been developed for applications in various 

weather conditions, and progressively reviewed in multiple papers (Allison 1988; Gee & Hillel 

1988; Allison et al., 1994; De-Vries & Simmers 2002; Scanlon et al., 2002; Herczeg & Leaney 

2011; Chung et al., 2016; Koeniger et al., 2016; Xu & Beekman 2019). The most popular methods 

for quantifying groundwater recharge are: water budget (Huet et al., 2016), artificial or natural 

tracers (Boumaiza et al., 2020), water table fluctuations (Labrecque et al., 2020), streamflow 

analysis (Lee et al., 2006), analytical mathematical solutions (Chesnaux et al., 2018), and 

numerical modeling (Crosbie et al., 2018). Recently, the use of tracer stable isotope-based methods 

has increased. This field has evolved thanks to a rise in the efficacy of measurements of soil water 

stable isotopes. New instrumental techniques have been developed for the analysis of stable 

isotopes requiring small water amounts or enabling indirect analysis of water stable isotopes in soil 

pore water from water vapor (Wassenaar et al., 2008). Koeniger et al., (2016) have provided an 

excellent overview of approaches applied to the vadose zone using stable isotopes for estimating 

groundwater recharge. Their comprehensive review distinguished three fundamental vadose zone 

stable isotope-based methods: (1) labeling with a radioactive tritium (3H) or isotope δ2H signal 

which can be used to trace vadose zone water movement (Becker & Coplen, 2001, Sukhija et al., 

2003); (2) tracing soil water movement using variations of a seasonal precipitation signal of water 

stable isotopes ratios δ2H and δ18O (Adomako et al., 2010, Chesnaux & Stumpp, 2018); and (3) 
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interpretation of the evaporation signal that impacts soil water stable isotope composition (Allison 

et al., 1983). 

 Koeniger et al., (2016) reported that few studies were carried out in arid zones using tracer 

stable isotope-based methods. In contrast, a high number of studies have been conducted in 

semiarid environments, as the transition between wet and dry seasons creates ideal conditions for 

distinguishing isotopic seasonal signal variations. In humid regions, precipitation resulting in water 

infiltration generally exceeds evapotranspiration during almost all seasons; hence the infiltration 

process takes place almost continuously. Under humid conditions, the applicability of the stable 

isotope-based approach can be limited by the following situations: (i) when the vadose zone is of 

limited thickness, the isotopic history information is limited; and (ii) determining isotopic seasonal 

peaks is not readily achievable due to greater amounts of water infiltration, causing greater 

quantities of water to mix with older soil water that may potentially have a different isotopic 

composition (Koeniger et al., 2016). Contrary to humid regions, in arid and semiarid regions the 

rate of evaporation may be higher than the rate of infiltration. Consequently, there is a high 

potential of stable isotope fractionation by evaporation, leading to an enrichment of heavy isotopes 

within the vadose zone (Gee & Hillel, 1988, Koeniger et al., 2016). Allison et al., (1983) discussed 

how the isotopic composition of precipitation may be modified along the vadose zone due to 

fractionation effects caused by evapotranspiration. They argued that transpiration exerts a 

negligible effect on the isotopic signature because fractionation of soil water does not occur during 

water uptake by the roots of most plants. In contrast, evaporation causes water to be enriched in 

heavy isotopes. Allison et al., (1983) postulated that this enriched water, when percolating 

downwards within the vadose zone, will present a stable isotope composition plotting as a line 

parallel to the local meteoric water line (LMWL). On a diagram of δ2H versus δ18O ratios, the 

distance between the two parallel lines is determined as the displacement in δ2H (δ2Hshift). Allison 
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et al., (1983) established a relationship between δ2Hshift and groundwater recharge, and they 

proposed a method for assessing groundwater recharge which is referred in this study as the “piston 

displacement method”, whereby water can be assumed to be moved through the vadose zone by 

means of piston flow.  

The piston displacement method has been developed under specific semiarid climate 

conditions; Allison et al., (1983) suggested validating it in a wide variety of climate regimes. In 

the present study, the piston displacement method was used in three different study areas 

characterized by three different climatic conditions (arid, semiarid, and subhumid) selected in 

Algeria. Algeria is known to experience a long period of hot weather ranging from late spring to 

early autumn, including the summer season. Any occasional rainfall episode during this hot period 

is followed by a period without rain, leading to an evaporative phase of isotopic enrichment near 

the surface. Any subsequent rainfall would cause a downward displacement of this enriched water. 

The piston displacement method is thus expected to be valid in this type of climate. Such specific 

sequential climate conditions are occurring in Algeria, even in its subhumid regions, except that 

during the winter season there are often intense and quasi-continuous precipitation events that 

minimize the δ2Hshift, and the piston displacement method then loses its sensitivity. If the soil 

sampling is conducted during the period without rain, before a new rainfall episode occurs, one can 

potentially observe an evaporative phase with isotopic enrichment near the surface. A subsequent 

rainfall will displace this enriched water downward. In such conditions the piston displacement 

method may be applied, as stated by Allison et al., (1983). Considering those assumptions, at three 

sites subject to different climate conditions (arid, semiarid, and subhumid), the main objective of 

the present study, at each investigated site, is to estimate groundwater recharge rate. The present 

study provides furthermore new field observations concerning the vadose-zone water stable 

isotopes and volumetric water content (VWC) profiles at three areas subject to different climate 
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conditions. At each of the three study sites, continuous high-resolution vertical subsurface soil 

sampling was conducted along the vadose zone and the soil samples collected are analyzed for 

water stable isotopes ratios (δ2H and δ18O) and VWC. The present study also provides an evaluation 

on whether the stable isotope and VWC profiles can be used to determine the evaporation front 

within the vadose zone. 

2 Materials and methods  

 Selected study areas 

Three areas located in Algeria were selected to conduct the present study. Site 1 is located in the 

Biskra Valley region in the Province of Biskra; site 2 is located in the El-Madher region in the 

Province of Batna; and site 3 is in the Taleza plain of the Collo region which belongs to the Province 

of Skikda (Figure 1). Site 3 is located approximately 160 km north of site 2, while site 1 is located 

approximately 90 km south of site 2. The three study sites were selected based on their location in 

different climate conditions. Site 1 is subject to an arid climate, site 2 is subject to semiarid 

conditions and site 3 is subject to a subhumid climate regime (Figure 2). A description of the 

general characteristics of each study area is introduced in the sections below.  
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Figure 1. Geographic location of study sites (Site 1 is under arid climate conditions in the Biskra region, Site 2 is under semiarid 
climate conditions in the Batna region, and Site 3 is under subhumid climate conditions in the Skikda region) 

 

0               40 km 
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Figure 2. Climate conditions of the investigated study sites: Arid climate at Biskra region 
(Site 1), Semiarid climate at Batna region (Site 2), Subhumid climate at Collo region (Site 
3). The colors are used to differentiate the climates (Adapted from Coté (1979)).    

  

2.1.1 Site 1: Arid (Biskra Valley plain) 

The investigated site 1 is located in the Biskra Valley plain located approximately 5 km 

north of the City of Biskra (Algeria). The Biskra Valley plain is located in a transitional 

zone between the Atlas domain and the North-Saharan domain. The Biskra Valley plain 

contains an unconfined aquifer having a depth of at least 150 m below the ground surface 

(b.g.s.). This aquifer is composed of Quaternary granular alluvium deposits, dominated by 

pebbles cemented by fractions of sand and gravel with alternating clay. It rests on marl 

Mio-Pliocene substratum (Guiraud, 1973). The mean water table depth in the Biskra Valley 

plain is 15 m b.g.s (Basli & Aksa, 2019). This Valley is characterized by an average 

monthly temperature of 12 °C in winter and 38 °C in summer, with a mean annual relative 

humidity of about 42 % (NASA 2020). The Biskra Valley plain captures a mean annual 

precipitation of 173 mm, marked by certain irregularities, as observed in 1994 and 2002 

with mean annual precipitations of 343 mm and 47 mm, respectively (Basli & Aksa, 2019).  
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2.1.2 Site 2: Semiarid (El-Madher plain) 

The investigated site 2 is located in the El-Madher plain located approximately 15 km 

northeast of the City of Batna (Algeria). The El-Madher plain is bordered by the Batna 

mountains in the east, with an average altitude of 1480 m, and the Bouarif hills in the west, 

with average altitude of 1750 m; both ranges come close to overlapping in the south, 

divided by the El-Madher River flowing south to north. In its northern extremity, the El-

Madher plain takes the form of a large valley bordered at its end by the Tafraout hill, 

presenting an altitude of around 1180 m. Under the El-Madher plain is an unconfined 

aquifer having a depth of at least 200 m b.g.s. This aquifer is composed of Quaternary 

granular deposits (sand, gravel, pebbles and clay) lying on marl Cenomanian substratum 

(Menani, 1991). In the El-Madher plain the water table is shallow, with a mean depth of 

5 m b.g.s (Menani, 2001). The El-Madher plain is marked by an average monthly 

temperature of 5 °C in winter and 30 °C in summer, with a mean annual relative humidity 

of about 60 %  (NASA 2020). The El-Madher plain captures a mean annual precipitation 

of 330 mm, marked by certain irregularities, as observed in 1970 with a mean annual 

precipitation of 490 mm, and in 1983 with a mean annual precipitation of 159 mm (Menani, 

1991).  

2.1.3 Site 3: Subhumid (Taleza plain) 

The investigated site 3 is located in the Taleza plain of the Collo region, located 

approximately 35 km west of the City of Skikda. As described in Boumaiza et al.(2019), 

the Taleza plain is surrounded by hills with altitudes varying from 200 to 600 m, except in 

its southeastern boundary where the plain is connected to a large flat valley. Further north, 

the Taleza plain is bordered by the Mediterranean Sea over a length of approximately 6 
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km. The Taleza plain lies over an unconfined granular aquifer composed of Quaternary 

deposits mostly dominated by silt sandy clay with a sandy shoreline band. The aquifer’s 

thickness varies from 5 to 40 m, and rests on marl Mio-Pliocene substratum. The water 

table in the Taleza plain is shallow with a mean depth of 4 m b.g.s (Boumaiza et al., 2020a). 

The Taleza plain captures a mean annual precipitation of 800 mm. This plain is 

characterized by an average monthly temperature of 11 °C in winter and 27 °C in summer, 

with a mean annual relative humidity of about 68% (NASA 2020).  

 Piston displacement method 

Figure 3a shows a theoretical depth distribution of δ2H ratio in pore water with evaporative 

isotopic enrichment. The evaporation front distinguishes two types of evaporative water 

flux changes, from a predominantly liquid phase (below) to a predominantly vapor phase 

movement (above). The greatest degree of isotopic enrichment (δ2H peak) is found at the 

evaporation front. Above the front, closer to the surface, δ2H ratio becomes more negative, 

due to exchange with depleted water vapor from the atmosphere (Allison et al., 1983). The 

depth-interval above the evaporation front is called the “static soil interval” (Barnes & 

Allison, 1982). Below the evaporation front, isotopic signatures through the vadose zone 

fall into two main classes; these distinctions become more obvious when considering both 

δ2H and δ18O ratios in pore water (Figure 3b). First, the near-surface isotopic signatures 

plot as a line having a gentle slope, which is consistent with water having been recently 

infiltrated through the static soil interval (Barnes & Allison, 1983, Münnich et al., 1980). 

Second, deeper stable isotope signatures take the form of a line which is approximately 

parallel to the LMWL (Barnes & Allison, 1982). Assuming that water infiltrates into the 

subsurface following regular episodes (i.e., precipitation events are evenly distributed over 
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a year), the recent infiltrated rainfall is displaced downwards by a subsequent rainfall event 

on regular basis. Allison et al., (1983) considered that the near-surface isotopic enrichment 

source of the low slope line AB is the point A shown in Figure 3b. If the enriched water 

AB (i.e., enriched due to evaporation) is displaced downwards by a subsequent rainfall 

event that has the signature A, the isotopic composition source of the displaced water will 

then be represented by point C (Figure 3b). Here, water C is composed of a mix between 

recent infiltrated water A and enriched water AB already present in the soil. The isotopic 

composition of the displaced water (underlined as triangle points in Figure 3b) falls on a 

line crossing C and takes the form of a line parallel to the LMWL, but with a given 

displacement δ2Hshift, as shown in Figure 3b. Allison et al., (1983) found that this δ2Hshift 

from LMWL appeared to be proportionally related to the inverse of the square root of the 

recharge rate. After regression, a straight line having a slope equal to 20 is obtained (Figure 

3c); Equation 1 is proposed for estimating the groundwater recharge (Allison et al., 1983). 

According to Equation 1, the greater the δ2Hshift value, the lower the recharge rate. 

Conversely, the lower the δ2Hshift value, the higher the recharge rate. In their method, 

Allison et al., (1983) preferred to use δ2Hshift rather than δ18Oshift, as the δ18O composition 

is less sensitive to temperature.  

 

 𝑅  = 
20

δ2HShift

2

 (1) 
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(c) 

 
Figure 3. (a) Theoretical distribution of δ2H ratio under semiarid conditions (Adapted from 
Allison et al., (1983)),‘‘evaporation front’’ and the approximate limit ‘‘near-
surface’’/“deeper’’ are added for information; (b) Distribution of δ18O ratios versus δ2H 
ratios (reproduced from Allison et al., (1983)); red circles in Figure 3(b) correspond to soil 
samples of the near-surface zone below the evaporation front, while blue triangles 
correspond to soil samples belonging to the deeper zone below the evaporation front. The 
deeper zone samples form a line parallel to the LMWL with a certain displacement of 
δ2Hshift; (c) Relationship between δ2Hshift and the inverse of the square root of groundwater 
recharge rate (Reproduced from Allison et al., (1983)). 
 

 

 Fieldworks and laboratory analyses 

2.3.1 Soil sampling 

One hole-trench was excavated at each of the study sites 1 (semiarid), 2 (arid) and 3 

(subhumid) on November 14th, 15th, and 16th of 2019 respectively, using a mechanical 

excavator. Fieldworks at the investigated sites were conducted during a period without rain, 

i.e., 3 to 5 days following a moderate regional rainfall episode that occurred on 10th 

November 2019. During this rainfall episode, precipitation amounts of 40.01 mm, 

17.64 mm, and 40.83 mm were recorded at study sites 1, 2 and 3, respectively. Precipitation 
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amounts over the last 12 months before the sampling day at sites 1, 2 and 3, were 578 mm, 

207 mm, and 738 mm, respectively  (NASA 2020). The hole-trenches at the arid site 

(34°89'97''N; 5°74'15''E), semiarid site (35°65'77''N; 6°36'54''E), and subhumid site 

(36°97'45''N; 6°56'56''E) were excavated at locations that had not been previously 

disturbed by human activities (e.g., soil exploitation). All hole-trenches were dug at bare 

sites devoid of vegetation. The hole-trenches at the semiarid and subhumid sites were 

excavated at depths of 2.4 m and 1.9 m b.g.s., respectively; these were the depths at which 

the water table was reached. The hole-trench at the arid site was excavated at a depth of 

2.7 m b.g.s., but in this case the water table was not reached. Soil sampling was conducted 

immediately following excavation. Continuous soil cores were collected directly from the 

hole-trench faces using a sampler-spoon, which was cleaned with dry towels after each 

collection to minimize soil sample cross-contamination. Soil sampling was conducted 

immediately after opening the hole-trench. Soil samples were collected at every 10 cm 

down-core to obtain high-resolution vertical soil profiles. The average weight of the soil 

samples was 100 g. They were stored immediately in separate, labeled polyethylene Ziploc 

bags that were tightly sealed to prevent moisture loss due to evaporation. Ziploc bags had 

been determined to be an acceptable method for direct vapour equilibration and laser 

spectrometry analyses (Hendry et al., 2015, Wassenaar et al., 2008). During fieldwork, the 

soil samples were stored in a cooler at 4 °C before transportation to the laboratory. A total 

of 27, 24 and 19 soil samples were collected from the arid, semiarid, and subhumid sites, 

respectively. At the semiarid site, the collected soil samples through 2.4 m are dominated 

by silty sand sediments with a slight increase in silt fraction at depth. The arid site is 

covered with layer of 20-30 cm of coarse sand, and downward until the bottom of the hole-
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trench (2.7 m), the entire depth profile is dominated by pebbles cemented by sand and 

gravel with silt in variable fractions. At the subhumid site, the top of the hole-trench 

(20 cm) presents a layer of sandy silt. From this layer to the bottom of the hole-trench, the 

soil is a mostly homogeneous sandy fraction. Under adequate preservation conditions and 

considering that sample storage in Ziploc bags provides acceptable results for up to 10 days 

of storage (Hendry et al., 2015), the soil samples collected from the study sites in Algeria 

on 14-16th November 2019 were transported after three days (on 20th November 2019) to 

the Laboratory of the Institute for Soil Physics and Rural Water Management in Vienna 

(Austria). For the long-term storage of samples destined to undergo isotope analyses, glass 

or high-density polyethylene are alternatives (Gröning et al., 2012, Spangenberg & 

Vennemann, 2008). 

2.3.2 Stable isotope analyses 

The δ2H and δ18O composition in the soil samples was measured using H2O(liquid)–H2O(vapor) 

pore water equilibration and cavity ring-down laser spectroscopy, following the established 

guideline procedure published by Wassenaar et al., (2008) and Gralher et al., (2018). The 

equilibrium between the trapped water in the soil cores and the gas phase was reached after 

three days of sample exposure to dry air, which had been injected into the soil bags. Oxygen 

and hydrogen isotope ratios of the vapor samples were analyzed using a laser-based isotope 

analyzer (Picarro L2130-i). To this end, the Ziploc bag was punctured by a needle so that 

the water vapor was directly inputted into the laser analyser. Depression of the bag does 

not disturb the measurement, as shown in Wassenaar et al. (2008).The temperature in the 

laboratory was constant at 20 °C. A two-point calibration was used with laboratory 

reference material. The applied internal standards (deionized Baltic sea water (-6.31 ‰ for 
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δ18O and -45.8 ‰ for δ2H) and tap water (-11.16 ‰ for δ18O and -75.6 ‰ for δ2H)) are 

regularly (twice a year) calibrated against international standards (USGS 46, USGS 47, and 

USGS 50). Soil samples and samples with isotopic internal standard waters were prepared 

identically and the headspace was analysed for both water and soil samples. Between the 

internal standard measurements, three soil samples were analysed. Here, each sample 

analysis was monitored up to 5 min until reaching stable conditions within the expected 

measurement accuracy. The average of the last minute was recorded with stable conditions 

defined as standard deviations of <0.2‰ for δ18O, <0.7‰ for δ2H and <60 ppm for water 

vapor; these deviations were reached for 90% of all samples. The method used for isotope 

ratios analyses enables a rapid measurement of δ2H and δ18O ratios of soil pore water from 

a single soil sample. Stable isotope ratios are expressed in δ ‰ units relative to the Vienna 

Standard Mean Ocean Water (VSMOW), and were calculated using Equation 2, where 

Rsample represents either the 18O/16O or the 2H/1H ratio of the pore water sample, and Rstandard 

is the 18O/16O or the 2H/1H ratio of the VSMOW. 

 

 δ ‰ = 
 Rsample - Rstandard 

Rstandard
 . 1000 (2) 

 

It has been demonstrated that differences in interfacial chemistry (salinization) affect the 

isotopic equilibrium fractionation (Gaj et al., 2019). In studies involving high-salt-content 

samples (e.g., cores from deep brines or cores from beds of saline dry lakes), the isotopic 

salt effect must be considered because current methods, including direct vapour 

equilibration and laser spectrometry analyses, may produce unreliable results due to the 

salt effect (Koehler et al., 2013). High-salt-content effects, similar to those observed with 
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brines, are not expected for the soil samples of the present study, as the soil sampling was 

limited to shallow depths not exceeding 3 m. However, prior investigation of the soil 

salinity level is recommended to avoid the isotopic salt effect.  

2.3.3 Determining soil physical properties 

From the soil core samples stored in the polyethylene Ziploc bags, soil samples were 

collected using a specific metal cylinder of a given volume (approx. 100 cm³). To 

reproduce their original natural structure, the disturbed soils collected from Ziploc bags 

were carefully compacted within the metal cylinder; thus, the level of uncertainty relating 

to the restructured soil samples is expected to be low. After measuring the total soil weight 

(in g) of the soil samples, these were oven-dried during 48 hours at a temperature of 105 

°C, and the dry soil weights (in g) were then determined. First, the gravimetric water 

content (GWC) of each single representative soil subsample, expressed in %, was 

determined according to Equation 3 (Gardner, 1965). Afterwards, the dry bulk density (Db), 

expressed in g/cm3, was determined using Equation 4 (Black et al., 1965). Once Db was 

known, the volumetric water content (VWC), expressed in %, was calculated for each soil 

sample using Equation 5 (Gardner, 1965), assuming a water density (ρw) of 1 g/cm3. Once 

Db was determined, the porosity (n) was calculated for each sample using Equation 6 

(Black et al., 1965) by assuming a particle density (ρp) of 2.69 g/cm3 as the soils from the 

three sites contain a major fraction of sand; lower bulk densities are not expected due to 

the absence of organic matter (Boumaiza et al., 2015, Chesnaux & Stumpp, 2018). 
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 GWC  = 
weight of wet soil  -   weight of dry soil

weight of dry soil
  .  100 (3) 

 Db  = 
weight of dry soil 

volume of specific cylinder
 (4) 

 VWC = GWC . (Db / 𝜌 ) (5) 

 
 
 
 
 

𝑛 = 1  - 
Db

ρp
 . 100 (6) 

 

3 Results and discussions  

 Vadose-zone stable isotope and VWC profiles 

For the depth stable isotope profiles (Figure 4), only δ2H ratios are reported, but results 

according to δ18O ratios should follow a similar distribution due to the strong correlation 

between δ2H and δ18O ratios. A clear distinction is observed between the δ2H signatures of 

the three investigated sites. This distinction in δ2H signatures results from (i) differences 

in the isotopic composition of the precipitation at each site, and (ii) differences in the 

factors (climate conditions, location and altitude) controlling the δ2H profiles at the three 

investigated sites. Furthermore, a clear difference is observed between VWC profiles, with 

variations ranging from 0.5 % to 1.8 % at the arid site, from 20 % to 41 % at the semiarid 

site, and from 7 % to 27 % at the subhumid site (Figure 5).  
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Figure 4. Profiles of δ2H ratio within vadose-zone at the three investigated sites. 

 

 
 (a) (b) 

Figure 5. (a) VWC vadose-zone profiles at the three investigated sites; (b) VWC vadose-
zone profile at the arid site on a separate VWC scale. 
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As expected, the arid site presents lower values of VWC compared to the other sites, 

due to the effect of climate conditions and potentially to porosity. A proportional 

relationship is observed between the average vertical VWC values at the investigated sites 

(VWCarid = 2±0.3 %, VWCsemiarid = 26±5 %, and VWCsubhumid = 11±5 %) and the 

corresponding average vertical porosity values (narid = 33±3 %, nsemidarid = 58±5 %, and 

nsubhumid = 53±2 %). Some level of uncertainty concerning these values may result from the 

disturbed conditions of the soil samples used for measurements. However, the effect of the 

uncertainties is expected to be low for those sandy unstructured sediments, as they were 

carefully compacted. Overall, VWC distribution along the vadose zone at the semiarid and 

arid sites (Figures 5a and 5b) shows a low VWC at the soil surface compared to the VWC 

distribution in the soil samples collected from a depth immediately below the soil surface. 

Less variation in VWC is observed for the deeper soil samples. At the semiarid site, the 

δ2H ratio profile shows a minimum value (-53.1 ‰) for the first soil sample collected b.g.s 

(0-10 cm). The second soil sample collected at 10-20 cm b.g.s shows a value of -34.4 ‰, 

considerably greater than that of the first soil sample. This value of -34.4 ‰ is observed as 

a peak distinguishing the evaporation front, as the immediate-underlying soil samples (20-

60 cm) are relatively constant. Below 60 cm b.g.s, the isotopic ratio drops to -42.7 ‰ and 

constantly diminishes with depth to -49.4 ‰ at 240 cm b.g.s. (Figure 4). Such a δ2H ratio 

profile is, overall, similar to theoretical δ2H ratio profile shapes (Figure 3a) or profiles that 

have been obtained in other studies (Barnes & Allison, 1983, Fontes et al., 1986, Knowlton 

et al., 1989, Münnich et al., 1980, Taupin et al., 1991). Referring to the theoretical model 

of Figure 3a, the limit separating the “near surface” and “deeper” classes at the semiarid 

site appears to be located at soil sample collected 70 cm below the ground surface. The 
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piston displacement method considers only the stable isotope ratio distribution below the 

evaporation front. Hence, the isotopic data above the evaporation front are not considered 

for estimating the groundwater recharge rate. VWC profiles can be used for determining 

the evaporation front. In this situation the VWC peak value of the VWC profile can be used 

instead of the δ2H peak value of the δ2H profile. Allison et al., (1983) found that using the 

VWC profile was unsatisfactory compared to using the isotope ratio profile, potentially 

due to the influence of soil heterogeneity. At the semiarid site, a near-surface VWC peak 

is observed for the second soil sample collected at 10-20 cm b.g.s (Figure 5a). The location 

of the VWC peak agrees with that of the δ2H peak, which is assumed to also be in the 

second soil sample collected at 10-20 cm b.g.s (Figure 4). At the arid site, the δ2H ratio 

profile (Figure 4) shows a minimum δ2H ratio (-21 ‰) for the first soil sample collected 

b.g.s (0-10 cm). The δ2H peak is observed in the third soil sample collected at 20-30 cm 

b.g.s with a ratio of 25.8 ‰, much greater than that of the first soil samples collected at 0-

10 and 10-20 cm b.g.s. The δ2H peak at the third soil sample is followed in depth by 

relatively constant ratios of δ2H for the soil samples collected at 30-60 cm b.g.s. Below 60 

cm b.g.s, the isotopic ratio drops to -0.8 ‰ and constantly diminishes with depth to -17 ‰ 

at 270 cm b.g.s (Figure 4). Interestingly, the VWC peak identified near the ground surface 

at the arid site is also observed for the third soil sample collected at 20-30 cm b.g.s. (Figure 

5b). Referring to the theoretical model of Figure 3a, the limit separating the “near surface” 

and “deeper” classes at the arid site appears to be located at the soil sample collected 70 

cm below the ground surface. At the subhumid site, the VWC profile does not show a clear 

near-surface VWC peak (Figure 5a). Based on the distribution of δ2H ratios in Figure 4, 

the δ2H ratio profile shows a minimum value (-27.2 ‰) for the first soil sample collected 
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b.g.s (0-10 cm), and a peak is observed at the second soil sample collected at 10-20 cm 

b.g.s, with a value (-16 ‰) considerably greater than that of the first soil sample collected 

at 0-10 cm b.g.s. Below 20 cm b.g.s, the isotopic ratios show relatively constant values 

from 20 to 90 cm, before diminishing with depth to -24.4 ‰ at 190 cm b.g.s (Figure 4). 

After application of the theoretical model shown in Figure 3a, it was determined that the 

limit separating the “near surface” and “deeper” classes at the subhumid site appears to be 

located at the soil sample collected 100 cm below the ground surface. A good correlation 

is observed between δ2H and VWC peaks at semiarid and arid sites, while a correlation 

cannot be identified at the subhumid site. This finding contributes to what has been 

underlined by Allison et al., (1983), i.e., using the VWC profile to determine the 

evaporation front cannot always lead to satisfactory results, as in the case of the subhumid 

site in the present study, where the evaporation front is determined based on the observed 

δ2H peak value. At the arid site, the evaporation front is determined to be 20 cm b.g.s, as 

the δ2H peak is observed for the sample collected at 20-30 cm b.g.s. At the semiarid and 

subhumid sites, the evaporation front is determined to be 10 cm b.g.s, as the δ2H peak is 

observed for the samples collected at 10-20 cm b.g.s. The arid site revealed an evaporation 

front depth that is different from those identified at the semiarid and subhumid sites. This 

difference may result from the fact that the relevant diffusivities which control the shape 

of the profile vary with the change in water content and soil properties (Allison et al., 

1983).  

 Soil pore water stable isotope signatures  

The δ2H and δ18O ratios of the soil samples collected from the three study sites were plotted 

in Figure 6 with the LMWL. In the present study, the LMWL at each investigated site was 
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not assessed; thus we rely only on the closest data available from the general LMWL of 

Algiers (δ2H = 7.15 δ18O + 7.92) from Saighi (2005). Figure 6 shows a clear distinction in 

isotopic signatures between the three study sites. The δ18O ratios vary from -1.51 ‰ to 

12.25 ‰ at the arid site, from -7.67 ‰ to -4.65 ‰ at the semiarid site, and from -4.98 ‰ 

to -1.66 ‰ at the subhumid site. For δ2H, the ratios range from -21 ‰ to 26.6 ‰ at the arid 

site, from -53.1 ‰ to -32.3 ‰ at the semiarid site, and from -27.2 ‰ to -12.6 ‰ at the 

subhumid site. Interestingly, except for the soil samples belonging to the static soil interval 

(i.e., above the evaporation front) which are indicated as AEF in Figure 6, the other soil 

samples collected below the evaporation front at each study site fall, as expected, into two 

distinct classes, as previously described by Allison et al. (1983): (1) The near-surface class 

(indicated by NS in Figure 6) with soil samples isotopically more enriched than those 

belonging to (2) the deeper class (indicated by D in Figure 6). At the semiarid site, all 

samples fall below the LMWL and indicate isotopic fractionation effects, combined with 

mixing of enriched water (i.e., water already present in the upper soil of the vadose zone 

and subject to evaporation) and recent infiltrated water. Close to the surface, the d-excess 

in particular is lower, with a value close to 2 ‰, indicating dominance of evaporation, 

compared to the rest of the soil samples having a d-excess of approximately 9–12 ‰, 

indicating a dominance of mixing. The deeper samples (sample indicated as D-SA in 

Figure 6) would be affected by a greater mixing process, and for this reason, they are 

isotopically less enriched compared to those belonging to the near-surface class (sample 

indicated by NS-SA in Figure 6). At the arid site, all the samples are clearly enriched 

compared to LMWL and deviate from the LMWL by introducing a distinct line (Figure 6). 

Such observations have been previously reported for arid regions (Danni et al., 2019, 



23 

 

Simpson & Herczeg, 1991). This distinct deviate line indicates a high isotopic fractionation 

effect, potentially related to a high evaporation process, as the d-excess is low with values 

ranging from –9 ‰ to –71 ‰. The soil samples belonging to the near-surface zone are 

highly enriched in heavy isotopes (sample indicated by NS-A in Figure 6) compared to the 

soil samples belonging to deeper zones (sample indicated by D-A in Figure 6). At the 

subhumid site, mixing seems dominant, as most of the soil samples were found to present 

high d-excess values of up to 14 ‰. Among the 19 soil samples collected at the subhumid 

site, 11 samples belonging to the deeper zone center around the LMWL (sample indicated 

by D-SH in Figure 6) and suggest less fractionation effect. The other 8 soil samples 

belonging to the near-surface zone fall slightly below the LMWL (sample indicated by NS-

SH in Figure 6) and therefore suggest slightly more fractionation effect compared to the 11 

samples centering around the LMWL. In the present study, the isotope ratios δ2H and δ18O 

in the pore soil water at the three investigated sites are interpreted according to the available 

LMWL of Algiers from Saighi (2005). However, long-term monitoring of the local 

precipitation stable isotope signatures at the investigated site would be valuable for future 

similar studies. Isotope ratios of the soil samples collected from the subhumid site are 

greater compared to those of the semiarid site (Figure 6). This can be due to recharge from 

rainfall, which is potentially characterized by heavy isotopes at the subhumid site compared 

to depleted isotopes at the semiarid site. The isotopic composition of rainfall can be 

depleted mainly due to (i) the effect of altitude, and (ii) the distance from the coast 

(Dansgaard, 1964; Oiro et al., 2018). In this study, the isotope ratios of the semiarid site 

are depleted, compared to those of the subhumid site, because the semiarid site is located 

at 1000 m of altitude above sea level (a.s.l), and 160 km from the Mediterranean Sea; while 
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the subhumid site is located at 5 m a.s.l., and only 2 km from the Mediterranean Sea 

(Figures 1 and 2). The heavier isotopes at the arid site are potentially driven by air mass 

transformations through the atmosphere, as the arid site is located in lowlands at an altitude 

of only 100 m a.s.l. 

 

 

Figure 6. Stable isotope ratios δ2H and δ18O in the pore soil water at the three investigated 
sites (semiarid, arid, and subhumid). The black dashed line represents the LMWL of 
Algiers adapted from Saighi (2005). D: deeper; NS: near-surface; AEF: above evaporation 
front; SA: semiarid; A: arid; SH: subhumid. 
 
 

 Estimating groundwater recharge 

The distribution of δ18O ratios as a function of δ2H ratios for the core soil samples collected 

from the arid, semiarid, and subhumid sites are presented in Figures 7a, 7b, and 7c, 
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respectively. In this study, only soil samples collected below the evaporation front are 

considered. 

 
(a) 

 
 

 

 
(b) 
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(c) 

 
Figure 7. Relationship between δ2H and δ18O ratios in soil samples collected from (a) a 
site subject to an arid climate (dashed lines parallel to the LMWL are those crossing the 
upper and lower stable isotope composition of the deeper soil samples), (b) a site subject 
to a semiarid climate and (c) a site subject to a subhumid climate. Red circles in Figure 
7 correspond to soil samples from the near-surface zone below the evaporation front, 
while blue triangles correspond to soil samples belonging to the deeper zone below the 
evaporation front. The deeper zone samples form a line parallel to the LMWL with a 
certain displacement of δ2Hshift. 
 
 

In Figures 7b and 7c, corresponding respectively to the semiarid and subhumid sites, 

each of the two classes below the evaporation front are represented by a line. Here, (i) 

the isotopic signatures of the near-surface soil samples (shown by red circles in Figures 

7b and 7c) are represented by a line having a gentle slope, and (ii) the isotopic signatures 

of the deeper soil samples (shown by blue triangles in Figures 7b and 7c) are represented 

by a line parallel to the LMWL with a certain displacement of δ2Hshift. The blue and red 

lines are traced in such a way that they cross most of the points representing the soil 
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samples (such as in a linear regression), but the blue line is then adjusted to be parallel 

to the LMWL. However, the study site subject to arid climate conditions shows a random 

distribution of the isotopic signatures of the deeper zone (in this study, random 

distribution means that stable isotope ratios do not follow a line parallel to LMWL). This 

made it difficult to efficiently trace a line which would be parallel to the LMWL (Figure 

7a). Given the scattered distribution of isotopic signatures shown as blue triangles in 

Figure 7a, any corresponding line which would be drawn parallel to the LMWL would 

have only limited precision; i.e., in order to obtain δ2Hshift, it is necessary to force the 

application of the model (Figure 3b) suggested by Allison et al., (1983). In the present 

study, the line parallel to the LMWL for the arid site, shown in Figure 7a, was traced 

with the aim to cross the mean stable isotope composition of the deeper soil samples 

(i.e., soil samples underlined by a blue triangle point in Figure 7a). Hence, the estimation 

of groundwater recharge at the studied arid site is known to be imprecise and may lead 

to considerable over- or under-estimation. Accordingly for this arid site, a range of 

groundwater recharge values was considered instead of a sole estimate, because just one 

line—crossing the mean isotope composition of the deeper soil samples—was subjective 

for the data interpretation. This range of groundwater recharge values was derived from 

two values of δ2Hshift corresponding to two lines parallel to the LMWL (dashed lines in 

Figure 7a) crossing the upper and lower stable isotope composition of the deeper soil 

samples. The difficulty in applying the piston displacement method for arid conditions 

has been mentioned in other studies conducted at sites under arid conditions (Herczeg & 

Leaney, 2010, Selaolo et al., 2003). The scattered distribution of isotopic signatures 

below the evaporation front at the arid site (Figure 7a) can be attributed to the mixing of 
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recently infiltrated water and previously infiltrated water of a different origin. Such 

previously infiltrated water may be present in the form of residual water in the soil pores 

and would contribute to the scattered distribution observed in the isotopic data. Under 

arid climate conditions, a strong evaporated signal can be identified even for the “deeper” 

water group below the evaporation front, and this can affect the deeper water isotopic 

distribution which would be assumed to be constant. Th scattered distribution may also 

be associated with (i) water displacement by dispersion and/or (ii) lateral flow, as the 

vadose-zone is usually heterogeneous in texture (Gaj et al., 2016, Skrzypek et al., 2019). 

Such water flow processes are not considered by the piston displacement method, which 

assumes only a vertical advection-dominated transport. Also, Gaj et al. (2017) concluded 

from cryogenic water extraction of pore water that the presence of minerals and 

heterogenic structured soils might lead fractionation effects and thus impact the isotopic 

composition of pore water within the vadose zone. It remains to be tested whether this 

phenomenon that potentially results in variability of the isotopic signal also holds true 

when using water-vapor equilibration techniques. The δ2Hshift is determined from Figure 

7, and groundwater recharge is calculated using Equation 1. Table 1 presents the 

determined δ2Hshift and the calculated rate of the groundwater recharge (expressed in 

mm/year and in %) at each of the three investigated sites. At the semiarid site, the 

groundwater recharge rate estimated in the present study (14.7 mm/year) is comparable 

to that estimated by Menani (1991) for the same study area (10.3 mm/year) using the 

water budget-based method. With an annual precipitation amount of 410 mm, Menani 

(1991) calculated a groundwater recharge rate of 2.5 %, which represents the same rate 

as that determined in the present study (Table 1). For the subhumid site, the estimated 
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groundwater recharge rate in the present study (135.2 mm/year) is similar to that 

estimated by Boulabeiz (2006) for the same site (122.9 mm/y) using the water budget-

based method. The difference can be attributed to factors controlling the groundwater 

recharge such as the precipitation amount. In fact, a high precipitation amount of 738 

mm was recorded in 2019 compared to 663 mm estimated in 2006. With an annual 

precipitation amount of 663 mm, Boulabeiz (2006) determined a groundwater recharge 

rate of 18 %, which is the same percentage rate determined in the present study (Table 

1). For the arid site, the average estimated groundwater recharge rate in the present study 

is 0.3 (±0.2) mm/year (Table 1); while that estimated by Sedrati (2011) using the water 

budget-based method for the same study area was 1.6 mm/y. Considering an annual 

precipitation of 123 mm measured in 2011, Sedrati (2011) obtained an annual 

groundwater recharge rate of 1.3 % compared to 0.2 (±0.1) % obtained in the present 

study (Table 1). At the arid site, a high annual precipitation amount in 2019 (207 mm) 

was recorded compared to that of 2011 (123 mm). Despite this, the groundwater recharge 

calculated in 2019 during the present study using the piston displacement method is 

lower than that obtained in 2011 using the water budget-based method (when expressed 

in %). As previously underlined, the difference in results between the two different 

methods can be related to difficulties in applying the piston displacement method under 

arid climate conditions, i.e., the observed scattered distribution of isotopic signatures 

makes it difficult to trace the line which would be parallel to the LMWL.  
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Table 1. δ2Hshift and groundwater recharge at the investigated sites 

Study site 
δ2Hshift 

(‰) 
Recharge 
(mm/year) 

Precipitation 
(mm/year)1 

Groundwater 
recharge (%) 

Arid 38.9 (±15) 0.3 (±0.2) 206.6 0.2 (±0.1) 
Semiarid 5.2 14.7 579.6 2.5 

Subhumid 1.7 135.2 738.2 18 
1: Annual precipitation amounts are obtained from NASA (2020). ‘‘Annual’’ corresponds to one 
year before the soil sampling day at the investigated sites. 

 
Beyer et al., (2018) as well as Koeniger et al., (2016) have pointed out that the empirical 

nature of the piston displacement method must be taken into account, and that this might 

be a site-specific effect. Barnes & Allison (1988) indicated that the piston displacement 

method has not been corroborated by other data so far, but they recommend that it be 

validated under a wide variety of climatic conditions (Allison et al., 1983). This approach 

has been successfully used in several studies conducted under semiarid climate conditions 

(e.g., Gaj et al., 2016, Selaolo, 1998, Skrzypek et al., 2019). However, Herczeg & Leaney 

(2010) indicated that the piston displacement method has not been confirmed at other sites, 

potentially due to (i) the impact of vegetation, which affects recharge through removal of 

water from the soil but has no effect on isotopic signatures (the theoretical derivation is 

based on water loss from the soil by evaporation alone and not transpiration), and (ii) 

seasonal variations in the δ2H and δ18O composition of rainfall. Data published by Herczeg 

& Leaney (2010) has shown, however, that the scattered distribution of the δ2Hshift versus 

the square root of groundwater recharge rate is significant for the lower recharge rates 

ranging from 0.04 to 0.25 mm. Such lower recharge rates are generally related to arid and 

drier regions, and similar difficulties in applying the piston displacement method have 

already been observed in the drier parts of Botswana where the applicability of the piston 

displacement method has not been confirmed (Selaolo et al., 2003). Difficulties in applying 

the piston displacement method in arid sites were also observed in the present study. 



31 

 

However, such difficulties can be related to other factors such as reported by Knowlton et 

al., (1989), who underlined that the groundwater recharge rate in an arid region of New 

Mexico (USA), estimated using the piston displacement method, was one order of 

magnitude smaller than other recharge rates estimated by using 3H (Phillips et al., 

1988) and the soil physics techniques (Stephens & Knowlton, 1986). The difference in the 

predicted recharge was assumed to be related to other factors which are not considered by 

the piston displacement method, i.e., describing that water infiltrates only by piston 

displacement; while other mechanisms affecting recharge flux, such as preferential 

pathway discharge, probably occurred in the study area (Knowlton et al., 1989). 

Furthermore, the piston displacement method relies on δ2Hshift, which is sensitive to climate 

factors including rainfall intensity. A high recharge rate will minimize the δ2Hshift, and the 

piston displacement method then loses its sensitivity. For this reason, the soil sampling 

campaign is suitable to be conducted during a period without rain before the occurrence of 

a new rainfall episode. If the soil sampling is conducted at an inopportune time, including 

immediately after a rainfall episode or during a season of intense and continuous 

precipitation, this may not be appropriate for the piston displacement method. 

4 Conclusion 

The present study first provides new field observations concerning vadose-zone water 

stable isotope and water content profiles at areas subject to different climate conditions. 

Those profiles, exhibiting distinct stable isotope and water content values at each study 

site, correspond to study site characteristics including climate conditions, location and 

altitude. The isotopic distributions obtained in the present study are comparable to those 

seen in other studies. These isotopic distributions make it possible to clearly identify the 
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evaporation front, as well as the two zones below, i.e., the ‘‘near-surface zone’’ and the 

‘‘deeper zone’’. Recharge rates of 0.2 (±0.1) %, 2.5 %, and 18 % of the total annual 

precipitation are obtained for the arid, semiarid, and subhumid sites, respectively. The 

present study confirms that the piston method is appropriate for sites subject to subhumid 

and semiarid conditions. However, difficulties in using the piston displacement method 

under an arid climate regime are revealed in the present study due to the scattered 

distribution of isotopic signatures below the evaporation front into the near-surface zone. 

Nonetheless, investigating possible water mixing due to the possible presence of previously 

infiltrated water having different origins and/or due to potential water dispersive 

displacement, a phenomenon which is not taken into consideration by the piston 

displacement method, is recommended for a complete understanding of hydrogeological 

vadose-zone mechanisms. In the present study, the isotope ratios δ2H and δ18O in the pore 

soil water at the three investigated sites were interpreted according to the LMWL of 

Algiers. However, long-term monitoring of the local precipitation stable isotope signatures 

at the investigated site would be valuable for future similar studies.  
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