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Abstract: The hydrogeological system of the Goda Mountains Range (GMR) in the Republic of Djibouti
(Horn of Africa), hosted by volcanic and sedimentary formations, is the only water resource in the
Tadjourah region for more than 85,000 inhabitants. Water needs are expected to drastically increase in
the coming years, due to fast socio-economic development of the region. Accordingly, this system
is under high pressure and should sustainably be exploited. However, little is known about the
hydrogeology of this system. This study aims to improve the understanding of the hydrochemistry and
the recharge processes of this system. The study is based on the combined interpretation of major ions,
stable isotopes (80, ?H), and radiogenic isotopes (*H, *C). The interpretation of major ions contents
using classical hydrochemical methods and principal component analysis highlighted that alteration
of volcanic rocks minerals, coastal rainfall infiltration, and evaporation are the main processes from
which groundwater acquires mineralization. Stable isotopes revealed that groundwater is of meteoric
origin and has undergone high evaporation during infiltration. Radiogenic isotopes showed that
groundwater in the basalts is mostly submodern to old, in relation with low hydraulic conductivity of
the rocks and/or longer pathways through fissures from outcrop to subsurface. Groundwater in the
rhyolites is much younger compared to the basalts due to faster infiltration. The sedimentary part,
in connection with the rhyolites, has younger waters compared to the basalts, but older compared
to the rhyolites. The overall results show that GMR is a fairly complex hydrogeological system,
containing a resource made up of a mixture of waters of different ages. This study has made significant
progress in understanding this system and is an initial step towards the sustainable exploitation
of resources.

Keywords: volcanic roks; basalts; rhyolites; Goda Mountains Range; Tadjourah region; Djibouti;
hydrochemistry; isotopes; groundwater dating; recharge

1. Introduction

The Republic of Djibouti, located in the Horn of Africa, is facing precipitation scarcity and recurrent
drought due to predominantly arid climate in East Africa. River flows are intermittent and therefore
groundwater remains the unique water supply for the entire country. In addition to the climatic stress,
the intensive exploitation caused by the fast growing of the population and of the socio-economic
context leads to overexploitation and deterioration of the groundwater resource. The Goda Mountains
Range (GMR), where this study is undertaken, is situated in the western part of the Tadjourah region
and constitutes the only water resource [1] for all purposes (drinking, agriculture) for more than
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85,000 inhabitants. The hydrogeological system of the GMR is hosted by the Dalha basalts, the Mablas
rhyolites, and sedimentary formations. Until now, the scarcity of data and the lack of consistent and
complete studies regarding hydrologeology hindered an accurate understanding of the functioning of
this aquifer system.

The purpose of the present study is thus to improve the understanding of hydrogeological
features of this system. The specific objectives are (1) to determine the main geochemical processes
governing groundwater mineralization, (2) to assess the groundwater residence time using stable
(*H and '80) and radiogenic (*H and '*C) isotopes data. This approach, combining major ions
composition investigations with isotopes proved effective in analyzing complex hydrogeological
systems [2-7]. Along the flow-path of groundwater from the atmosphere to and into the aquifer,
the water composition varies spatially due to the mineral dissolution or precipitation, evaporation,
ions-exchange, or oxidation-reduction reactions depending on the residence time of water, permeability
of the aquifer, and climate conditions [8]. Several hydrogeochemical studies have demonstrated the
efficiency of the use of the conventional graphical methods and the analysis of the equivalent molar ratios
of the major ions to identify the mineralization processes and evolution [2,9-14]. Multivariate statistical
analyses may complete the previous methods and enhance the evaluation of the different mechanisms
by which the groundwater gains its mineralization [15-21]. Together with the hydrogeochemical
investigations, the understanding and the localization of the groundwater preferential recharge
area is also important to complete the knowledge on the aquifer system functioning for sustainable
groundwater resource management [7,22-25].

The stable isotopes of hydrogen and oxygen are the intrinsic elements of water and their
contents in groundwater have been widely used to identify the origin of the water and its movement.
The dominant atmospheric conditions, the changes of phase, and the mixing of the recharge
water with existing groundwater of different origins are the main processes which affect the
isotopic signal of groundwater. Otherwise, the isotopic signals of hydrogen and oxygen remain
constant and are both invaluable to identifying where the recharge could possibly occur [26,27].
The radiogenic isotopes of hydrogen (tritium 3H) and carbon (14C), are also used to discuss the
residence time of the groundwater. Tritium constitutes a valuable approach to trace recharge from
recent precipitation [23,24,28]. Applying the methods described above (hydrogeochemistry, isotopes,
mineralization processes, recharge area delimitation), the overall objective of this study is to enhance the
understanding of the GMR aquifer system, in order to envisage forthcoming sustainable management
of this vital resource, within a semi-arid climatological context.

2. Geological, Geomorphological, and Hydrogeological Setting

The area of interest extends over 3000 km? in Goda Mountains Range (GMR) in the Tadjourah
region, Republic of Djibouti (Figure 1). The GMR is located in the southern part of the Danakil
bloc (northeast of Afar Depression) which mainly consists of Precambrian rocks [29] and volcanic
formations spreading in its south-east part. The main geological events in the Republic of Djibouti
relate to the tectono-volcanic history of the Afar depression, at the meeting of three extensive rift
systems, which started 30 My ago: the opening of the Red Sea (29.9-28.7 Ma) [19] and of the Gulf of
Aden (17.5 Ma) [20,21] and the third continental rift known as East Africa rift (20.5 Ma) [22]. The Afar
depression is limited on its north-eastern side by the Danakil block, a ridge about 500 km long, 100 km
wide, and on average 400 m high which consists of Precambrian basement rocks overlain by volcanic
materials poured out from Oligocene to the last million years ago [30-32]. Over the study area there
are two main volcanic series outcropping (Figure 2): (i) on the central part of the GMR hillslope,
the Mablas series which trends to N-S direction (direction of Red sea opening), mostly consists of
rhyolites, ignimbrites, and tuff from 20 to 10 Myj; (ii) the Dalha series which consists of basalts with age
from 8 to 3 My covers horizontally at the west side of the Mablas series. In addition, on the eastern
coastal part, the Mablas series is covered by Pliocene sediments resulting from the erosion of the
GMR. None of the wells drilled over the study area reached the bottom of the Mablas series and the
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maximum thickness crossed was around 320 m. The Dalha series consists of a sequence of basalt piles
locally reaching more than 800 m thick. The piles are separated by scoria, sediments, and ignimbrites
reflecting the different episodes of basalt floods.
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Figure 1. Location of the study area and pluviometry.

This series presents numerous apparent fractures and faults, mainly in the 160° N direction [33,34].
The sediments fill coastal plains with a mean thickness of 300 m, and mainly consist of the erosion
products of both Mablas and Dalha series forming sands, clays, and conglomerates. In the study area,
the GMR peaks at 1800 m at Day hills and dips toward the east to the Gulf of Tadjourah and towards
the south to Asal lake (—155 m/sea level) (Figure 2). Three main geomorphological entities match
with the geological formations outcrops: (i) the Dalha series forms a plateau landscape, with some
uplifted units (100 m high escarpment cliffs) and narrow valleys along tectonic lineaments; (ii) the
Mablas series corresponds to the eastern hillslope of the GMR with a steep slope (>20°) and several
marked valleys; and (iii) the sediments are related to a flat landscape with large spreading features at
the outlet of the mountain valleys. The precipitation is sporadic and related to thunderstorm events.
The hydrogeological system of the GMR includes three interconnected aquifers corresponding each to
a given geological formation. From upstream to downstream, we find the basalts aquifer, the rhyolites
aquifer, and the sedimentary aquifer ending at the sea.

The mean annual rainfall ranges from 350 mm at the top of hill to 150 mm in the coastal area
(Figure 2). Annual rainfall displays high variablility with years of drought followed by extreme rain



Water 2020, 12, 2004 40f22

events. These extreme pluviometric events in fact represent very favorable episodes to the recharge of
aquifers in such arid contexts [35-38]
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Figure 2. Geological map of the study area. Basemap extracted from the Geological map of Djibouti [39].

The mean annual temperature in the city of Tadjourah is about 29 °C and the minimum potential
evapotranspiration is estimated to be 1500 mm year~! in the GMR. This arid climatic condition does
not allow any development of the vegetal cover, except on the eastern hillslope of the GMR where
the largest Primary forest of the country still exists (Day forest, 900 ha) (Figure 2). Surface flows are
temporary and occur in the main valleys only after storm events. In addition, several springs emerge
from fractures or from the Dalha-Mablas interface. Water supply for rural population and livestock
thus comes from shallow wells in the GMR valleys and some deeper boreholes in the Dalha series.
In the coastal area, some boreholes exploit the sedimentary basin, for water supply of Tadjourah city.

3. Materials and Methods

A list of 43 water points was sampled in the study area, located in the Mablas series (13 water
points), in the Dalha series (21), and in the sedimentary unit (9) (Figure 2). These water points
correspond to 13 deep boreholes (depth > 50 m), 21 shallow wells (depth < 30 m), and nine springs.
Water temperature, pH, and electrical conductivity (EC) were measured in-situ with a multi-parameters
device (Multi 340i). Water was sampled in polyethylene flacons of 500 mL, previously washed with
nitric acid at 10% and rinsed with deionized ultra-pure water. For boreholes and wells, the water was
collected after 1 h of pumping in order to clear out the stored water. All samples were analyzed in the
Laboratory of Geochemistry of CERD (Centre d’Etudes et de Recherche de Djibouti, National Research
Center of Djibouti) for major ions with ion chromatography (model ICS Dionex300). Each collected
sample was filtered through 0.45 pym membrane filters to avoid the suspended particles and the flacons
filled for cations analysis were acidified with 1 M HCL. The bicarbonate ion (HCO3™) was determined
by titration with 0.1 M HCI and the silica content was determined by spectrophotometry (Model
Jenway 6300). The geochemical data are provided in Table 1. All samples were checked for accuracy
by evaluating their Charge Balance Error (CBE) [40] given by Equation (1):

Y. cations — } anions

Charge Balance Error (CBE %) = T cations T anions

100 (1)
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Table 1. Physico-chemical data. S: spring, B: borehole, W: shallow well, Bas: basalts, Rhy: rhyolite, Sedim: sedimentary, CA: chloro-alcaline index, P.L: piezometric level.

Rock

Depth

P.L.

Ca2+

Mg+

Na*

K+

HCO;~

Cl-

SO42

NO3-

Br-

SiO,

TDS

WaterPoint  ID Type o, Xm) Y ¢ 'm0 m T usem PH O gl mgl mgL mgL mgl mgL mgL mgl mgL mgL mgL CAl  CA2
Randa_S 1 S Bas 244,393 1,311,069 971 - - 19 720 7.2 79.2 21 58.4 1.1 211.2 102.1 315 45.6 0.49 40.7 551 0.42 0.18
Bolli 2 B Bas 240,731 1,316,866 950 151 820 26.7 2397 7.48 139.9 88.4 200.7 5.3 338.9 408.6 123.3 167.3 2.33 79.5 1477 0.5 0.44
Magaleh 3 w Bas 245,340 1,315,551 960 11 - 23 1518 74 110.7 53.8 2779 4 366.4 356.6 186.2 83.6 1.59 84.5 1443 0.21 0.14
Essalou 4 B Bas 243960 1322771 980 150 - 25 1762 723 1585 605 95 16 4058 2389 906 1518 165 636 1212 06 029
Adaylou_P 5 W Bas 254,333 1,322,962 1030 14 - 25.1 1708 7.46 100.5 499 175.1 3.1 319 259.2 96.2 67.2 1.25 60.8 1075 0.31 0.2
Adaylou_F 6 B Bas 254,277 1,323,430 1027 102 971 27 1857 7.86 1129 16.2 236.1 6.9 132.8 377.8 119.8 60 1.66 37.4 1068 0.36 0.53
Randa_F 7 B Bas 244,454 1,311,124 910 111 871 25.5 1029 7.6 66 27.6 99.9 4.1 238.1 129.4 44.5 67.5 0.69 62.2 681 0.2 0.09
Marra 8 w Bas 237,136 1,294,913 866 - - 31.2 1102 7.84 59 23 125 2.9 161.2 161 78.4 88.6 0.81 53.7 756 0.21 0.14
Towele F 9 B Bas 238666 1294400 885 60 859 35 2313 761 1345 399 3761 103 1634 4298 4018 482 139 395 1607 01 008
Raissa P 10 W Bas 235200 1287079 380 5 377 3 147 767 995 339 159 57 2149 243 1053 573 108 485 926 032 024
Sagallow.F 11 B Bas 251301 1292382 70 120 - 368 1625 806 631 272 2291 3 2155 2863 953 537 109 771 1006 019  0.17
Gerenle2 12 W  Bas 238693 1296061 1080 10 1070 28 1232 756 308 235 1652 28 250 1616 674 534 08 111 759  -0.04 —0.02
Nghoubet 13 B Bas 246547 1287646 123 183 - 471 1219 77 362 143 1856 65 1504 2397 99 434 075 42 777 02 019
Gerenlé.S 14 S  Bas 238800 1296117 1080 - ; 26 105 769 408 166 1324 23 1628 1288 522 547 071 212 592  -005 003
Wagile 15 % Bas 243,709 1,299,487 1275 3 - 22 582 7.4 71.3 32.1 359 14 254.7 74.6 22.6 40.1 0.48 32.7 534 0.5 0.13
Hankata 16 % Bas 250,710 1,296,349 278 6 276 26.5 1100 7.37 90.5 49 232 2.3 400.9 455 26.5 18.6 0.19 97.6 657 0.44 0.05
Gade 17 W Bas 250,214 1,295,180 270 - - 254 785 75 67.8 29.3 50.2 1.7 325.2 524 239 30.7 0.20 56.5 584 0.01 0
Masolay 18 S Bas 248,572 1,297,829 550 - - 222 942 7.51 95.8 33.6 52.1 14 378.6 83 55.9 32.3 0.31 45.1 734 0.36 0.07
Wea 19 w Bas 247,740 1,293,484 372 - - 249 867 75 43.8 30.4 73.9 2.6 2629 97.1 258 60 0.39 1189 598 0.21 0.07
Ttki 20 B Bas 238,927 1,300,357 1459 252 1331 33 1077 7.8 69.6 29.3 105.4 3.8 131.1 96.9 101 184.1 0.83 447 723 -0.13  -0.05
Tllalou 21 S Bas 242,628 1,295,841 887 - - 24.2 1251 7.7 83.6 494 127.9 5.3 400.2 151.3 56.2 60 0.69 64.2 937 0.12 0.04
Amiso af 22 w Rhy 249,843 1,309,524 590 11 588 26 975 7.7 64.4 284 83.7 21 283.3 91.2 65.4 73.7 0.49 68.2 694 0.06 0.02
Boboaf 23 B Rhy 251972 1309060 610 60 - 267 988 8206 619 271 781 38 2875 8 697 733 129 596 687 0 0
Akasbar 24 W  Rhy 252980 1309122 480 3 . 254 102 760 781 276 1023 79 2586 1902 461 59 076 637 719 042 026
Afflloyna 25 W Rhy 254607 1309449 460 7 458 259 9167 773 657 231 724 45 3175 99 232 193 035 59 626 022 006
DaimoliS 26 S  Rhy 270952 1312924 376 - S 248 2041 783 671 455 2171 113 2665 373 1122 424 161 803 1140 039 038
Ayri 27 W Rhy 264676 1326902 85 8 853 24 2246 779 689 512 2728 36 4171 312 2815 98 292 872 1422 011 005
Garassou P 28 W  Rhy 251879 1312230 702 9 695 226 1000 739 1041 352 539 09 3847 71 301 647 026 776 746 023  0.04
Biladita ~ 29 W  Rhy 247909 1308228 623 3 62 243 1036 771 8 28 936 61 3267 1712 391 356 057 1061 787 042 02
Oundaela 30 W  Rhy 247462 1307852 636 5 632 246 87 736 965 232 568 32 3151 89 229 219 031 50 623 028 007
Bankoualéh 31 S Rhy 246,030 1,307,794 722 - - 22 840.5 7.69 72.8 26 659 7.2 376.2 35.4 22.6 325 0.64 64.7 642 -1.06 -0.09
Dugum 32 w Rhy 254,044 1,304,711 331 8 325 27 1214 7.8 120 33 95.3 3 357.2 209 713 41.6 0.76 72.5 932 0.53 0.26
Weer 33 S Rhy 249,148 1,304,548 611 - - 21 609.5 7.24 55.1 11.8 427 5.7 128.2 934 248 74 0.32 77.5 370 0.48 0.29
Tooha 34 S Rhy 249,246 1,302,815 609 - - 19.5 719 7.85 70.7 185 41.7 34 307.8 60.8 189 24 0.28 46.7 547 0.26 0.05
Nouro ela 35 W Sed 252,847 1,291,488 18 12 8 29.8 1223 7.31 74.2 46.3 91 3 270.2 198.7 39.5 53.2 0.70 1141 778 0.53 0.34
Andali 36 W Sed 258716 1300405 10 9 1 305 1905 753 704 409 2308 33 2931 3186 1424 248 106 826 1128 027  0.19
PK-9 37 B Sed 261069 1303387 115 135 5 29 746 781 458 123 631 26 1649 702 446 186 001 50 423 006 002
PK67 38 B Sed 266261 1305337 85 132 8 281 1435 754 61 365 1761 7 2687 2017 1054 736 081 756 93 009 005
PK6-6 39 B Sed 266,264 1,305,078 82 101 5 27.7 1447 7.67 62.4 38 149.8 4.8 180.7 198.7 104.2 79.8 0.77 60.4 821 0.22 0.15
AmbaboF 40 B Sed 262279 130184 30 60 S 92 423 751 317 166 2537 26 3068 2183 677 167 070 412 916  -017 0.
Kalaf 41 W Sed 259598 1300919 11 11 1 2 149 79 41 157 2294 31 3402 2202 822 258 066 758 959 006 003
Chehemela 42 W  Sed 253150 1291638 20 12 8 271 872 759 62 3 619 18 2198 1263 435 959 063 725 650 05 024
ldeyta 43 W  Sed 237601 1292797 681 9 681 307 2470 71 99 943 3513 57 2638 5453 2909 75 296 448 1730 035 034
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All samples have a CBE within +6%.

Isotopes data are given in Tables 2 and 3.

Table 2. Data of water stable and radiogenic isotopes.

6 of 22

Stable isotopes (?H, '80) analyses (18 samples)
were performed at the Laboratory of Geoscience of Paris-Sud University (France). Their values
were determined with an error of +0.01%0. VSMOW (Vienna Standard Mean Ocean Water).
Radiogenic isotopes analyses (18 samples for 3H; 15 samples for *C) were performed at the
Environmental Isotope Laboratory of University of Waterloo (Canada). The activity of C were
measured by AMS and the results are expressed as percentage of modern carbon (pMC) with an
average error of +0.39 pMC. Tritium content was investigated until the limit of 0.8 TU (Tritium Unit).

Sample D Water Point  Rock Type 680 V-SMOW  §°H V-SMOW  3H (TU)
Nghoubet 13 Borehole Basalts -0.98 -0.5 <0.8 £0.32
Masolay 18 Spring Basalts -1.16 1.18 <0.8 £0.30
Randa 1 Spring Basalts -0.9 -0.88 <0.8 +0.34
Boli 2 Borehole Basalts -0.95 —2.44 <0.8 £ 0.34
Ttki 20 Borehole Basalts -2.3 -8.96 <0.8 £0.32
Illalou 21 Spring Basalts 0.06 3.38 <0.8 = 0.35
Randaf 7 Borehole Basalts -0.69 0.81 <0.8 £ 0.32
Adailou 6 Borehole Basalts -1.32 -7.66 <0.8 £0.36
Towele 9 Borehole Basalts -2.28 -9.9 <0.8 £0.32
Garassou 28 Well Basalts -0.11 2.54 <0.8 £ 0.34
Bobo af 23 Borehole Rhyolites —0.64 —-0.93 <0.8 +0.37
Weer 33 Spring Rhyolites -1.13 1.85 <0.8 +0.31
Daimoli 26 Spring Rhyolites -1.57 -6.25 <0.8+£0.35
Tooha 34 Spring Rhyolites —-0.96 2.01 <0.8 +0.32
Bankoualé 31 Spring Rhyolites -1.09 —0.38 <0.8 +0.31
PK6-6 39 Borehole Sedimentary -1 -2.53 1.0 £ 0.38
PK9 37 Borehole Sedimentary -1.14 -0.19 <0.8 +0.33
Chehem 42 Well Sedimentary -1.2 -1.46 <0.8 +0.33
Table 3. Data of radiocarbon 4C.
Samples ID  Water Point Rock Type 4C (pMCQ) (%) Apparent Age Classification
Relative to 2015 (y)
Nghoubet 13 Borehole Basalts 64.43 3531 Old
Magaleh 3 Borehole Basalts 100.71 Modern Modern
S_Randa 1 Spring Basalts 94.3 471 Submodern
Bolli 2 Borehole Basalts 98.03 160 Submodern
Itki 20 Borehole Basalts 85.85 1225 Old
Day 44 Borehole Basalts 80.61 1731 Old
Randa 7 Borehole Basalts 93.68 525 Submodern
Adaylou 6 Borehole Basalts 85.9 1221 Old
Towele 9 Borehole Basalts 73.36 2488 Old
Hallu 45 Borehole Basalts 16.66 14,395 Old
Amiso 22 Borehole Rhyolites 101.75 Modern Modern
Daimoli 26 Spring Rhyolites 92.46 630 Submodern
Toha 34 Spring Rhyolites 98.03 160 Submodern
Pk6-6 39 Borehole Sedimentary 89.81 864 Submodern
PK9 37 Borehole Sedimentary 87.59 1065 Old
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4. Results and Discussion
4.1. Statistical Analysis

4.1.1. Descriptive Statistics

Descriptive statistics of the variables are given in Table 4. Electrical conductivity (EC) varies
between 582 and 2470 uS/cm with an average value of 1283 pS/cm and a standard deviation of
497 uS/cm. The variation coefficient amounts to 39% showing that EC values are not much variable
at the scale of the whole system. We can however note a spatial differentiation according to the type
of rock. Saline waters showing higher electrical conductivity values are found in the sedimentary
aquifer (average: 1443 uS/cm). Waters with lower electrical conductivity are located in the central
rhyolites aquifer (average: 1124 uS/cm), while the upstream basalts aquifer, contains slightly saline
water (average: 1313 uS/cm). pH is a parameter which distribution remains almost homogeneous
throughout the massif. Average values of pH range between 7.6 and 7.7 for the whole system.

Table 4. Descriptive statistics of hydrochemical data. GMR: Goda Mountains Range. SD: standard
deviation. CV: coefficient of variation. All chemical variables are expressed in mg/L.

T°C ECpS/em pH Ca** Mg** Nat K*' HCO;- CI- SO~ NO;~ Br- SiO, TDS

Average 26.9 1283 76 77 34 136 4 275 188 85 55 1 63 860
GMR SD 49 497 02 29 18 88 2 83 120 78 39 1 23 315
system CV (%) 18 39 3 37 52 64 58 30 64 92 70 75 36 37
Minimum 19.0 582 71 31 12 23 1 128 35 19 6 0 11 370
Maximum 47.1 2470 82 159 94 376 11 417 545 402 184 3 119 1730
Average 27.9 1313 76 84 36 142 4 261 196 91 70 1 56 890
SD 6.3 491 02 35 18 88 2 95 120 82 44 1 25 321
Basalts CV (%) 22 37 3 42 50 62 61 36 61 91 63 60 45 36
Minimum 19.0 582 72 31 14 23 1 131 46 23 19 0 11 534
Maximum 47.1 2397 81 159 88 376 10 406 430 402 184 2 119 1607
Average 241 1124 77 78 29 98 5 310 144 64 35 1 70 764
SD 2.3 484 02 19 10 69 3 72 103 71 24 1 16 270
Rhyolites CV (%) 9 43 3 24 36 70 58 23 71 111 68 93 23 35
Minimum 19.5 610 72 55 12 42 1 128 35 19 6 0 47 370
Maximum 27.0 2246 82 120 51 273 11 417 373 282 74 3 106 1422
Average 28.7 1442 76 61 37 179 4 256 233 102 51 1 69 926
SD 1.6 521 02 20 25 98 2 58 135 79 31 1 23 362
Sedimentary CV (%) 6 36 3 33 66 55 45 23 58 77 59 88 33 39
Minimum 26.0 746 71 32 12 62 2 165 70 40 17 0 41 423
Maximum 30.7 2470 79 99 94 351 7 340 545 291 96 3 114 1730

The groundwater temperature varies between 19 and 47 °C, with an average of 27 °C. The maximum
temperature is quite high (47 °C) and was recorded at Ngoubeth well. We note that the groundwater
temperature exceeds 30 °C in six wells. High groundwater temperature has been observed in other
aquifers in Djibouti, the Gulf basalts aquifer [41], the SW Dalha basalts aquifer [10]. These high
temperatures have been associated with the geodynamic context of Djibouti and possible heat sources.
In the case of GMR, the stable isotopes of Ngoubet well (130 = 3.5%o and 2H = 15%.) show that these
are meteoric waters, which excludes the hypothesis of thermal water rise. Additional data will be
needed (including deep drilling) to explore this question further.

Bicarbonate ion (HCO;™) is the dominant anion, followed by chloride (CI™) and sulphate (50427
in the whole system and within each rock type. HCO3™ concentration ranges between 128 and 417 mg/L.
Its average concentration is higher in rhyolites (310 mg/L), than in basalts (261 mg/L) and sedimentary
rocks (256 mg/L). Chloride is the second dominant anion and its concentration ranges from 35 to
545 mg/L. The highest concentration of this ion is found in the sedimentary rocks (average: 233 mg/L)
and the lowest in the rhyolites (average: 144 mg/L). In the basalts, the average concentration is 196 mg/L.
The sulfate ion (SO427) concentration varies between 19 and 402 mg/L. The water samples with high
sulphate levels are mainly clustered in the downstream sedimentary aquifer (average: 102 mg/L).
Average value in the basalts is 91 mg/L and in the rhyolites 64 mg/L.
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Nitrate (NO3~) concentrations range between 6 and 184 mg/L in this mountainous aquifer.
Three out of 13 rhyolites waters (about 23%) show values above the WHO-admitted nominal level of
50 mg/L. In basalts, 14 out of 21 waters (67%) exceeds this limit and in the sedimentary aquifer, five out of
nine waters (about 56%). In low-populated arid climate areas with low agricultural activity, high nitrate
concentrations are not well elucidated [42-45]. Given the significant depths of boreholes (100-250 m)
where such high concentrations are found, anthropogenic pollution is unlikely, as agricultural activities
using chemical fertilizers are for the time being not significant. Population density remains low in the
Goda massif and there are no large-scale sewers or septic tanks. High nitrate concentrations in arid
environment without significant agriculture have been associated to the degradation of organic matter
in groundwaters. Indeed, some plants such as Acacias, which are widespread on the Goda massif and
have a high nitrogen fixation capacity and whose roots can go down to significant depths (more than
40 m) could be the cause of nitrate concentration excess in deep boreholes [44,46].

Sodium ion (Na*) is the dominant cation in the massif. Its values range between 23 and 376 mg/L,
with an average of 136 mg/L. High concentrations are found in the sedimentary rocks (average:
179 mg/L) and in the basalts (average: 142 mg/L). The average value is significantly low in the
rhyolites (98 mg/L). The concentration of calcium (Ca®*) in basaltic and rhyolitic waters remains
comparable (average: 84 and 78 mg/L) and decreases towards the sedimentary aquifer (average:
61 mg/L). Magnesium (Mg?") is the third dominant cation with comparable average values within the
three rock types (basalts: 36 mg/L, rhyolites: 29 mg/L, sedimentary: 37 mg/L). With the exception of a
few water points in the volcanic formations with potassium (K*) content above 10 mg/L, the overall
concentration of K* is lower than 4 mg/L. Average TDS (Total Dissolved Solids) for the whole GMR
system is 860 mg/L. High TDS is found in the sedimentary rocks (average: 926 mg/L) and low TDS in
the rhyolites (average: 764 mg/L). Statistical analysis of the ions content in the groundwater enables
to conclude that diluted waters presenting low mineralization are located in the rhyolitic formation
compared to the waters extracted from adjacent basaltic and sedimentary geological formations.

4.1.2. Correlation Matrix

The correlation matrix between all hydrochemical parameters is provided in Table 5.

Table 5. Correlations matrix between physico-chemical variables (1 = 43). Significant coefficients at 1%
level (R > 0.39) are in bold.

T EC pH Ca** Mg?>* Na* K' HCO;~ ClI- SO42- NO;~ Br- SiO; TDS

T 1
EC 0.33 1

pH 025 —0.02 1

Ca%t  -0.15 044 -031 1

MgZ* -002 067 —042 0.6 1

Na* 044 087 007 015 039 1

K* 025 046 022 013 012 047 1

HCO;~ -046 01 -017 035 042 -0.11 —0.24 1

Cl- 037 093 -007 04 0.6 0.9 051 —0.07 1

SO,2~ 037 081 001 036 0.5 086 044 -008 0.81 1

NO;~ 017 026 -006 038 046 009 -007 -011 022 0.15 1

Br~ 017 087 —002 04 0.7 074 035 0.1 084 076 035 1

Si0, -014 008 -006 0.1 028 —-009 003 039 003 -008 -003 003 1
TDS 025 094 01 055 074 086 039 022 092 0.8 031 087 009 1

As the dataset size is n = 43, the correlation coefficient R is significant at a level of 1%, if its value
is 20.39. At a level of 0.1%, R is significant if its value is >0.48 [47]. Several relevant hydrochemical
relationships (R > 0.39), shown by values highlighted in bold, can accordingly be distinguished
in Table 5. Electrical conductivity (EC) is significantly and highly correlated with CI~ (R = 0.93),
SO4%~ (R = 0.81), Na* (R = 0.87), Ca®* (R = 0.44), and Mg?* (R = 0.67), indicating that these elements
are decisive in the mineralization of groundwater. High correlations (R > 0.81) are found between Na*,
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Cl7, and SO42_ (Na-Cl R = 0.90; Na-504 R = 0.86; CI-504 R = 0.81), which may indicate a common
source for these elements. HCOj3;~, which is the dominant anion, is not correlated with EC (R = 0.10).
The high correlation of Ca** and Mg?*, and the absence of correlation of HCO3~ with EC suggests that
Ca?* and Mg?* are important factors in controlling groundwater concentration, highlighting these
elements as indicators of the importance of calcic/magnesic minerals alteration. Concentrations of Ca*
and Mg2+ are effectively well correlated with each other (R = 0.60), and poorly correlated with HCO3~
(respectively, R = 0.35 and R = 0.42).

4.1.3. Principal Components Analysis

Principal components analysis (PCA) is a widely applied multivariate statistical technique in
hydrochemistry. Its purpose is to identify important components or factors accounting for most of
the variance in a dataset [48-50]. To maximize the variance of the principal factors, a rotation of the
factors can be performed. The Varimax normalized rotation was applied in this study [51]. To perform
PCA, TDS (total dissolved solutes) and pH were removed from the dataset, as the former holds the
same information as EC (electrical conductivity) and the latter shows no variability in the study area
(pH CV = 4%).

PCA of the dataset resulted in three factors accounting for 75% of the total variance of the dataset.
The factors loadings, and their respective explained variance, are shown in Table 6. Loadings represent
the importance of the variables to identify factors. Important loadings are in bold for values greater
than 0.7. Factor F1 has four high loadings (EC, Na, Cl, SOy). Factor F2 has a high positive loading in
HCO;7, intermediate loadings positive in Silica and negative in temperature. Factor F3 has a single
high loading in NO3~. All three factors have intermediate loadings in Ca?* and Mg?*. Figure 3 shows
the plot of variables on the plane associated with factors F1 and F2.

Table 6. Factors loadings and explained variance. High loadings (>0.7) are in bold.

F1 F2 F3
T 0433 -0.618 0.057
EC 0.930 0.133 0.221
Ca%* 0.324 0.454 0.580
MgZ* 0.531 0.508 0.548
Na* 0934 -0.138 -0.012
K* 0.645 -0.115 -0.292
HCO3™ —-0.055  0.878 0.036
Cl- 0.946 0.010 0.169
S042- 0.890 —0.056 0.128
NO;3~ 0.088 -0.126  0.903
5i0, 0.053 0.642  -0.147
Expl.Var % 42 21 12
Cumulative % 42 63 75

The plot of the variables on the plane F1-F2 highlights clustering of the variables in connection
with their origin. The variables CI~, 50427, and Na™, strongly associated with EC, are the main factor
controlling the chemical composition of waters. Ca** and Mg?* can be grouped in association with
a common origin. HCO3™ and SiO; form a group opposite to temperature, expressing that waters
with lower temperature are much characterized with these elements. NO3™ is not significant on the
plane F1-F2.

Figure 4 shows the samples plot on the plane associated with factors F1-F2. Factor 1 clearly
differentiates waters according to their mineralization. Waters of the sedimentary aquifer are mainly
located towards the pole (Na*, Cl7, SO427) and rhyolites waters are mainly located towards the
opposite pole characterizing waters with lower mineralization. Basalt waters are evenly distributed
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between both poles. On factor 2, we note that rhyolites waters are mainly located towards the pole
(HCO;37, Si0Oy).

-1.0
-10 -08 06 -04 02 00 02 04 06 08 1.0

F1

Figure 3. Plot of variables on the plane associated with factors F1 and F2.
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Figure 4. Plot of the water samples on the plane associated with factors F1 and F2.

4.2. Water Types Classification and Hydrogeochemical Processes

4.2.1. Piper Diagram

The Piper diagram [39] is a commonly used method to represent several water samples
simultaneously. It allows to compare groups of samples according to the relative content of ions with
each other and indicates the types of dominant cations and anions. The MGR water samples are
characterized by three main facies (Figure 5).
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Figure 5. Plot of the water samples on a Piper diagram.

Chloride-Sodium facies (CI-Na) is the dominant facies with 37% of the samples which are
generally located in basaltic and sedimentary formations. About 32% of the samples have a mixed
Chloride-Calcium-Magnesium facies (Cl-Ca-Mg) and are mostly clustered in the basaltic aquifer.
A total of 31% of the samples, located mainly in the rhyolitic aquifer, present a HCO3-Ca-Mg facies.
The Chloride-Sodium facies is observed from upstream to downstream. The transition from Cl-Na
facies to mixed facies Cl-Ca-Mg may be caused by the process of direct ion exchanges between water
and rocks. This process was investigated using the chloro-alkaline indices [52] CA1 and CA2, which are
expressed following Equations (2) and (3):

_ [Cl=(Na+K)]

CAl = —a 2)
_ [Cl-(Na+K)]

A= 5 T HCO, ®

Positive values of these indices indicate that alkaline ions (Na* and K*) in groundwater are
exchanged by alkaline earths ions (Ca?" and Mg?*) contained in weathered rocks. These two indices
have positive (or close to zero) values (Table 1) and confirm that Na* and K* contained in the water are
replaced by the Ca?* and Mg?" of the matrix following ion exchanges process. Na* in groundwater,
as discussed below, is attributed to coastal rainfall and atmospheric deposition. Calcic/magnesic
minerals like anorthite and biotite may release Ca?* and Mg?* following these exchange reactions.

The samples displaying a Bicarbonate-Calcium-Magnesium facies (HCO3-Ca-Mg) are located
mainly in the rhyolites aquifer of the Goda massif, between 1000 and 400 m. The rhyolites aquifer,
containing waters with lower mineralization and low residence time (see Isotopes interpretation below),
constitutes a preferential recharge area of the whole GMR hydrogeological system. The reaction of
rainwater with the CO, of the soil, during infiltration, releases bicarbonates (HCO;™) [53]:

H,O + CO; & H* + HCO3™ (4)

Indeed, waters in the rhyolites aquifer have the highest concentrations in HCO3~ compared to the
basalts aquifer and the sedimentary aquifer of the GMR system.



Water 2020, 12, 2004 12 of 22

4.2.2. Hydrogeochemical Processes

The results from the chemical analyses were used to determine the hydrogeochemical processes
which are responsible for the mineralization of the GMR groundwater. In arid and semi-arid
regions, it is expected that the evaporation process plays an important role and increases the
concentrations of all elements in groundwater. When evaporation is dominant, the molar ratio
Na/Cl is unchanged [54]. In such cases, the plot of Na/Cl versus EC is represented by a horizontal
line. The Na/Cl versus EC plot (Figure 6) displays a linear trend around a horizontal line (Na/Cl = 1)
meaning that evaporation is a significant process in this area. However, as data are more or less
scattered around the horizontal line, other processes are also involved in water mineralization. This is
also confirmed by the Gibbs diagrams [55] where TDS is plotted versus Na*/(Na* + Ca**) and versus
ClI7/(CI™ + HCOj37). This diagram divides the space into three fields according to the evolution of the
ratios Na*/(Na* + Ca**) and C17/(Cl~ + HCO;~) (known as Gibbs ratios) vs. TDS. Each of the fields
is characteristic of a dominant process governing groundwater mineralization (rainfall dominance,
water-rocks dominance, evaporation dominance). This approach has been quite often applied to assess
groundwater mineralization [56,57]. Both diagrams (Figure 7) indicates that water-rocks interaction
(weathering) also makes a significant contribution to water mineralization.
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Figure 6. Plot of Na/Cl ratio versus electrical conductivity (EC).
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Figure 7. Gibbs diagrams highlighting processes controlling groundwater mineralization.

The mineralization processes were analyzed using bivariate plots, which display relationships
between dissolved elements in groundwater. These plots provide significant information about the
possible processes which account for groundwater chemistry. The plot of Na* versus Cl™ is shown in
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Figure 8a. When halite dissolution is responsible for sodium and chloride, the Na/Cl molar ratio is
approximately equal to one. When this ratio is greater than one, it typically indicates a Na* release
from silicate weathering reactions [58,59].
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Figure 8. Bivariate plots between chemical elements of the GMR groundwater. (a): Na vs. Cl; (b): Cl vs. Br;
(c): Cavs. Mg; (d): HCO; vs. Total Cation; (e): Na vs. SOy; (f): Cl vs. SO;.
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In the present study, the Na*-Cl~ diagram (Figure 8a) displays a linear trend between these
elements but reveals an excess of Na* over CI~. Most of the samples fall above the seawater line
(Na =0.86 x CI, [60,61]) and also above the halite dissolution line (1:1). Contribution of halite to these
elements in groundwaters can be excluded in the context of the GMR. Coastal rainfall and atmospheric
deposition appear as a major source of both sodium and chloride, whose concentrations increase
under evaporation action. In the coastal sedimentary aquifer of the GMR seawater intrusion due to
overexploitation of the aquifer can also be a source of sodium and chloride. This is discussed below.

The role of evaporation is further confirmed by analyzing the plot of C1~ versus Br~ (Figure 8b).
Chloride and Bromide have chemically similar properties. Both are conservative ions that do not
participate in exchange reactions in the aquifer, are not affected by redox reactions and do not form solid
compounds [62-64]. In seawater, Cl~ is the most abundant chemical constituent and the concentration
of Br- is much less. Their SMOW (Standard Mean Ocean Water) concentrations are Cl = 545.13 meq/L
and Br = 0.84 meq/L. The SMOW Cl/Br ratio is about 649. Note that for halite, this ratio is very high
(Cl/Br > 4000, [62]). In the present study, the ratio Cl/Br ranges from 125 to 755, excluding any halite
dissolution. The plot of CI™ versus Br~ (Figure 8b) shows that most samples (90%) are close to the
seawater line (C1~ = 649 x Br™), indicating again that the source of these elements in groundwater
comes from coastal rainfall and evaporation effect. The plot also indicates that seawater intrusion in
the sedimentary aquifer can be a source for these elements.

Samples which are much below the SMOW line, located in the basalts (two samples), in the
rhyolites (two samples), and the sediments (one sample), are probably more affected by anthropogenic
causes (waste waters, agricultural activities). The average value of the ratio Cl/Br in the basalts,
rhyolites and sediments is, respectively, 491, 488, and 599. We note that the ratio value is almost the
same in the basalts and the rhyolites. However, it is significantly higher in the sediments.

This may be a clue for seawater intrusion in the sedimentary aquifer of the system [65,66]. The plot
of the Cl/Br ratio versus the distance to the sea of the water points (Figure 9) shows that the wells
in the sedimentary rocks within 1 km distance to the sea have a ratio close to the seawater ratio.
These wells are likely to be affected by seawater intrusion. A previous study [37] focused on the
sedimentary aquifer showed that seawater intrusion is effectively a serious issue to be considered
within the sustainable exploitation of the system.
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Figure 9. Cl/Br ratio versus the distance to the sea.

The Na/Cl molar ratio is unbalanced in favor of sodium, the excess of this element is due to the
weathering of the volcanic rocks. In volcanic formations sodium is a significant element of alkali
feldspars, as albite [67-69]. The reactions of silicate hydrolysis, like albite, are slow and occur in the
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presence of carbon dioxide (CO;) and produce an amorphous phase (Kaolinite), alkaline cations (Na*,
Ca?*), and bicarbonate (HCO;~):

2 NaAlSi308 +2C0O; +11 H,O — A1251205(OH)4 +2 HCO3_ +2Nat +4 H,Si0O4 (5)

When silicate weathering is a major process, the bicarbonate ion HCO3~ is dominant in
groundwater (Equations (5)—(7)) [70]. In the GMR system, bicarbonate ion is indeed the dominant
anion, which highlights the major role of silicate hydrolysis in groundwater mineralization. The silicate
minerals present in volcanic rocks, the alteration of which can lead to the release of Ca%* and Mg2+,
are mainly anorthite and biotite [33]. The hydrolysis equations for anorthite and biotite are written,
respectively [71,72]:

Ca (ALySiy) Og + 2CO; + 3HO, — Al,SirOs (OHy) + Ca?t +2 HCO5~ 6)

14 KAl Mg3Si3019(OH), + 98H,CO3 + 7H,0 — 7AL,Si;O5(OH), + 42 Mg?t + 14 K* + 98 HCO;™ + 28H,Si0;  (7)

The common origin of Ca?* and Mg?*, from the alteration of silicate minerals, is confirmed by
the strong correlation between the contents of these two elements in GMR groundwater (R = 0.60).
The plot of Ca?* versus Mg?* (Figure 8c) shows an excess of Ca?* in almost all samples. Calcium can
also come from a source other than the hydrolysis of silicate minerals. Previous studies [73] have
shown that fractures in outcropping volcanic rocks can be filled with calcite deposits. The dissolution
of calcite during infiltration may explain this excess of Ca?* compared to Mg?*.

Further, when the silicate weathering controls principally the ionic concentration of groundwater,
the ratio of HCOj3™ to the total cations concentration (TC) in groundwater would be around one [74].
The plot of HCO3~ versus TC (Total Cations) reveals that all samples fall below the line 1:1 (Figure 8d)
indicating that other minerals, in addition to silicates, are also involved, to a lesser extent, in the
mineralization processes. This militates in favor of calcite dissolution present in the rock fractures.
The correlation between sulphate and calcium is weak (R = 0.36). It is not significant even at a 1%
threshold (R > 0.39). This excludes the dissolution of a mineral such as gypsum.

The correlation table (Table 5) shows a very strong relationship between SO42~ and CI~ (R = 0.86)
and between SO,2~ and Na* (R = 0.81). These strong correlations between these three elements suggest
that they essentially have the same origin linked to coastal precipitation. The SMOW molar ratio
between Cl1~ and SO,2~ is equal to 9.69. The CI~ versus SO,>~ (Figure 8f) diagram shows that there is
an excess of SO~ compared to the line CI™ =9.69 S042~. In a volcanic environment, in arid conditions,
deposits of sodium sulphate (Thenardite NaySO4, Glaserite K;Na;SO4) can occur [75]. The dissolution
of these deposits may contribute SO42~ in the groundwater of the GMR. Figure 8e shows the plot of
Na* versus SO42~.

4.3. Isotope Investigations

4.3.1. Stable Isotopes

The contents of stable isotopes (See Table 2) are varying in space. §'80 values vary between
—2.31%o and 0.06%o while those of §?H vary between —9.96%o and 3.38%o. Due to the lack of reference
meteoric data in Djibouti, we took as reference Local Meteoric Water Line (LMWL), the line defined
from isotopic reference data at Addis Ababa station (Ethiopia) near the study area, measured by the
IAEA (International Atomic Energy Agency) [76]. The Global Meteoric Water Line (GMWL [77]) was
also considered. Equations of both reference lines are written as follows:

GMWL: °H = 8 5'%0 + 10 (8)

LMWL: §°H =7.2 %0 + 12 9)
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A plot of the stable isotopes data is shown in Figure 10. Groundwater samples of the GMR are
located below or close to both lines LMWL and GMWL, indicating that the GMR groundwater is of
meteoric origin. Two clusters can be identified. Most of the samples belong to cluster 1, in which
waters are enriched in stable isotopes. This highlights the role of evaporation in the recharge processes.
The same conclusion was reached previously from major ions analysis. Two samples, from the basalts,
are grouped in cluster 2. They are located below and close to the Global Meteoric Water Line (GMWL)
and are depleted in heavy isotopes. These samples are from Tewele and Itki wells located, respectively,
at 885 and 1458 m/asl. Low contents in stable isotopes may indicate that they are affected by slight
evaporation or a high recharge altitude.
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Figure 10. Deuterieum vs. Oxygen-18 diagram of groundwater samples.
4.3.2. Radioactive Isotopes *H and '#C

Tritium (*H) and radiocarbon (14C) are radioactive isotopes widely used in hydrogeology to assess
the ‘age’ of groundwater, i.e., the time passed since the recharge or the average subsurface residence
time. The groundwater residence time is an important factor as it is related to the renewability of the
groundwater resources. Groundwaters are classified as ‘modern’ if their age is roughly less than 50 years.
Groundwaters between about 50 and 1000 years old are called ‘submodern’. Beyond 1000 years,
they are termed “old” [28]. Knowing whether waters are modern, submodern, or old is critical for
their management and sustainability. Tritium (3H) is a radioactive isotope of hydrogen with a half-life
estimated at 12.32 years. Its content in waters are expressed in tritium unit (TU). Tritium is naturally
generated in the upper atmosphere and rainwater contains a natural concentration of the order of a few
TU (tritium unit). During the 1950s and 1960s, nuclear tests in the atmosphere dramatically increased
the tritium content in rainwater. These high contents have long been used as a marker to trace and
date groundwater. Nowadays tritium concentrations in precipitation have stabilized at levels close to
those of natural production before nuclear tests. Tritium is used to date groundwater recharged after
the 1950s, years of thermonuclear testing onset [26].

Radiocarbon (14C) is a radioactive isotope of carbon. It has an estimated half-life of 5730 years.
It is produced in the upper atmosphere and becomes part of the carbon and hydrological cycles. As its
half-life is much longer compared to tritium, radiocarbon 14C is considered as an ideal tracer to estimate
groundwater age for up to 30,000 years. Radiocarbon has been applied to groundwater studies
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throughout the world since the early 1960s [78,79]. #C concentrations are expressed in pMC (percentage
of Modern Carbon) and are provided along with an estimation of apparent groundwater age.

During field campaigns in 2015, 18 samples were collected for Tritium analyses (10 from the
basalts, five from the rhyolites, and three from the sedimentary formations) and 15 for Radiocarbon
analysis (10 from the basalts, three from the rhyolites, and two from the sedimentary formations).
Analyses data are given in Tables 2 and 3. The waters of the GMR are free of Tritium except a single
borehole located downstream of the central valley which displays 1 TU (Table 2). When Tritium is
not detectable in groundwaters, this may evidence that these groundwaters have been recharged
prior to thermonuclear weapons testing in the 1950s-1960s. Given the disintegration of Tritium from
natural pre-bomb levels, it cannot normally be present in groundwater recharged until around 1950.
Accordingly, the GMR groundwaters are over 50 years old and are classified as submodern or old.
The radiocarbon analysis results provide additional precision on the GMR groundwater age. The 4C
concentrations in GRM groundwater vary between 17 and 102 pMC. Two samples, located in the
volcanic rocks, have *C concentrations higher than 100 pMC, 101 pMC in basalts, and 102 pMC in
rhyolites. Groundwater at both points is classified as modern (i.e., with ages < 50 years). For the
remaining samples, apparent ages range from 160 to 14,395 years (See Table 3). It is worth noting that
waters in the same formation do not belong to a single category. In each type of rock, the waters have
different ages. The lowest values of '“C activities are found in basaltic formations, meaning that the
oldest waters belong to this formation.

Groundwater dating in the GMR, using isotopes, highlights the complexity of this hydrogeological
system. In the Dalha basalts (average 79 pMC), groundwater is mostly submodern to old, indicating a
longer residence time which may result from lower hydraulic conductivity of the rocks and/or longer
pathways through fissures from outcrop to subsurface. *C concentrations are higher in rhyolites
(average 97 pMC) indicating much younger waters and faster infiltration compared to the basalts.
The sedimentary aquifer of the GMR (average 89 pMC) is connected with the rhyolites and presents
younger waters compared to the basalts, but noticeably older compared to the rhyolites.

5. Conclusions

The GMR is located in the Republic of Djibouti (Horn of Africa) in a semi-arid climatic context,
where rainfall is scarce and surface flows are short-lived. Groundwater remains the only resource
for food and other needs, including agriculture. Given the very important socio-economic growth
forecast for this region, groundwater is under very high pressure. Knowledge of the hydrogeological
system of the GMR was to date very limited in order to plan a rational exploitation which would avoid
over-exploitation and degradation of the resource. The overall objective of this work was to fill this gap,
to provide the first elements of knowledge of the functioning of this system for sustainable exploitation.
The study was based on a coupled approach of the major elements hydrochemistry and stable (180, 2H)
and radiogenic (*H, 1*C) isotopes analysis. A conceptual model summarizing the functioning of the
hydrogeological system of the Goda Mountains Range (GMR) is presented in Figure 11.

This system is hosted by volcanic (basalts and rhyolites) and sedimentary formations. The upper
part of the GMR is covered by basalts and the middle part by rhyolites. The downstream sedimentary
part is bounded by the sea in the Gulf of Tadjourah. Results showed that groundwater is of meteoric
origin and acquires its mineralization through alteration of volcanic rocks minerals and high evaporation.
Waters presenting lower mineralization are located in the rhyolitic formation compared to waters
extracted from adjacent basaltic and sedimentary geological formations. In the sedimentary aquifer,
there is a proven risk of seawater intrusion.

An important outcome of this study concerns the age of groundwater in the system.
Radiogenic isotopes showed that overall the GMR system contains waters of very different ages,
from modern (<50 years) to old (>1000 years), though samples with modern water are very few (two
out of 15). In the Dalha basalts, groundwater is mostly submodern to old (50 years > age > 1000 years),
indicating a longer residence time which may result from lower hydraulic conductivity of the rocks
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and/or longer pathways through fissures from outcrop to subsurface. In the Mabla rhyolites, waters are
much younger indicating faster infiltration and groundflow compared to the basalts. The sedimentary
aquifer of the GMR is connected with the rhyolites and presents younger waters compared to the
basalts, but noticeably older compared to the rhyolites. These interpretations lead to the conclusion
that the rhyolites constitute for this system a preferential recharge zone.

Basalts
Low recharge/Slow infiltration
. Precipitations, Marine aerosols, Evaporation — Na*, Cl—, SO,,Z’
1000 — Boli well Randa well
g G B Rhyolites
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Figure 11. Conceptual model of the Goda Mountains Range (GMR) hydrogeological system.
O.M.: organic matter.

This study led to a global understanding of the functioning of this system, which will permit
to work out the preliminary rules of sustainable exploitation of the system. In the volcanic part of
the system, the rhyolites can constitute a privileged area to set up wellfields. On the other hand,
the sedimentary aquifer must be exploited with care, taking into account the risk of seawater intrusion.

This work should be supplemented by more quantitative investigations (groundwater pattern
mapping, geophysical deep reconnaissance, collection of new data such as piezometric and rain
monitoring, pumping tests, modeling, etc.) allowing the development of a rational scheme for the
sustainable use of this system to face the challenges of global change and of the prospects for accelerated
growth in this region.
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