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Abstract In this paper, we present and discuss 72 samples of
groundwater (borehole, well, and spring), collected over a
period of time of 20 years (i.e., between 1983 and 2004) in
the Figuig aquifer. The chemical and isotopic analyses were
carried out to improve our understanding of the hydrogeo-
chemical processes. Most of the waters sampled consist of
Ca-Mg-HCOj; and Na-K-Cl types. The samples are grouped
according to two factors. Factor 1 shows strong negative load-
ings of EC, Cl-, Na*, Ca®*, Mg®", and NO*", K" with 73.91 %
of'the total variance (TV); factor 2 shows strong positive load-
ings of SO,*~, HCO®~ with TV of 11.02 %. The '*0 and *H
values of well and spring waters are linearly correlated, in a
similar manner to the World Meteoric Water Line (WMWL).
The *C datings indicate that the age of groundwater obtained
using different models ranges between 2495 and 10,696 years.
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Introduction

Water resources are under serious pressure worldwide, and
their efficient management and protection constitute a key
issue for the future (Wildemeersch et al. 2010). This plays a
vital role in the socioeconomic development in arid and semi-
arid regions (Tlili-Zrelli et al. 2013). Understanding the local
hydrogeological system helps manage and protect groundwa-
ter resources (Wildemeersch et al. 2010). The chemical com-
position of groundwaters depends on the available precipita-
tion, bedrock geology, and various geochemical processes,
and their concentrations vary with residence time. Numerous
studies were carried out to evaluate the impact of hydrogeo-
chemical processes on water resources as this is a frequent
objective of hydrogeological research (Abderamane et al.
2013; Kumar et al. 2013; Thivya et al. 2013; Tlili-Zrelli et
al. 2013; Wang et al. 2013; Wildemeersch et al. 2010; Wu et
al. 2013; Zhai et al. 2013).

A very suitable natural laboratory to study these processes
is the Figuig Basin in Eastern Morocco, where the deteriora-
tion of groundwater quantity and quality is significant. This
deterioration is evidenced by the decrease in the water output
of springs, the increase of water salinity, and the contamina-
tion by wastewaters (Jilali 2014a, b; Jilali et al. 2015a). For
this reason, geological and hydrogeological research in the
Figuig region has been the focus of the studies of Jilali et al.
(2015b) and Jilali and Zarhloule (2015). The main objective of
the present work is to improve the understanding of hydro-
geochemical processes in this region. To achieve this objec-
tive, we used stable isotopes (D and '*0), radioactive isotopes
(*H and '*C), and major ion chemistry (K', Na*, Ca**, Mg*",
HCO;, CI', SO4*", NO; ). We have applied various graphi-
cal representations and maps to classify and interpret the geo-
chemical data we have obtained.
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Study area

The Figuig Region study area is located near the Morocco-
Algeria border, in the Eastern High Atlas of Morocco, and is
bound by several mountains (Jbels Grouz, el Haimeur, Mélias,
Zenaga Tarhla, and Sidi Youssef). The most important wadi
(river) is Zouzfana located to the east of the Figuig Oasis. It lies
between latitude 32° 4’ N and 32° 9" N and longitude 1° 20" and
1° 10’ W, and covers an area of about 60 km? (Fig. 1). The climate
of the region is arid, with average rainfall of about 120 mm/year
(Jilali 2014a, b; Jilali and Zarhloule 2015; Jilali et al. 2015c).

Geological and hydrogeological background

The geology of the region is formed by Mesozoic and
Cenozoic formations. The principal Mesozoic sedimentation

occurred in the Triassic and Jurassic (Lias and Dogger). The
Cretaceous (InfraCenomanian) is only present on the
Algerian side of the Morocco-Algeria border, and the region
is covered by Quaternary formations. The stratigraphic se-
quence consists of (1) red-green clays and basaltic tuffs of
Triassic age, (2) Hettengian-Pliensbachian formations of
limestones and dolostones, (3) a Toarcian formation com-
posed of alternating limestones and marls, (4) Aalenian
limestone formations, (5) a Bajocian formation composed
of alternating limestones and marls, followed by a sequence
of limestones, and (6) a Quaternary formation composed of
alluviums, sand, and travertine (Jilali 2014a; Jilali et al.
2015b; Jilali and Zarhloule 2015). This area is very much
fractured and presents two principal fault systems oriented
70° N and 140° N (Fig. 2). A more detailed geological
description can be found in Jilali (2014a). Jilali et al.
(2015b). and lJilali and Zarhloule (2015).
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Fig. 1 Location of the study area
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Fig 2 Geological and hydrogeological map of the study area and
groundwater samples. J.G Jbel Grouz, J.H Jbel el Haimeur, Z.S.4
Zrigat Sidi Abdelkader, 7B Tiniet el Bida, 7 Tachroumt, W.B Wadi

The Figuig Region is a good example of an unconfined mul-
tilayer aquifer (Jilali 2014a; Jilali and Zarhloule 2015). It is
exploited by wells, boreholes, and springs, essentially in the
Quaternary and Dogger layers. The Lias aquifer is exploited
on the mountain of el Haimeur by two boreholes providing table
water supply and by another borehole in Tiniet el Bida, where
the water is used for irrigation. The water flow has two main
directions: from north to south and from north-west to south-east
(Fig. 2). The groundwater level is at a depth of between 10 and
20 m in the south and 40-60 m in the west and north (Jilali
2014a, b; Jilali et al. 2015b; Jilali and Zarhloule 2015).

Methodology
Sample collection and analysis

A total of 72 groundwater samples (F: borehole; P: well and S:
spring) were collected from the study area (Table 1). The

Bouchalikane, W.L Wadi Lakbir, W.T Wadi Tazoukart, J.M Jbel Mélias,
J.Z Jbel Zenaga, J.T Jbel Tarhla, J.S.Y Jbel Sidi Youssef (Jilali 2014; Jilali
et al. 2015; Jilali and Zarhloule 2015). modified

electric conductivity (EC), major ion chemistry (K, Na®,
Ca**, Mg*", HCO5, CI', SO*", NO5), %H, '®0, °H, '*C,
and '°C analyses (vintage 1983 and 2004) were done by the
Hydraulic Basin Agency of Moulouya (HBAM) except for the
1995 vintage data, which were done by Assou (1996). The
methods of analysis used for the major ions were SKALAR
and Rodier (1984). whereas the isotope analysis was per-
formed in the CNESTEN (National Center of Energy
Sciences and Nuclear Techniques of Morocco). The precision
of'the chemical analyses was defined by checking ionic charge
balance. The acceptable error on the ion balance is taken at a
maximum of 10 %.

Statistical analysis & geochemical modeling

The Principal Component Analysis (PCA) multivariate statis-
tical technique was used in our research. This method is a
quantitative and independent approach for the classification
of groundwater samples according to their geochemical
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Table 1  Electrical conductivity (EC in nuS/Cm), concentrations of the main chemical species (in mg/l) and isotopic geochemistry of groundwater
samples collected

Name Year EC Ca®t  Mg> Na' K"  HCO;~ CI' so*, No, 8®0 &H CH ¢ Bc

(uS/em) (mg/l) (mg/) (mg!) (mgl) (mgl) (mgl) (mgh) (mgh) ) (%)  (TU) (PCm) (%o)
F1 Feb 1983 2130 78 4477 380 81 2623 5609 2016 9 - - - - -
F2  Feb 1983 3820 150 8228 620 98 2806 9975  297.6 43 - - - - -
F3  Feb1983 2050 50 33.88 370 9 2739 4615 2304 14 - - - - -
F4  Feb 1983 2260 86 38.72 400 88 2623 56445 2064 12 - - - - -
F5  Feb1983 2010 80 4235 390 77 2684 5538 192 14 - - - - -
F6  Feb 1983 2250 76 41.14 400 73 2501 57155 1968 15 - - - - -
F7  Feb 1983 2280 86 47.19 360 78 3172 5609 1296 6 - - - - -
F8  Feb 1983 2280 88 4356 300 78 305 5822 336 14 - - - - -

P9 Dec 1995 3010 140 363  448.04 7.82 427 745.5 69.6 13.64 - - - - -
P10 Dec 1995 5190 160 72.6 98555 19.55 610 1313.5 480 21.08 - - - - -
P11 Dec 1995 4400 142.6 5324 82455 39.1 549 1153.75 2952 4526 - - - - -
P12 Dec 1995 4620 140 6534 840.65 19.55 610 1331.25 3024 3472 - - - - -
P13 Dec 1995 6270 182 67.76 1216.7  39.1 610 1686.25 513.6 248 - - - - -
P14 Dec 1995 8180 300 1815 1173 3519 793 2041.25 502.56 57.66 — - - - -
P15 Dec 1995 6000 280 1694 690 19.55 488 1686.25 109.92 44.02 - - - - -
P16 Dec 1995 11580 500 314.6 1449 3128 671 33725 469.92 62.62 - - — — -
P17 Dec 1995 6530 200 284.35 786.6 39.1 488 19525  296.16 57.66 — - — — -
P18 Dec 1995 7080 276 323.07 821.1 15.64 488 19525  563.52 5332 - - - - -
P19 Dec 1995 12270 620 3146 14375 58.65 488 3976 9.6 93 - - - - -
P20 Dec 1995 2270 180 12.1 43746 899 366 62125 101.28 39.68 - - - - -
P21 Dec 1995 13100 524 5445 1403 19.55 488 4082.5 45936 70.06 - - - - -

P22 Dec 1995 5010 180 39.33 438.84 1095 366 710 24528 31 - - - - -
P23 Dec 1995 1530 160 2723 19642 547 366 355 96 3782 — - - - -
P24 Dec 1995 5000 360 84.7 6555 19.55 427 1597.5 48 5022 - - - - -

P25 Dec 1995 3500 180 60.5 460 29.33 427 887.5 96 3472 - - - - -
P26 Dec 1995 6350 360 96.8 7475 19.55 488 1775 192 5642 - - - - -
P27 Dec 1995 8890 200 1452 13777 391 305 2516.95 37296 60.76 - - - - -
P28 Dec 1995 6900 200 75.63 11822 1955 610 1739.5 40848 39.68 - - - - -
P29  Dec 1995 5690 140 78.65 1049.95 19.55 488 1526.5  381.12 44.02 - - - - -
P30 Dec 1995 5730 168 79.86 10994 39.1 671 1491 460.8 341 - - - - -
P31 Dec 1995 5970 178 8591 1132.75 391 549 1597.5 55296 4526 - - - - -
P32 Dec 1995 7630 156 87.12 13869 39.1 854 2041.25 21552 1922 - - - - -

F33 Dec 1995 1950 6413 214 370 8 366 488.11 7425 042 - - — — -
F34 Dec 1995 1860 102.6  31.13 284 6.8 2604  503.74 66.73 123 - - - - -
S35 Dec 1995 2230 120 242 32982 7.82 305 5325 108.96 16.74 — - - - -
S36 Dec 1995 2200 100 484 31418 782 366 497 126.72  13.64 — - - - -
S37 Dec 1995 2210 80 363 3243 15.64 366 5325 10.08 1798 — - - - -

S38  Dec 1995 2130 137 6292 22655 587 366 5325 2496 1426 — - - - -
S39  Dec 1995 2200 100 60.5 31694 7.82 366 5325 108 1426 - - - - -
S40  Dec 1995 2240 80 484 322 782 366 5325 46.56 16.74 — - - - -
S41 Dec 1995 2240 120 484 32154 782 366 5325 13488 1674 — - - - -
S42 Dec 1995 2350 100 60.5  338.1 15.64 366 5325 179.04 2294 — - - - -
S43 Dec 1995 2370 100 72.6  339.02 7.82 366 5325 22032 217 - - - - -
S44 Dec 1995 2410 120 484 34086 7.82 427 568 74.4 29.14 - - - - -
S45 Dec 1995 2430 120 363 315.1 782 366 5325 68.64 29.14 - - - - -
S46 Dec 1995 2470 100 484  349.14 1564 366 568 105.6 2356 — - - - -
S47 Dec 1995 2370 100 484 34224 782 366 62125 1488 155
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Table 1 (continued)

Name Year EC Ca®"  Mg” Na' K HCO;~ CI’ so*, No;- §%0 &H ‘H McC e
(uS/em)  (mg/l) (mgl) (mgl) (mg!) (mgl) (mgl) (mgl) (@mgl) (%)  (%o) (TU)  (pCm)  (%o)

S48 Dec 1995 2390 100 484 3243 7.82 305 568 4992 16.12 - — - - —
S49 Dec 1995 2380 100 484  340.86 7.82 366 603.5 32.16 155 - — - - —
S50 Dec 1995 2510 120 363 34592 7.82 366 62125 7.2 1798 - — - - —
S51 Dec 1995 1560 60 363 243.8 7.82 305 355 67.2 1922 - — - - —
S52 Dec 1995 2230 100 60.5 322 15.64 366 532.5 153.12 13.02 - — - - —
S53 Dec 1995 2200 100 484 28934 782 366 532.5 2592 1488 - — - - —
S54 Dec 1995 2530 100 60.5 376.05 23.46 427 621.25 109.44 124 - - - - —
S55 Dec 1995 2240 100 27.23 3542 19.55 366 532.5 136.8 18.6 - - - - -
S56 Dec 1995 2600 80 9.08 492.2 7.82 366 621.25 125.76 1426 - — - - —
S57 Dec 1995 3130 100 60.5 530.84 9.78 366 887.5 99.84 155 - - - - —
S58 Dec 1995 3160 100 84.7  496.8 7.82 427 798.75 19344 16.74 - - - - -
S59 Dec 1995 3390 80 72.6 55223 9.78 366 887.5 152.16 11.16 - - - - -
S60 Dec 1995 2890 120 60.5 346.15 1564 366 621.25 125.76 21.08 - - - - -
S61 Dec 1995 2400 120 48.4  349.6 15.64 366 62125 8496 2046 - - - - -
F62 Mar 2004 2060 96.7 31,1 282 8.23 305 453.16 729 1456 -9.01 —-60.03 1.2 2231 -7.63
F63 Mar 2004 2090 88 30.72 273 7.13 305 447.77  73.7 16.55 -9.12 —60.04 04 2236 —793
Po4 Mar 2004 900 444 374 81 6.22 305 96.61 133.8  13.19 83 -56.16 1.7 - -
S65 Mar 2004 2100 83.9 3095 284 8.43 292.8 450.67 778 15.8 -8.95 —-60.61 14 - -
P66 Mar 2004 460 42.8 1497 31 1.21 274.5 12.06 28 19.6 -8.71 —-57.65 09 33.76 74
S67 Mar 2004 2410 78.5 31.07 287 8.63 292.8 468.31 778 16.57 -9.11 —-6191 1.2 — —
S68 Mar 2004 2330 93.4 33.02 292 8.51 280.6 49798 79.6 20.78 —-9.07 -595 0.3 — —
P69 Mar 2004 2470 101.8 47.75 375 8.73 3233 580.64 136.7 3095 842 5488 29 - —
P70 Mar 2004 5600 200.1 103.59 847 16.54 597.8 1810.37 3122 6925 —-834 —-6133 1 - -
P71 Mar 2004 2940 131 49.53 319 8.68 274.5 60944 1174 4696 -9.05 -62.12 0.9 32.03 —8.07
P72 Mar 2004 2880 117.9 40.2 277 1233 427 358.83 100.2 5395 -9.01 -5994 0.6 - -
From HBAM (1983, 2004) and Assou 1996, 1995

Borshole:February 1983 Table 2 Water type

Well: December 1995

Spring; December 1993 Samples Water type

Well: March 2004
Spring: March 2004

100

Fig. 3 Piper diagram for the major ions for different years

F34, F62, F63, F8, P20, P23, P25, P69,

P72, P9, S35, S36, S41, S44-S50,
S53, 855, S60, S61, S65, S67, and S68

Fl1, F2, F4-F6, P10-P14, P27-P32, P70,

857, and S59
F33, F7, 837, S40, S42, S51, S54, and S56

P22, P24, P26, and P71
$38, $39, and S52

P64

P17, P18, and P21

P15 and P19
S43 and S58

P66
F3
P16
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Na-Cl

Na-CI-HCO3

Na-Ca-Cl
Na-Ca-Mg-CI-HCO4
Na-Mg-Ca-HCO5-SO4-Cl
Na-Mg-Cl

Na-Ca-Mg-Cl
Na-Mg-CI-HCO;
Ca-Na-Mg-HCOs3
Na-Cl-SO4-HCO;
Na-Mg-Ca-Cl
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Table 3 Saturation indices of
Figuig groundwater
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Name SI (anhydrite) SI (aragonite) SI (calcite) SI (dolomite) SI (gypsum)
F1 -1.71 -0.47 -0.32 -0.54 -1.49
F2 -1.41 -0.23 —-0.09 -0.08 -1.19
F3 -1.82 -0.63 —-0.49 -0.8 -1.6
F4 —-1.66 —-0.43 -0.28 -0.56 —1.44
F5 -1.72 —-0.44 -0.3 —-0.53 -1.5
F6 -1.73 -0.5 -0.35 —0.62 -1.51
F7 -1.86 -0.33 -0.18 -0.28 —-1.64
F8 2.4 -0.31 -0.16 -0.28 -2.18
P9 -1.96 -0.01 0.14 0.04 -1.74
P10 -1.26 0.07 0.21 0.43 -1.04
P11 —-1.45 0.02 0.16 0.24 -1.24
P12 -1.47 0.04 0.19 0.39 -1.25
P13 -1.22 0.1 0.24 041 -1
P14 —-1.11 0.39 0.54 1.22 —0.89
P15 -1.71 0.23 0.38 0.9 -1.49
P16 -1.05 0.49 0.63 1.43 —0.83
P17 —1.49 0.05 0.19 0.89 -1.27
P18 -1.12 0.15 0.29 1.01 -0.91
P19 -2.65 0.46 0.6 1.28 —2.44
P20 -1.68 0.04 0.18 —-0.46 —-1.46
P21 -1.12 0.34 0.48 1.35 -0.9
P22 -1.35 0 0.14 —-0.03 -1.13
P23 -1.7 0.02 0.17 —-0.08 -1.48
P24 -1.92 0.31 0.45 0.63 -1.7
P25 -1.77 0.07 0.22 0.31 -1.55
P26 -1.35 0.33 0.48 0.74 -1.13
P27 -1.37 -0.17 -0.02 0.17 -1.15
P28 -1.27 0.15 0.29 0.52 -1.05
P29 -1.41 -0.08 0.07 0.24 -1.19
P30 -1.28 0.12 0.26 0.55 —-1.06
P31 -1.19 0.05 0.19 041 -0.98
P32 -1.67 0.19 0.33 0.77 —-1.45
F33 -2.16 -0.37 -0.22 -0.57 -1.94
F34 -2.02 -0.3 -0.16 -0.49 -1.8
S35 -1.77 -0.19 -0.05 —-0.44 -1.55
S36 -1.8 -0.2 -0.06 -0.08 -1.58
S37 -2.95 -0.26 -0.12 -0.22 -2.73
S38 -2.38 -0.05 0.1 0.21 -2.16
S39 -1.89 -0.2 —-0.06 0.02 -1.67
S40 -2.31 -0.28 -0.13 -0.13 -2.09
S41 -1.71 -0.13 0.01 —-0.02 -1.49
S42 -1.68 -0.22 -0.08 —0.02 —1.46
S43 -1.61 -0.23 —-0.09 0.03 -1.39
S44 -1.97 —-0.06 0.09 0.13 -1.75
S45 -1.98 —0.11 0.03 0.1 -1.76
S46 —1.89 -0.2 —0.06 -0.08 -1.67
S47 -2.72 -0.18 -0.04 -0.04 =25
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Table 3 (continued)

Name SI (anhydrite) SI (aragonite) SI (calcite) SI (dolomite) SI (gypsum)
S48 -2.19 -0.26 -0.12 -0.2 -1.97
S49 -2.39 —-0.19 -0.04 -0.05 -2.17
S50 -2.96 —-0.1 0.04 —-0.08 —2.74
S51 221 —-0.45 -0.3 -0.48 -1.99
S52 -1.74 -0.21 -0.07 -0.01 -1.52
S53 —2.47 -0.18 -0.03 -0.02 -2.25
S54 -1.9 -0.15 —-0.01 0.12 -1.68
S55 -1.76 =02 -0.06 -0.33 —-1.54
S56 -1.88 -0.3 -0.16 -0.91 -1.66
S57 -1.97 -0.24 -0.09 —-0.05 -1.75
S58 -1.72 -0.19 —-0.05 0.19 -1.5
S59 -1.9 -0.34 -0.2 -0.09 —1.68
S60 -1.77 -0.14 0 0.06 —-1.55
S61 -1.92 —0.13 0.02 -0.01 -1.7
F62 -2 -0.26 —0.12 —-0.38 -1.78
F63 -2.03 -0.3 -0.16 -0.42 -1.81
P64 -1.98 —0.55 -041 -0.55 -1.76
S65 -2.03 -0.34 -0.19 -0.47 -1.81
P66 -2.54 -0.53 -0.39 -0.88 -2.32
S67 -2.05 -0.37 -0.22 -0.5 —-1.84
S68 -1.99 -0.32 -0.17 —-0.45 -1.77
P69 -1.78 -0.26 -0.11 -0.2 -1.56
P70 -1.37 0.16 0.3 0.68 -1.15
P71 -1.74 -0.21 -0.07 -0.21 -1.52
P72 -1.82 —-0.05 0.09 0.07 -1.6

characteristics and may simplify and organize large data sets
in order to make useful groupings of similar samples (Kumar
et al. 2013; Tlili-Zrelli et al. 2013; Wu et al. 2013). The
STATISTICA software was used to process the 1995 vintage
data analyses. For this, the analyses of EC, K', Na’, Ca*",
Mg2+, HCO;, CI', SO4>", and NO;~ were used as variables.
To investigate thermodynamic controls of mineral-water inter-
actions, the geochemical modeling software PHREEQC
(Parkhurst and Appelo 1999) was used to calculate the mineral
saturation index (SI).

Results and discussion
Groundwater chemistry
According to Table 1, the EC of groundwater ranges from

1530 to 13,100 uS/Cm. It is low in the western and northern
part of the study area and high in the southern. Figure 3 and

Table 2 show major cations and anions for underlining possi-
ble correlations between host rock lithology and the observed
hydrogeochemical facies. The majority of groundwater sam-
ples as identified using a Piper diagram and the AquaChem
software are Na-Ca-CI-HCO3 (Jurassic carbonates forma-
tions) and Na-K-Cl (Quaternary formations) type waters
(Table 2). The latter water type is probably related to anthro-
pogenic activities (irrigation and wastewater) taking place in
the southern area.

Saturation index

The Saturation Indices (SI) of the minerals calcite, dolomite,
gypsum, aragonite, and anhydrite were calculated using the
PHREEQC code. The results of the modeling are shown in
Table 3. Saturation indices less than zero indicate that the
groundwater is undersaturated with respect to that particular
mineral, those equal to zero that the groundwater is saturated,
whereas a Saturation Index superior to zero indicates a
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Fig. 4 Plots of: Na vs EC, Cl vs Ec and CI vs Na
Table 4 Correlation coefficients of physicochemical parameters
EC Ca Mg Na K HCO3 Cl SO4 NO3
EC 1.00 088 0.84 093 0.76 0.68 098 0.63 0.80
Ca 1.00 0.82 0.72 0.61 0.5l 090 0.38 0.82
Mg 1.00 0.67 050 042 087 050 0.69
Na 1.00 082 0.78 091 0.75 0.68
K 1.00 070  0.75 0.53 0.64
HCO; 1.00 064 062 049
Cl 1.00 0.59 0.80
SO, 1.00 047
NO; 1.00
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Fig. 5 Spatial distribution of the variables in the axes system F1-F2
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Projection of the cases on the factor-plane ( 1x 2)
Cases with sum of cosine square >= 0.00
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Fig. 6 Spatial distribution of the individuals in the axes system F1-F2

supersaturation of the groundwater with respect to that partic-
ular mineral phase, and that the water is incapable of dissolv-
ing more of the mineral (Kortatsi 2006). The calculated SI
values for gypsum, anhydrite, and for most of the dolomite
were less than zero (Table 3), indicating the undersaturation of
groundwater in these minerals, which is in good agreement
with the inferred dissolution of gypsum (Zhai et al. 2013). In
contrast, the SI of calcite and aragonite (CaCO3) indicated that
the groundwater was supersaturated with these carbonate min-
erals, a fact corroborated by the presence of calcareous rocks.

Projection of the cases on the factor-plane ( 1x 2)
Cases with sum of cosine square >= 0.00
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Fig. 7 Zoom of the spatial distribution of the individuals in the axes
system F1-F2

The plots of CI” and Na" ions with EC show that the chlo-
ride and sodium were strongly correlated with EC with R*=
0.973 and 0.868, respectively (Fig. 4). These indicate that
groundwater salinities were mainly controlled by these ions.
Thus, a plot of chloride versus sodium shows a high correla-
tion coefficient of 0.837 (Fig. 4) indicating that these ions
have the same origin, which can be (1) the dissolution of halite
present in the sedimentary rocks and (2) the derivation from
saline surface deposits.

PCA

The variables for PCA were EC, K*, Na*, Ca®", Mg2+,
HCO; ", CI', SO4*, and NO; (Table 4). Two independent
factors were extracted, which explained 84.93 % of the total
variation (TV). The first one (F1) was responsible for 73.91 %
of TV and was represented by EC, K*, Na*, Ca®*, Mg**, CI,
and NOj; . The second factor (F2) explained 11.02 % of the
TV and was mainly represented by HCO;~ and SO4* . The
spatial distribution of the variables and individuals in the sys-
tems F1-F2 (Figs. 5, 6, and 7) shows the presence of three
groups of waters. Group 1 corresponds to the waters of springs
originating in the fault hosted by Upper Bajocian limestone
formations. Group 2 corresponds to the waters of wells and
boreholes situated in the irrigation zone, where agricultural
activities take place (palm trees), hosted by quaternary alluvial
formations in the south. Finally, group 3, in the north, charac-
terizes the waters of wells located in Lower Bajocian and
Liassic beds, consisting of alternating limestones, marls, and
other carbonates.

80 and *H stable isotopes

The isotopes *H and 80 are excellent tracers, which can be
used to determine the origin of groundwater and are widely
used to study the circulation of natural water and groundwater
movement (Vasanthavigar et al. 2013). The isotope composi-
tions of well and spring waters that we obtained are plotted in
Fig. 8. The WMWL is 6D=8 §'0+10%o (Craig 1961). The
relationship between 5D and §'®0 in groundwater samples
suggests that the chemical composition was significantly
modified by evaporation.

The 5'%0 and 8D values are in the range of —9.12 to —8.3
and —62.12 to —54.88%o, respectively. The 5'%0 value de-
creases from north to south (high to low altitude). The linear
correlation between §'*0 and 6D of 1988 (Assou 1996) is
similar to that of 2004. The regional altitude isotopic gradient
of the Figuig oasis is estimated to be —0.9 %o per 100 m from
samples collected in springs and wells, at different altitudes
ranging from 856 to 941 m (Fig. 9). The low value of '*0
suggests that the paleo-recharge is of Holocene age.
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Fig. 8 5'30-5D diagram of
groundwater
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Conclusions

13C, 14C, and *H geochemistry

The '*C, '*C, and *H values measured are in the ranges of
—8.07 to —7.4%o, 22.31 to 33.76 pCm and 0.3 to 2.9 TU,
respectively (Table 1). The different models used to estimate
the age of groundwater (Eichinger 1983; Fontes and Garnier
1979; Ingerson and Pearson 1964) yield ages ranging between
2495 and 10,696 years (Holocene), see Table 5. These are in
good agreement with the low values of '®0 and *H.

Fig. 9 Altitude isotopic gradient 92 7

of the Figuig oasis
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Water scarcity and degradation are significant problems in the
Figuig oasis. Our research has identified two major types of
groundwater chemistry: Na-Ca-Cl-HCO; and Na-CI domi-
nant. The EC of groundwater is low in the western and north-
ern part of the study area and high in the southern part. We
interpret the origin of salinity to be partly linked to the lithol-
ogy of the geological formations and, to a lesser extent, to the
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Table 5 Mean residence time of the water based on different models

Model Name

F62 F63 P66 P71
Age (Ingerson and Pearson 1964) 7906 7664 3748 4400
Age (Eichinger 1983) 6444 6715 2495 3442
Age (Fontes and Garnier 1979) 9817 10,696 6943 8730

irrigation/evaporation processes in the palm groves.
Multivariate statistical analysis carried out using PCA of ma-
jor hydrochemical ions has identified two major geochemical
processes with 84.93 % of TV. The relationship of “H and %0
shows that the initial isotopic composition has been modified
by the evaporation processes during local water infiltration.
Finally, we have been able to constrain the age of the ground-
water as ranging from 2495 to 10,696 years. Our findings are
important, as they provide the basis for a much better under-
standing and, therefore, much better management of the vital
water resources of the Figuig aquifer.
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