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A B S T R A C T

We undertook an environmental isotope investigation of groundwater from the Turonian Aquifer of Tadla
Basin in Morocco in order to confirm that this aquifer could be a potential site for palaeoclimate reconstruc-
tion. The collected groundwater samples were examined for stable oxygen, hydrogen and carbon isotope ratio,
as well as noble gases (He, Ne, Ar, Kr, Xe), 14C and 3H concentration. The measured stable oxygen and hy-
drogen isotope values show that the Turonian aquifer has two recharge areas, one with a heavier isotopic sig-
nature from the unconfined aquifer in the northern region (the area of Boujad), while the other is characterised
by lighter isotopic composition in the north-eastern to the south-western part of the basin (to the North from
Kasba Tadla). The calculated noble-gas solubility temperatures of the confined part of the aquifer are 2 °C
higher than the recent mean annual air temperature (19 °C). Radiocarbon ages obtained from running different
versions of Ingerson-Pearson models indicated that the recharge of this water occurred during the Holocene.
We conclude that the Turonian aquifer might be a potential place for Late-Pleistocene palaeoclimate recon-
struction if the research area were extended in the direct of flow path towards the western part of the basin and
towards the foothills of the Phosphates Plateau.

© 2016 Published by Elsevier Ltd.

1. Introduction

Groundwater has long been recognized as a useful archive for
quantitative palaeoclimate reconstructions. Environmental studies
with high resolution proxy data are essential in understanding the
past and present climate. The analysis of environmental isotopes, trac-
ers and noble gases associated with climate conditions is a powerful
method for climate reconstruction.

Although Africa is a huge continent, past climate studies based
on reconstruction of groundwater recharge temperatures are scarce
(Rudolph et al., 1984; Heaton et al., 1986; Darling et al., 1987; Fontes
et al., 1993; Kulongoski et al., 2004; Bakari et al., 2012; Abouel-
magd et al., 2014). We have designed a preliminary study to re-
construct the recharge condition of the groundwater in the Turonian
aquifer, Tadla Basin, Morocco, based on the investigation of noble
gas concentrations, stable isotopes, tritium, and radiocarbon content.
It has been shown previously that there is a strong connection be-
tween the surface temperature and the oxygen or hydrogen isotope ra-
tios of precipitation (Dansgaard, 1964; Rozanski et al., 1993). This re-
lation plays a major role in palaeoclimate reconstructions due to the
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preservation of isotopic signals in a groundwater system during
recharge. The noble gases have similar attributes, because the dis-
solved atmospheric noble gas concentrations in the groundwater do
not change along the flow path, as they do not take part in any
chemical or biological processes. From dissolved noble gas concentra-
tions, the recharge temperature (noble gas temperature: NGT) of the
groundwater can be determined due to the temperature-dependent gas
solubility in water. These temperatures, combined with groundwater
dating, are a useful tool for paleoclimatic reconstruction (Stute and
Schlosser, 1993; Aeschbach-Hertig et al., 1999; Klump et al., 2008;
Varsányi et al., 2011). The purpose of this investigation is to analyse
the recharge conditions of the samples in boreholes using stable iso-
topes, noble gas temperatures, and water age determinations. Prelim-
inary results of Bouchaou et al. (2009) and the IAEA (Marah et al.,
2010) in the area have provided some basic information about the
groundwater conditions in the area. Bouchaou et al. (2009) have pro-
vided a comprehensive analysis of water resources in the four main
aquifers of the Tadla basin using geochemical and isotope tracers.
The Liassic aquifer and the Turonian aquifer constitute the main wa-
ter resources in Morocco. The isotope studies have shown that the
Turonian aquifer is composed of young, recharging water from the
North-Northeastern part of the basin, and old waters in the Tassaout
area to the Southwest. However, the work of Bouchaou et al. ( 2009)
argued the age distribution of the aquifer systems, and was not con-
cerned in term of palaeoclimate reconstruction. Here, we have made

http://dx.doi.org/10.1016/j.jafrearsci.2017.04.021
1464-343/© 2016 Published by Elsevier Ltd.
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the first attempt to determine noble gas solubility temperatures of
groundwaters in this region, to reveal past recharge temperatures. The
main goal of our study is to determine that the Turonian aquifer is
suitable for further palaeoclimate investigations with respect to Last
Glacial Maximum (LGM) and eventually to study the temperature dif-
ference between the Holocene and the late Pleistocene.

2. Description of the study area

The Tadla basin (5000 km2) is located in central Morocco in a
vast syncline, which has a multi-layer aquifer system. Part of this
basin is the multi-layer aquifer system of the Oum Er-Rabia basin
is composed of four main superposed aquifers. They are, from shal-
lower to deeper, the Mio-Plio-Quaternary, the Maastrichtian-Eocene,
the Senonian and the Turonian (Misdaq and Eiharti, 1997; Ettazarini
and Mahmouhi, 2004). These geological formations consist of per-
meable conglomerates, karstic limestones, marls and phosphate sand-
stones and from semi-permeable to impermeable clayey and marly
layers (Hsissou et al., 1996; Ettazarini, 2006; Bouchaou et al., 2009).
The Turonian aquifer, which is the focus of interest in our study, is
the main productive aquifer of the Moroccan hydrogeological basin

of Oum Er-Rabia. It extends in ENE–WSW direction between the
Phosphates Plateau and the High Atlas of Beni-Mellal in the Oum
Er-Rabia River watershed (see Fig. 1). The climate of the region is a
warm temperate zone with hot and dry summers (Peel et al., 2007).
The annual temperature is about 19 °C (GeoModel Solar2010–2015).
The soil type in the area of the outcrop zone and of the Tadla basin
is chromic luvisols, with a reddish hue and haplic valcisols includ-
ing a significant accumulation of calcium carbonates (Jones et al.,
2013). The Turonian aquifer is composed of limestone and karstic
dolomite, and it is interlayered with marly horizons (Ettazarini, 2004).
The thickness ranges from 50 m in the north to 100 m in the south
(Fig. 1). A piezometric survey of deep aquifers, mostly in the Turonian
aquifer, shows a flow direction from the north to the south and south-
west, towards the centre of the basin (Fig. 1) (Ettazarini, 2004, 2006;
Tammal et al., 2014).

3. Sample collection and measurements

Seventeen groundwater samples were collected for 3H, 14C, stable
oxygen, hydrogen and carbon analyses, and ten samples were taken
for noble gas (He, Ne, Ar, Kr, Xe) analyses. The samples were col

Fig. 1. Location and geological map with piezometric surface of the studied area with sampled wells, boreholes and spring, the arrows illustrate the flow directions based on works
of Ettazarini from 2004 and 2006, and Tammal from 2014 (modified from Ettazarini, 2004; Ettazarini, 2006; Tammal et al., 2014). The size of the points shows the HCO3

− content
(mg/L) of the sampled points with labels where the left represents the name and the right means the oxygen isotope ratio of the water.
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lected from artesian boreholes, wells and a spring (Fig. 1). In situ pH,
alkalinity, temperature and electrical conductivity measurements were
carried out after pumping out three times the volume of each well in
order to obtain representative groundwater circulating at deep levels
(Table 1).

Stable isotopes of oxygen and hydrogen as well as 3H (tritium)
were analysed in the Centre National de l'Energie, des Sciences et
Techniques Nucléaires (CNESTEN), Rabat, Morocco (CNESTEN).
The results of stable isotope studies are expressed in the conven-
tional δ notation in ‰ versus V-SMOW with a reproducibility of
±0.1‰ for δ18O and ±1‰ for δ2H. Following the equation: δ =
(Rsample/Rstandard-1)*1000, where R is the 2H/H, 18O/16O ratio in the
sample or in the international standard. The 3H contents were analysed
using liquid scintillation spectrometer after electrolytic enrichment
and results are expressed in Tritium Units (TU) (Marah, 2007). The
detection limit and the precision of the tritium measurements was 0.5
TU.

The carbon isotopes of the dissolved inorganic carbon were mea-
sured by a ThermoFinnigan DeltaPLUS XP isotope ratio mass spec-
trometer in online mode, attached to an automated GASBENCH II
sample preparation device (Vodila et al., 2011). The results are ex-
pressed as δ13C in δ notation in ‰ versus VPDB and precision is
±0.1‰.

The measurement of 14C (radiocarbon) of the dissolved inorganic
carbon in water samples was carried out with an EnvironMICADAS
accelerator mass spectrometer (AMS). The extractions of CO2 were
performed by the addition of 85% phosphoric acid in a vacuum line,
and then the released CO2 was cryogenically purified and trapped
(Molnár et al., 2013a, 2013c). The extracted pure CO2 gas was trans-
formed to graphite by a sealed tube graphitization method (Rinyu et
al., 2013). The resulting graphite targets were measured for 14C/12C by
AMS (Molnár et al., 2013b). The uncertainty of measurements were
below 0.5% for each sample, including normalization, background
subtraction, and counting statistics. 14C results are reported as percent
modern carbon (pMC).

Groundwater samples for noble gas analysis were taken into cop-
per tubes (Stute and Schlosser, 1993). The determination of noble gas
isotope ratios and concentrations was performed by a VG5400 noble
gas mass spectrometer (Palcsu et al., 2010; Papp et al., 2012). The
groundwater samples for noble gas measurements are passed through

Table 1
Chemical parameters (T = temperature in °C; EC = electrical conductivity in μS/cm;
pH) and stable oxygen (δ18O in ‰ VSMOW) and hydrogen (δ2H in ‰ VSMOW)
isotope composition of the groundwater samples with their nature and screen depth
(depth = the screen depth in meters below surface, screen depth above sea level in m).

Name
Depth
(m)

Screen depth
above sea
level (m) Type

T
(°C)

EC
(μS/
cm) pH

δ18O
(‰)

δ2H
(‰)

S-01 30 632 Well 24.6 1172 7.37 −5.14 −32.6
S-02 – 639 Spring 23.1 1216 7.25 −5.33 −32.8
S-03 45 609 Well 23.4 1180 7.42 −5.25 −30.8
S-04 17 624 Well 23.0 768 7.69 −5.39 −35.6
S-05 85 513 Borehole 24.2 1260 7.53 −5.15 −33.9
S-06 180 329 Borehole 26.6 1057 7.32 −5.50 −31.8
S-07 228 256 Borehole 25.8 850 7.24 −5.73 −33.5
S-08 300 169 Borehole 24.8 1120 7.28 −5.91 −33.6
S-09 100 483 Borehole 27.9 620 7.51 −6.20 −37.0
S-10 200 386 Borehole 26.9 708 7.07 −6.38 −38.5
S-11 150 351 Borehole 22.8 1365 7.40 −6.49 −39.9
S-12 100 442 Borehole 24.4 1260 7.57 −6.61 −44.3
S-13 236 268 Borehole 23.5 1163 7.35 −6.58 −39.9
S-14 330 149 Borehole 30.0 890 7.39 −6.87 −41.1
S-15 604 −169 Artesian 40.3 1620 7.44 −7.10 −36.9
S-16 390 58 Borehole 36.5 1160 7.00 −6.98 −39.4
S-17 480 −71 Artesian 35.8 812 7.10 −6.70 −36.1

a gas extraction and purification system to trap water vapour and
chemically active gases. After purification and separation, the helium,
neon, and the argon-krypton-xenon fractions were sequentially admit-
ted into the noble gas mass spectrometer. The precision of measure-
ments for the helium and argon fraction was less than 1% and less than
2% for Ne, Kr, Xe concentrations and 3He/4He ratios. Beside the no-
ble gas concentrations, the values of 3He/4He ratios were determined
in form of R/Ra, where R and Ra refer to the 3He/4He ratio in the sam-
ple and air, respectively. Air equilibrated water samples (AEW) were
measured to check the precision of the measurements.

Stable carbon isotope ratio, radiocarbon and noble gas measure-
ments were performed at the Hertelendi Laboratory of Environmental
Studies in the Institute for Nuclear Research, Hungarian Academy of
Sciences, Debrecen, Hungary.

4. Results and discussion

4.1. Radiocarbon and tritium

4.1.1. Tritium
The average tritium concentration in precipitation is about 4–5 TU

in Morocco (Fez, Morocco, GNIP database, IAEA). The measured tri-
tium concentrations of the sampled boreholes, wells and spring var-
ied from 0 to 3.03 TU (see Table 2). The highest tritium values
(S-01 = 3.03 TU; S-03 = 2.75 TU; S-02 = 2.34 TU) measured in the
outcrop zone of the Turonian aquifer decreased in the South-Western
direction along the flow path away from the outcrop zone (Hsissou
et al., 1996). These data can show that modern recharge might have
occurred along the northeast section of the Tadla plain (from Oued
Zem, Boujad to the direction of Kasba Tadla). The samples of the low-
est tritium values (S-14, S-17, S-12, all < 0.5 TU) are from the con-
fined aquifers. In addition, it can be observed that deeper samples have
lower tritium concentration. Waters from a confined aquifer with a tri-
tium concentration over 1 TU suggest a mixing between old and recent
water (Bouchaou et al., 2009).

4.1.2. Radiocarbon age determination
To calculate the apparent age of the groundwater, the following

equation was applied:

where t is the radiocarbon age, A0 is the initial and At is the measured
activity.

A preliminary identification of flow paths was carried out by com-
parison of the position of screened depth of wells and the surface al-
titude (Table 1), because the screened depth increases in the direction
of the flow path. The 14C and HCO3

− contents decrease with depth,
whereas the δ13C values along the flow path increase with decreas-
ing radiocarbon and HCO3

− content (Figs. 1 and 2). The δ13C val-
ues of samples from shallow groundwater reflect the δ13C values of
CO2 of the soil zone. The pH slightly decreases along the flow path.
In addition to the CO2 content of the soil zone, additional CO2 dis-
solution is assumed along the flow path, which can result in a de-
crease in pH. Based on the 14C and the δ13C values, we can distin-
guish two flow lines with two recharge areas, the first one from the
north and north-east (S-01, S-02, S-03, S-05, S-06, S-07, S-08, S-16)
indicates more positive δ13C and decreasing 14C content along the
flow line. The other one is from the east (S-4, S-09, S-10, S-11 S-12,
S-13, S-14, S-15, S-17) indicating slightly positive δ13C and decreas-
ing 14C content along the flow line (Fig. 2). These statements suggest
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Isotope data (3H content in TU; 14C content in pMC as percent modern carbon with errors; δ13C in ‰ VPDB) and HCO3

− content in mg/L of sampled points with modelled mean residence time of waters (in years with their calculated errors) using five
variations of Ingerson-Pearson model.

Name 3H (TU)

14C (pMC)
(+/−
pMC)

δ13C
(‰
VPDB)

HCO3
−

(mg/L)

A0 (pMC)
(Pearson)
δ13Csoil = −10‰

Corrected
age

A0 (pMC)
(Pearson)
δ13Csoil = −16‰

Corrected
age

A0 (pMC)
(Pearson)
δ13Csoil = −12‰

Corrected
age

A0 (pMC)
(Pearson)
δ13Csoil = −12‰

Corrected
age

A0 (pMC)
(pH = 7.3)
δ13Csoil = −16.4‰

Corrected
age

Average of
the
calculated
ages

Standard
deviation of the
calculated ages

(Asoil = 100pMC) (Asoil = 100pMC) (Asoil = 100pMC) (Asoil = 90pMC) (Asoil = 100pMC)

(based on
pH
correction)

S-01 3.03
(±0.29)

91.44
(±0.28)

−12.33 408.7 123.3 2471
(±1706)

77.1 −1414
(±1115)

102.8 964
(±1440)

92.5 93
(±1454)

75.2 −1618
(±1092)

83 1525

S-02 2.34
(±0.22)

84.05
(±0.28)

−11.37 396.5 113.7 2498
(±1706)

71.1 −1388
(±1116)

94.8 991
(±1441)

85.3 120
(±1454)

69.3 −1592
(±1092)

105 1525

S-03 2.75
(±0.24)

95.84
(±0.29)

−11.99 396.5 119.9 1852
(±1706)

74.9 −2034
(±1115)

99.9 344
(±1440)

89.9 −527
(±1454)

73.1 −2238
(±1092)

−434 1539

S-04 1.01
(±0.2)

88.5
(±0.29)

−8.92 – 89.2 65
(±1707)

55.8 −3820
(±1117)

74.3 −1442
(±1442)

66.9 −2313
(±1456)

54.4 −4024
(±1094)

−1922 1791

S-05 1.24
(±0.22)

90.91
(±0.29)

−9.86 – 98.6 735
(±1706)

61.6 −3150
(±1116)

82.2 −772
(±1441)

74.0 −1643
(±1455)

60.1 −3354
(±1093)

−1364 1664

S-06 0.96
(±0.18)

76.31
(±0.24)

−10.94 292.8 109.4 2978
(±1706)

68.4 −908
(±1116)

91.2 1471
(±1441)

82.1 600
(±1454)

66.7 −1112
(±1092)

505 1544

S-07 0.45
(±0.17)

53.81
(±0.18)

−9.22 323.3 92.2 4452
(±1707)

57.6 566
(±1117)

76.8 2944
(±1441)

69.2 2073
(±1455)

56.2 362
(±1094)

1733 1745

S-08 0.03
(±0.17)

52.29
(±0.18)

−8.23 329.4 82.3 3749
(±1707)

51.4 −136
(±1118)

68.6 2242
(±1442)

61.7 1371
(±1456)

50.2 −340
(±1095)

1148 1624

S-09 0.85
(±0.18)

87.69
(±0.29)

−9.32 367.3 93.2 504
(±1707)

58.3 −3382
(±1117)

77.7 −1003
(±1441)

69.9 −1874
(±1455)

56.8 −3586
(±1094)

−1557 1704

S-10 0.66
(±0.17)

21.6
(±0.14)

−7.63 341.7 76.3 10,432
(±1708)

47.7 6547
(±1119)

63.6 8925
(±1444)

57.2 8054
(±1457)

46.5 6343
(±1096)

6717 3626

S-11 1.13
(±0.19)

59.16
(±0.2)

−10.13 341.6 101.3 4446
(±1706)

63.3 561
(±1116)

84.4 2939
(±1441)

76.0 2068
(±1455)

61.8 357
(±1093)

1728 1743

S-12 0.33
(±0.13)

78.04
(±0.27)

−9.22 352.1 92.2 2512
(±1707)

57.6 −1373
(±1117)

76.8 1005
(±1442)

69.2 134
(±1455)

56.2 −1578
(±1094)

117 1525

S-13 1.26
(±0.17)

64.71
(±0.21)

−9.43 378.2 94.3 3113
(±1707)

58.9 −772
(±1117)

78.6 1606
(±1441)

70.7 735
(±1455)

57.5 −977
(±1093)

617 1554

S-14 <0
(±0.19)

61.32
(±0.2)

−8.82 366.0 88.2 3005
(±1707)

55.1 −880
(±1117)

73.5 1498
(±1442)

66.2 627
(±1456)

53.8 −1085
(±1094)

527 1546

S-15 0.71
(±0.21)

19.14
(±0.09)

−8.19 323.3 81.9 12,017
(±1708)

51.2 8132
(±1118)

68.3 10,510
(±1442)

61.4 9639
(±1456)

49.9 7928
(±1095)

8038 4222

S-16 0.55
(±0.18)

42.94
(±0.15)

−7.87 335.5 78.7 5008
(±1708)

49.2 1123
(±1118)

65.6 3501
(±1443)

59.0 2630
(±1456)

48.0 919
(±1095)

2197 1866

S-17 0.01
(±0.18)

24.89
(±0.11)

−8.31 335.5 83.1 9966
(±1708)

51.9 6081
(±1118)

69.3 8459
(±1442)

62.3 7588
(±1456)

50.7 5877
(±1095)

6328 3455
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Fig. 2. A: Map of the Tadla basin plotted with the label of 14C content in pMC (left) and δ13C (‰ VPDB) (right); B: HCO3
− content (mg/L) content plotted against 14C content (pMC);

C: δ13C (‰ VPDB) plotted against 14C content (pMC); D: HCO3
− (mg/L) content plotted against δ13C (‰ VPDB).

that the Turonian aquifer is a complex unified system, where the vari-
ables behave similarly.

Groundwater radiocarbon ages using different versions of Inger-
son-Pearson models have been calculated. A radiocarbon age was
adopted to take into account the calcite and dolomite dissolutions low-
ering the 14C content in DIC. According to Ingerson and Pearson
(1964), this dilution factor (q) can be calculated by using the equa-
tion of q=(δ13CDIC- δ13Ccarb)/(δ

13Csoil- δ13Ccarb), where δ13CDIC is the
measured δ13C in groundwater and δ13Ccarb is δ13C of the dissolved
carbonate. The initial values are 0‰ VPDB for δ13Ccarb. The δ13Csoil
means the δ13C value from the literature of the CO2 of soil, which de-
pends on the plants: C3 plants are assumed between −23‰ and −27‰
VPDB, and C4 plants −10‰ and −16‰ VPDB. The area of the out-
crop zone covered with grass species (Jones et al., 2013) which are
generally C4 plants. The measured δ13C values of DIC are in the range
of −12.3‰ and −7.6‰ with no value under −12.3‰ VPDB, not even
in the recharge area (Table 2). This also indicates that the vegetation in
the recharge area is dominated by C4 plants. Therefore, we calculated
the radiocarbon ages with an average δ13Csoil value of −12‰ VPDB
( Clark and Fritz, 1997) and with assumed maximum and minimum
δ13Csoil values of −10‰ and −16‰ VPDB. The dissolved carbonate
is assumed to originate from soil air and carbonate minerals of the
aquifer with soil air δ13C of −12‰ VPDB and 14C of 100 pMC. The
δ13C and 14C of carbonate mineral are estimated to be 0‰ VPDB and
of 0 pMC, respectively (Pearson and Hanshaw, 1970). The initial ra-
diocarbon content of the samples was corrected against soil and host
formation, as it is mixed between soil derived DIC and the carbonate
rock dissolution in a closed system.

Some studies have indicated that the vegetation of other parts of
the Tadla basin (besides the recharge outcrop area) contains domi-
nantly C3 plants (Bouchaou et al., 2009; Rhazi et al., 2009). There-
fore, the radiocarbon age for C3 plants was also calculated with an av-
erage δ13Csoil value of −23‰ VPDB, but with an enrichment factor

which based on that fact that there is an equilibrium exchange between
soil CO2 and DIC at increasing pH. The soil became enriched in 13C,
and therefore an extra enrichment factor ε13CDIC-CO2(soil) was added.
As a result, the dilution factor (q) can be calculated from the equation
q=(δ13CDIC- δ13Ccarb)/((δ

13Csoil+ ε13CDIC-CO2(soil))- δ13Ccarb), where the
ε13CDIC-CO2(soil) is 6,6 at pH 7.3 (average pH of the wells) following the
δ13C mixing model Pearson (1965) and Pearson and Hanshaw (1970)
for δ13C correction. The corrected ages are in Table 2.

To investigate the outcrop zone of the aquifer, the recent water can
be identified from the tritium data. By using these datasets, the ini-
tial radiocarbon activity can be estimated if those wells in the recharge
area, where tritium content is above 2 TU, are considered to be re-
cent water. Hence, we can determine the initial radiocarbon activ-
ity with the average radiocarbon data of these wells. There are three
wells above 2 TU with an average 14C of 90 pMC. Radiocarbon ages
were therefore calculated from Ao = 90 pMC with the assumed δ13Csoil
value of −12‰ can be found in Table 2.

Finally, five different age models were used in order to gain a com-
plete picture of groundwater residence time (Table 2). Three Pearson
models with the δ13C and 14C of carbonate mineral are estimated with
0‰ VPDB and of 0 pMC and 100 pMC for A0; with a δ13Csoil value
of −12‰ VPDB and thirdly, with δ13Csoil of −10‰ and −16‰ VPDB.
In addition one variation of Pearson's model was used with a δ13Csoil
value of −12‰ VPDB and 90 pMC for A0 another variation which
based on an extra enrichment factor. We found that the model with
100 pMC for A0 and with a δ13Csoil value of −12‰ VPDB seems to
provide the most acceptable and reliable ages.

The error propagation of the corrected ages was derived from the
errors of the independent elements in the equitation of dilution fac-
tor. The error of initial radiocarbon activity of 5 pMC was arbitrarily
based on the plausible initial value. The errors of measured radiocar-
bon content and δ13C values of DIC are the measurement errors. The
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δ13Csoil has an error of 2‰ VPDB based on the estimations of the
vegetation which can vary between −23‰ and −27‰ or −10‰ and
−16‰ VPDB. The corrected ages are reported with one sigma error.
The overall minimum error of the calculated ages is ±1090yr while the
maximum error is ±1700yr. The error of the calculated radiocarbon
ages is the standard deviation of the calculated ages.

We conclude that the corrected radiocarbon ages are between 0 and
10,000 years. These ages are based on two assumed initial activities
(90 and 100 pMC) and indicate that the recharge of most of these wa-
ters occurred in the Holocene. There are only few wells with old wa-
ters (S-10; S-15; S17) which might have been recharged during the
Late Pleistocene. There are four wells near the recharge area, which
are the same with the work of Bouchaou et al. (2009): S-05-TD18;
S-06-TD20; S-07-TD22; S-05-TD9, where S refers to our study, while
TD refers to the numbering used by Bouchahou. To compare our re-
sults with Bouchaou and the wells in this study, we can conclude that
although the two research areas do not fully overlap each other, how-
ever, we can observe that water up to 20,000 yr old can be found in
the direction of the flow path on the Phosphate Plateau, as reported by
Bouchaou et al. (2009).

4.2. Noble gas temperatures

The noble gas concentrations and helium isotope ratios were mea-
sured in 10 samples shown in Table 3. In several samples (S-05,
S-14, S-09, S-06), high neon concentrations indicate sampling arte-
facts, however, we can confirm by a chi-square test that this does
not affect the interpretation of the results significantly. Concentrations
of Ne, Ar, Kr and Xe in groundwater are derived from the atmos-
phere and were used for determining the temperature at the water table
at the time of recharge. These recharge temperatures (usually called
the noble gas temperature, NGT) were calculated from the concentra-
tions of Ne, Ar, Kr, and Xe after correcting for excess air formation,
following the closed system equilibration model of gas partitioning
(Aeschbach-Hertig et al., 1999). The uncertainty of the noble gas tem-
perature determination is between 0.3 and 4.48 °C in case of air cont-
amination, but less than 1 °C for uncontaminated samples. The preci-
sion of the calculation is adequate, but the uncertainty of the NGTs is
high.

The NGT of the samples are in the range between 19.9 °C (S-13;
S-16) and 31.1 °C (S-09) (Table 3) This is in agreement with pre-
sent mean annual air temperature of 19 °C at 2 m above the surface
(GeoModel Solar2010–2015), however the average of the NGTs is
slightly higher. The noble gas temperature generally shows the mean
annual soil temperature which may be 2–3 °C higher than the annual
air temperature (Stute et al., 1995). The area studied belongs to a re-
cent thermic soil temperature region, with the average soil tempera

ture higher than 15 °C but lower than 22 °C, and with a difference
between mean summer and winter soil temperatures higher than 5 °C
(Jones et al., 2013). The samples from the recharge area (S-01, S-03,
S-05 and S-09) show an average noble gas temperature of 27.4 °C
(±2.9 °C). This value is much higher than recent surface temperature
for the recharge area at the elevation of 400–600 m a.s.l. The samples
(S-08; S-10; S-13; S-14; S-16) further of the recharge area in the con-
fined part provide an average NGT of about 21.9 °C (±1.4 °C). This
latter value agrees very well with recent mean annual air tempera-
tures of the Tadla basin. Since groundwater ages indicate Holocene
recharge throughout the whole area investigated, we can use this to
obtain a palaeotemperature record for the last ten thousand years (see
Fig. 3).

The preservation of climatic signatures in a groundwater system
should be connected to particular hydrodynamic conditions (Stute and
Schlosser, 1993). Although the estimated radiocarbon ages show that
these investigated waters recharged during the Holocene, these data
also indicate the existence of palaeowater of the Turonian aquifer in
the south-west area of the basin based on the increasing water mean
residence time along the flow path. For an accurate palaeotemperature
reconstruction, further sampling is needed in the direction of the flow
path on the western part of the basin to the direction of El Borouj.

4.3. Stable isotopes: 18O and 2H

Table 1 shows all the results obtained in the field as well as in the
laboratory for stable isotopes. The measured δ18O and δ2H valued are
plotted in Fig. 4 and are compared to the global and local meteoric wa-
ter line (GMWL, Craig, 1961). The local meteoric water line (LMWL)
is given by the following equation: δ2H = 8 × δ18O + 13 (Bouchaou et
al., 2009). The water stable isotope data cover a range from −7.10‰
to −5.14‰ for δ18O, and from −44.3‰ to −30.8‰ for δ2H (Table 1.).
The results show a very good agreement to the local meteoric water
line, and confirms their meteoric origin. This suggests that the samples
usually contain freshwater and indicates that isotope exchange with
the host rock within the aquifer is of minor importance.

Bouchaou et al. (2009) has argued that stable isotope composi-
tions of the groundwater samples are composed of two groups. The
unconfined and confined parts of the aquifer provide different sta-
ble isotope signatures. Similarly, according to the measured isotopic
composition of the sampled boreholes, wells and springs, two differ-
ent groups can be distinguished. The first group with heavier isotopic
composition belongs to the unconfined aquifer in the northern part of
the area (the area of Boujad), while the second group is characterised
by lighter isotopic composition in the north-eastern to the south-west-
ern part of the basin (to the North from Kasba Tadla) (Fig. 1). These

Table 3
Noble gas concentrations (He, Ne, Ar, Kr, Xe in ccSTP/g which means cubic centimeters of gas at standard temperature (0 °C) and pressure (1 atm)) and isotope ratios (R/Ra, where
the Ra is the isotope ratio for the atmospheric helium, and the R is the measured helium isotopic composition of the sample) with noble gas temperatures (NGTs, °C) and their fit to
the CE-model.

Name Type He (ccSTP/g) Ne (ccSTP/g) Ar (ccSTP/g) Kr (ccSTP/g) Xe (ccSTP/g) R/Ra NGT (°C) X2 p (%)

S-01 Well 6.10E-08 2.07E-07 3.06E-04 6.32E-08 8.03E-09 0.94 28.4 (±2.2) 0.04 84.7
S-03 Well 3.03E-07 7.77E-07 6.74E-04 1.10E-07 1.21E-08 0.99 24.3 (±1.4) 0.35 55.4
S-05 Borehole 1.12E-06 2.88E-06 1.82E-03 2.45E-07 2.25E-08 0.95 26.0 (±4.4) 0.73 39.4
S-06 Borehole 7.05E-08 8.58E-07 5.78E-04 9.32E-08 1.02E-08 0.95 30.3 (±4.5) 3.86 5
S-08 Borehole 5.97E-08 1.89E-07 2.90E-04 6.31E-08 8.22E-09 0.92 23.2 (±0,9) 0.61 43.5
S-09 Borehole 3.60E-07 9.65E-07 7.72E-04 1.17E-07 1.21E-08 0.98 31.1 (±3.2) 0.83 36.1
S-10 Borehole 1.39E-07 4.71E-07 4.33E-04 7.96E-08 9.66E-09 0.95 23.3 (±0.3) 0.04 83.9
S-13 Borehole 2.42E-07 6.95E-07 5.66E-04 9.68E-08 1.17E-08 0.94 19.9 (±1.7) 1.15 28.3
S-14 Borehole 3.73E-07 1.00E-06 7.10E-04 1.15E-07 1.28E-08 0.95 21.4 (±1.2) 0.42 51.9
S-16 Borehole 5.93E-07 2.04E-07 3.19E-04 6.88E-08 9.05E-09 0.41 21.9 (±0.3) 0.01 90.6
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Fig. 3. Top: Variation of calculated NGT (°C) according to 14C content in pMC; Bot-
tom: Variation of calculated NGT (°C) according to modelled water mean residence
time (year). The error of the summarized calculated radiocarbon ages described by the
standard deviations of the average ages.

Fig. 4. δ2H values (‰ VSMOW) plotted against δ18O values (‰ VSMOW) with
GMWL (Global Mean Water Line) and LMWL (Local Mean Water Line) (Craig, 1961).

latter wells and boreholes belong to the confined aquifer. Stable iso-
tope composition is progressively depleted along the prevailing flow
line (from N-NE to the area of Oulad Zmam), as if the recharge tem-
perature had been lower for the groundwater samples from the con-
fined aquifer. As the measured isotope values from northeast to south-
west become more negative and these wells represents Holocene wa-
ters, we conclude that this pattern is not due to a change of recharge
temperature, but rather that the aquifer is recharged by waters of two
distinct stable isotope signatures. The flow lines from the northern
part of the basin with oxygen isotope ratios around −5.3‰ are af-
fected by flow lines from the recharge area in the north-eastern part of
the basin. Recharge water in this north-eastern part represents signifi-
cantly lower oxygen isotope ratios between −7.0 and −6.0‰.

If we correlated NGTs and the δ18O values, we can see that there
is a weak positive connection between them (Fig. 5) and according to

Fig. 5. Noble gas temperatures (°C) plotted against δ18O values (‰ VSMOW) in a re-
lation to the past climate. The high uncertainties indicate that this link to the climate
negligible.

the literature, this could provide information about the past climate
(Dansgaard, 1964). The groundwater samples from the unconfined
part show higher NGTs than those from the confined part, and also are
heavier in 18O and 2H. Hence the heavy isotopic enrichment of δ18O
could be connected to the warm climatic conditions and the light iso-
topic composition to cold conditions. However, this is a poor correla-
tion (R2 = 0.34) and the high errors of the NGTs need to be consid-
ered. Altogether these results should be linked to climate variations.
We need to investigate further the role of the aquifer as “palaeother-
mometer”, which is possible if the research area of the Turunian
aquifer were extended in the direction of flow paths in the western
parts of the Tadla basin (Fig. 1).

5. Conclusion

Isotopic analyses of sampled wells, boreholes and springs of the
Turonian aquifer in the Tadla Basin show that the investigated wa-
ter samples are Holocene waters. The stable isotope values confirm
the direction of flow paths to south and south-west from the outcrop
zone. Moving away from the recharge area, the stable isotope values
became progressively depleted along the prevailing flow lines and tri-
tium and radiocarbon concentrations decrease. This negative effect is
likely caused by recharge from the north-eastern part of the recharge
area with more depleted waters. The calculated noble gas temperatures
of the confined part of the Turonian aquifer agree with recent mean
annual air temperatures of the Tadla basin. Additionally, groundwater
ages indicate Holocene recharge throughout the basin, which allowed
us to obtain a palaeotemperature record for the last ten thousand year.
The radiocarbon data from the research area, which show Holocene
ages but with increasing mean residence times of water along the flow
path confirm the existence of the palaeowater in the Turonian aquifer,
in agreement with Bouchaou et al. (2009). In order to find more pale-
owater and construct better palaeoclimate reconstructions, it is desir-
able to extend the water sampling of the aquifer in the recharge area as
well as in the Tadla basin, along the direction of the flow-path. Simi-
larly, it would be important to reconstruct the paleoclimatic record in
the direction of flow-paths in the area of the Phosphates Plateau (Fig.
1).
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