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Abstract. Saharan paleo-groundwater from the Hasounaminerals within the aquifers. It is suggested that dissolved
area of Libya contains up to 1.8 mM of nitrate, which ex- S@[ originates from the dissolution of Cag@inerals dur-
ceeds the World Health Organization limit for drinking water, ing groundwater evolution.

but the origin is still disputed. Herein we show that a positive
170 excess in NQ (A Ono, = 617Ono, —0.52880N0,) is
preserved in the paleo-groundwater. @ excess provides

an excellent tracer of atmospheric §Owhich is caused by 1
the interaction of ozone with NQvia photochemical reac-
tions, coupled with a non-mass-dependent isotope fraction
tion. Our AY’Oyo, data from 0.4 to 5.0 %«( = 28) indicate
that up to 20 mol % of total dissolved NQCoriginated from

Introduction

a“i'he accumulation of nitrate (N in groundwater is a well-
known phenomenon occurring worldwide (Clark and Fritz,
, _ . 1997; Kendall, 1998). Individual ND sources and mecha-
theiEarths atmgsphgra[(?\l% ]at”D’,V\,’here_ th? remammg nisms for its accumulation depend strongly on the environ-
N??S refers to microbially induced nitrification in soils. High - e nia1 conditions during recharge, infiltration, and aquifer
A*'Ono; values cor1r7espond to soils that are barren in drysiorage. High NQ concentrations of paleo-groundwater
periods, while lowA~ ON%; values correspond to more fer- from the Hasouna area (Libya) have been measured for
tile soils. Coupled high\*‘Ono, and highx[NOj Jam val-  gecades, but the Nporigin is still hotly debated (El-Baruni
ues are caused by a sudden wash-out of accumulated dispgy a)., 1985; Milne-Home and Sahli, 2007). Deciphering the
sition of atmospheric N© on plants, soil surfaces and inva- soyrce of NQ for Saharan groundwater in Libya is highly
dose zones within hun_n_d—wet cycles. The individual 'SOtOpechaIIenging, as (i) the present arid conditions preclude ap-
and chemical composition of the Hasouna groundwater caryreciable recharge and (i) groundwater is about 90 % of the
be followed by a binary mixing approach using the lowest g rce of the water supply of Libya (e.g. Salem, 1992; Ed-
and highest mineralised groundwater as end members withy,,nds. 2006: Abdelrhem et al 2008). Several millichah
idari ; ; 18 ’ ’ N ' .
out considering evaporation. Using ##Sso, ands'®Oso,  fresh water per day are transferred to the Mediterranean for

isotope signature of dissolved $Q no indication is found  agricultural and domestic use including drinking water sup-
for a superimposition by denitrification, e.g. involving pyrite ply.
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3150 M. Dietzel et al.:1’O excess traces atmospheric nitrate in paleo-groundwater

The source of dissolved NQOn groundwater is commonly
attributed to (i) anthropogenic origin, including leaching of N fareh Tripol-
fertilisers or animal waste, (ii) the dissolution of evaporite © P r T
deposits, (iii) leaching of organic or inorganic nitrogen from g‘ N

3
&
£
S

Al Hamada

soils, and (iv) atmospheric deposition (e.g. Clark and Fritz, L LR

1997, Saccon et al., 2013, and references therein). Ancien Study area .
Saharan groundwater of Hasouna (Libya) was recharged un: Jabal ’
der environmental conditions that did not allow for an anthro- S, Heooe

pogenic impact, but natural provenances of dissolved NO
of the paleo-groundwater have not yet been deciphered anc
quantified.

Evidence for N@ origin is traditionally obtained by
measurings*®Nno, and §%0no, values (Amberger and
Schmidt, 1987; Kendall, 1998). Froft®Nyo, ands'®Ono,
data, the NQ provenances can be evaluated, and reaction
mechanisms like denitrification may be deduced by consider-
ing changes in N© concentration and mass-dependent iso-
tope fractionation (MDF) (Kendall, 1998). For instance, the
discrimination of'°N vs. 1N through denitrification will re-
sult in an increase iB°Nno, values of the remaining N
Accordingly, a trend to highei">No, values at lower NQ
concentrations can be found in groundwater due to deni-
trification. However, throughout complex processes of ni-
trogen conversion in soils and within the aqui%l'é’Nl\,o3
ands80yo, values of dissolved N can be strongly over-
printed (e.g. by (de)nitrification; Xue et al., 2009).

More recently, a triple stable isotope approach using
180/1%0 and!’0/*®0 signals in N@ was successfully ap-  Figure 1. Sampling sites©; n = 28) and distribution of NG in
plied to identify exclusively NQ of atmospheric origin. At-  paleo-groundwater from Hasouna, Libya. Isolines are obtained from
mospheric NG (NO3 am) is characterised by YO excess @atotal of 57 NG analyses of paleo-groundwater from wel§.(
according to the expression

Murzug Basin

Nitrate, mmol L"
P High: 1.8

B Low : 0.07

A0, = 8*"Ono, — 0.525%0N0;, (1) in such surroundings. In addition, a reaction of N@ith
)pyrite (Fe%) minerals in the aquifers can act as a potential
NOj3 sink, which has already been shown for European shal-
low aquifers (e.g. Bottcher et al., 1990; Zhang et al., 2012).
This requires the analyses of the stable isotope signatures of
dissolved S@. Furthermore, ancient recharge and climate
conditions are reconstructed by using a multi-element and
isotope approach.

where non-mass-dependent isotope fractionation (NMDF
during the formation of ozone, followed by photochemical
reactions between atmospheric N@nd G to NO;, re-
sults in non-zeraAY’Oyo, values (Michalski et al., 2003;
Thiemens, 2006). Bohlke et al. (1997), for instance, found
evidence froms'>Nno, and §180no, analyses for the at-
mospheric source of ND for NOj -rich salts in the Ata-
cama (Chile) and Mojave (California) deserts. The atmo-
spheric origin of N@ in the Atacama deposits has been con- 5 Study area and sample sites

firmed by a pronouncetfO excess (Michalski et al., 2004a).

Since then N@ am has been quantified using th@® excess  The Hasouna well field is located about 700km south of
for various desert deposits and dissolved N modern  Tripoli (Libya) within the Cambro—Ordovician Nubian Sand-
groundwater, lakes, and wet depositions (Darrouzet-Nardi estone Aquifer System (Fig. 1). This system comprises one
al, 2012; Dejwakh et al., 2012; Li et al., 2010; Michalski of the world’s largest paleo-groundwater aquifers, which had
et al., 2005; Michalski et al., 2004b; Tsunogai et al., 2011;been recharged at approximately-8Q0 and 1Gt 3ka BP

Tsunogai et al., 2010; Nakagawa et al., 2013). based ont*C dating (Edmunds et al., 2003; Edmunds and
The aim of the present study is to trace the origin of Wright, 1979; Guendouz et al., 1998; Milne-Home and Sahli,
NOj in Saharan paleo-groundwater by usiﬁéNNo3 val- 2007; Sonntag et al., 1978). Strong evidence exists for en-

ues and triple stable isotopes of oxygen. This approach hakanced precipitation in North Africa during these time peri-
never been used for ancient groundwater, and the major airods. However, individual epochs for humidity and ground-
of this study is to test the applicability af'’Ono, values  water recharge periods are still disputed; Pleistocene and

Biogeosciences, 11, 3149161 2014 www.biogeosciences.net/11/3149/2014/



M. Dietzel et al.: 17O excess traces atmospheric nitrate in paleo-groundwater 3151

Holocene humid periods in North Africa have been deducedemission spectroscopy with a precision of better th#&bo
from the records stored in lacustrine fresh-water sedimentgPerkin ElImer Optima ICP-OES 4300; Merck multi-element
(Rognon, 1987), wadi river systems (Kuper and Kropalin, standard). Calculation of saturation indices with respect to
2006), travertine (Carrara et al., 1998), paleobotanic inves<calcite (Skaicite) and gypsum (Slpsum was performed with
tigations (Doherty et al., 2000), rock art dating and varnishthe PHREEQC computer code (Parkhurst and Appelo, 1999)
coating of petroglyphs (Dietzel et al., 2008), dating of arago-and the phreeqc.dat database.

nitic mollusk shells (Blackwell et al., 2012), together with

cyclicity of geochemical signals observed in marine sedi-3-2 Stable isotopes

ments of the eastern Mediterranean that are influenced by )
the Nile River hydrology (Wehausen and Brumsack, 1999;Add|tl|gnal samples were gathered for.anaIyS|s ofdbe;,o
ands~°On,o values of HO. The stable isotopes of hydrogen

Lourens et al., 2001).

The aquifer consists predominantly of fractured sandstondV€re measured using a Finnigan DELTA plus XP mass spec-
ranging from~ 500 to 1500 m in thickness, with thin in- trometer working in continuous flow mode by the chromium

terbeds of marine limestone and marl. The sandstone itself i§duction technique (Morrison et al., 2001). The oxygen iso-
mostly quartzitic sandstone, but occasionally carbonate celoPe composition was measrl:redl W'th a Finnigan ?_EL,TA plus
ment occurs. In the study area, the main Cambro—OrdoviciafaSS Spectrometer using the classic,&%0 equilibrium

sandstone aquifer is overlain by a shallow carbonate aquifemezﬂ_10d (Hoorita et 138"' 1989). ThiDw,0 (fmalyticql preci-
with a basal aquitard, predominantly composed of marlySion:=£0.8%0) andsi="On,o values 0.05%o) are given rel-
limestone, clay and shale. ative to the Vienna Standard Mean Ocean Water (VSMOW).

Groundwater in the study area of Jabal Hasouna Waéo‘_S an exam.ple,the definition éf\/a!ues is given for the PH

discovered during oil exploration in the 1960s (Edmunds, distribution in KO by the expression

2006). A large number of wells have been installed as PaDy 6 = (Rs/Rst— 1) 10° (%o), )

of the Great Man-made River Project, which brings up to

~ 6 Mm® of fresh water per day to the Mediterranean (Salem,where Rs and Rs; are the respective analysed isotope ratios

1992; Abdelrhem et al., 2008). The average spacing of th§D/H) for the measured sample and standard (VSMOW),

total 484 wells is~ 1.5 km, with individual discharges o respectively. Thei34Sgo, and§!%0sq, values of dissolved

50 Ls ! covering~ 4000 kn? (Binsariti and Saeed, 2000). sof; were measured on Bag@hat was precipitated from
acidified solutions by the addition of Ba(gl)The solids
were washed and dried and further analysed by means of

3 Materials and methods continuous-flow isotope-ratio monitoring mass spectrometry
(CirmMS) using a Thermo Scientific Finnigan Dekltanass

Sampling of Hasouna groundwater from 28 wells was carriedgspectrometer at MPI-MM Bremen, Germany (according to

out in the year 2007, with sampling depths between 323 andBottcher et al., 2001 and Kornex! et al., 1999). The respec-

555m. Coding and sampling site locations are summarisedive precisions of sulfur and oxygen isotope measurements

in Table 1 and shown in Fig. 1. were+0.3 %o andt0.5 %o, for§34Ssq, ands'80sg,. Results
are reported in relation to the VCDT and VSMOW scales,
3.1 Chemical composition respectively.

Separate samples were taken for isotope analyses of dis-
The temperature and pH of the groundwater were measuresolved NG, . Analyses were carried out using the bacterial
in situ with pH meter WTW 330 and pH electrode WTW denitrifier technique in combination with the,®8 decom-
SenTix 41, having a precision €f0.03 pH units (calibrated position method (Casciotti et al., 2002; Kaiser et al., 2007;
on-site using pH 4.0 and 7.0 WTW standard buffer solu- Morin et al., 2008; Savarino et al., 2007). Isotope ratios of ni-
tions). Concentration of dissolved,Qvas analysed in the trate were measured on a Thermo Finnigan MAT 253 isotope
field using WTW Oxi 325 and WTW CellOx325, having ratio mass spectrometer, equipped with a GasBench Il and
an analytical precision of 0.2 mgL~1. Sampled solutions coupled to an in-house-built nitrate interface. Briefly, den-
were filtered in the field through 0.45pum cellulose acetateitrifying Pseudomonas aureofaciens bacteria convertg NO
membranes, and one aliquot was acidified. The samples weli@to N>O under anaerobic conditions,8 is then thermally
stored in polyethylene and hermetically sealed glass vesseldecomposed on a gold surface heated to°@(roducing a
for laboratory analyses. Concentrations of dissolved anionsnixture of @ and N> which is then separated by gas chro-
were analysed in non-acidified samples by ion chromatogramatography and injected into the mass spectrometer for the
phy (Dionex DX 500) with an analytical precision of about dual O and N analysis (Erbland et al., 2013, and references
+3 %. Alkalinity was obtained by potentiometric titration of therein). Isotopic data were corrected for any isotopic effect
non-acidified samples from the gas-tight glass vessels wittoccurring during the analytical procedure by using the same
an uncertainty of about5 %. In the acidified solutions (2% approach as Morin et al. (2009) and Frey et al. (2009); in-
HNOg), cations were analysed by inductively coupled optical ternational reference materials (IAEA USGS-32, 34 and 35)

www.biogeosciences.net/11/3149/2014/ Biogeosciences, 11, 3149161 2014
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Table 1.Composition of Saharan paleo-groundwater from wells of the Hasouna area (Libya). No.: Well number (see Fig. 1). T: Temperature
in °C. []: Concentrations are given in mM, except foggy in mg L1 Aeq: Derivation from electrical neutrality in meq %. Site positioning

of the wells is given in coordinates X and Y and well depths, D, in meﬁﬁ’é‘QHzo andsDy,o values of the groundwaters are given in %o
(VSMOW). 8348504and8180304 values for the isotope composition of dissolvediscare related to the VCDT and VSMOW standards,
respectively, and given in %§1°Nno,, §180N0,, 817Ono, andA17Ong, values of the dissolved NDare given in % relative to the AIR
and VSMOW standards, respectivelfNO3 Jatm: Proportion of dissolved N from atmospheric origin with respect to total dissolved
NO3 in %.

No. T pH  [C&' [Mg2*]  [Sr2f] [Naf] [K*] [Si(OH4]  [SO%] [CI7]  [HCO3]1 [NO3] [Ozagl Ameq X Y D

13 33.0 6.66 2.48 1.33 0.0129 4.23 0.143 0.22 1.63 4.63 3.26 0.54 n.a. 15 466214 3200767 535
32 33.2 6.85 2.64 1.30 0.0167 6.64 0.157 0.25 1.77 5.91 3.19 0.76 n.a. 5.0 448816 3204106 499
39 32.7 6.85 2.94 1.49 0.0170 7.42 0.149 0.23 1.83 6.50 3.80 0.95 4.3 5.3 456039 3196409 345
51 29.6 6.74 3.03 1.35 0.0184 9.24 0.149 0.21 2.26 8.43 2.79 0.87 n.a. 4.8 461602 3180497 555
60 30.6 6.54 3.95 1.73 0.0248 12.90 0.171 0.22 2.99 11.21 4.10 1.27 n.a. 44 471372 3171846 539
72 33.0 7.12 3.09 1.35 0.0186 8.61 0.136 0.21 2.20 8.71 2.88 1.31 n.a. 1.1 450790 3188993 550
84 35.1 6.79 231 1.00 0.0127 5.52 0.136 0.23 1.34 4.43 3.48 0.69 6.5 4.6 434200 3202598 500
89 30.7 7.11 3.63 1.43 0.0200 10.43 0.140 0.24 3.06 8.51 271 1.48 5.5 5.2 440533 3182417 453
100 29.9 7.08 2.13 1.19 0.0239 4.57 0.136 0.22 1.50 4.32 3.15 0.69 n.a. 1.1 435694 3222835 500
121 34.4 7.05 3.45 1.41 0.0201 12.57 0.123 0.22 2.63 11.11 3.31 0.81 6.8 4.9 428000 3193342 500
126 30.4 7.18 3.75 1.76 0.0223 13.43 0.146 0.21 3.52 10.74 3.03 1.50 5.4 5.4 431590 3186822 500
134 29.3 6.76 3.25 1.38 0.0192 10.26 0.175 0.21 291 7.81 3.00 1.27 4.8 5.3 434819 3175353 500
138 28.9 7.24 2.74 1.06 0.0138 6.67 0.113 0.21 2.14 4.60 3.48 0.88 5.6 4.6 436464 3169606 500
139 28.9 7.46 2.28 0.84 0.0129 4.94 0.091 0.21 1.72 3.78 251 0.88 n.a. 3.4 437292 3168351 500
145 29.8 7.00 3.29 2.18 0.0189 9.31 0.128 0.22 2.83 8.13 3.61 1.24 n.a. 4.9 442758 3161113 417
149 28.1 7.40 3.01 1.45 0.0175 8.47 0.133 0.21 2.69 7.60 2.54 1.18 n.a. 2.7 443135 3171020 500
151 28.3 7.00 4.52 2.67 0.0252 13.53 0.173 0.21 3.99 12.25 3.61 1.70 5.7 5.3 446133 3171021 500
152 28.8 7.03 451 2.66 0.0275 14.51 0.212 0.24 4.32 13.87 2.51 1.84 5.1 4.4 447659 3171097 500
154 27.2 7.08 3.18 1.50 0.0200 9.95 0.156 0.23 2.93 8.18 3.03 1.18 n.a. 3.6 453209 3147514 524
165 28.1 7.24 2.15 0.63 0.0105 3.47 0.058 0.26 1.53 1.92 2.76 0.59 n.a. 4.8 461003 3133483 500
179 28.1 7.06 3.74 1.10 0.0179 9.57 0.136 0.22 3.20 7.67 3.11 1.20 n.a. 3.0 471484 3115183 343
181 29.7 7.03 3.08 0.91 0.0152 8.89 0.127 0.21 2.86 7.49 2.95 1.02 n0.5 473701 3112417 323
286 28.6 7.02 3.34 1.02 0.0168 9.48 0.130 0.22 2.82 7.70 2.87 1.07 n.a. 3.3 474363 3114298 500
372 27.3 7.37 3.37 1.18 0.0207 10.37 0.130 0.24 3.01 8.79 2.79 1.36 n.a. 1.9 488456 3132366 400
384 29.0 7.40 2.69 0.79 0.0151 5.65 0.189 0.24 1.61 4.73 2.98 0.78 n.a. 4.9 493410 3115655 500
442 30.8 7.01 2.39 1.20 0.0150 4.99 0.131 0.22 1.46 4.65 3.23 0.79 n.a. 3.3 460267 3205047 332
453 34.6 6.82 2.15 1.21 0.0131 5.79 0.141 0.24 1.77 4.52 3.87 0.47 n.a. 1.2 439845 3232454 453
478 29.8 7.01 3.06 0.77 0.0225 6.61 0.115 0.22 2.99 5.19 2.36 0.71 n.a. 0.7 463888 3109085 451
No. Skacite Slgypsum 6%0n,0 Dm0 8%%Ssq, 6'%0sq, 'Nno,  6%®Ono, 617Ono,  AYOno,  XINOjlatm

13 —0.50 —1.40 —-9.75 —73.2 n.a. n.a. 9.1 6.9 4.1 0.5 2.0

32 —-0.31 —-1.37 —9.68 —71.8 n.a. n.a. 8.4 8.3 6.1 1.8 7.1

39 —0.20 —1.33 —-9.72 —-72.0 n.a. n.a. 8.5 134 9.5 25 10.1

51 —0.49 —-1.24 —-9.17 —67.6 na. n.a. 7.9 10.4 8.0 2.6 10.4

60 —0.44 —1.08 —8.75 —65.6 n.a. n.a. 7.4 11.7 10.0 3.9 15.7

72 —0.04 —-1.25 —9.46 —67.0 n.a. n.a. 7.4 13.5 10.7 3.7 14.7

84 —0.34 —-1.50 —-9.77 —69.0 9.6 9.4 8.9 7.6 4.9 0.9 3.8

89 -0.07 -1.07 —9.51 —69.5 10.9 11.7 7.2 12.3 10.9 4.5 18.0

100 -0.19 —1.48 n.a. n.a. n.a. n.a. 8.5 7.6 4.7 0.7 3.0

121 —0.02 -1.17 —9.39 —68.3 9.3 9.2 8.3 104 7.4 2.0 8.0

126 0.04 —1.04 —-9.15 —69.5 11.0 11.3 6.9 15.0 12.8 5.0 20.0

134 —0.43 —-1.13 —9.58 —70.4 11.0 11.2 6.6 16.1 12.6 4.2 16.9

138 0.07 —1.26 —9.94 —71.6 111 10.3 7.2 13.6 9.7 2.6 10.5

139 0.10 —1.38 —-9.97 —-73.1 n.a. n.a. 7.1 11.9 8.9 2.7 10.8

145 -0.10 —1.16 —9.52 —69.8 10.3 9.6 7.1 14.7 11.3 3.7 14.6

149 0.10 -1.17 —9.69 —69.0 n.a. n.a. 7.1 15.4 12.1 4.1 16.4

151 —0.04 —0.95 —-9.32 —68.0 10.1 10.6 7.0 17.4 13.7 4.7 18.6

152 —0.16 —0.93 —-9.20 —67.5 10.2 10.6 7.5 14.8 12.4 4.7 18.8

154 —0.15 —-1.13 —9.30 —67.4 n.a. n.a. 8.6 16.4 111 2.6 10.3

165 —0.09 —1.42 —9.90 —72.8 na. n.a. 7.7 9.8 6.1 1.0 4.0

179 —0.08 —1.03 —9.26 —68.3 111 10.5 8.0 10.9 7.6 1.9 7.7

181 -0.18 —-1.13 —9.08 —69.3 n.a. n.a. 8.7 10.6 7.6 2.1 8.4

286 -0.18 -1.11 -9.17 —68.8 n.a. n.a. 8.5 12.9 9.1 2.4 9.6

372 0.13 —1.09 —9.09 —64.6 n.a. n.a. 8.9 10.2 7.2 1.9 7.6

384 0.18 —1.36 n.a. n.a. n.a. n.a. 8.6 8.1 5.7 15 6.0

442 -0.19 —1.46 —9.74 —-72.0 n.a. n.a. 8.4 9.8 55 0.4 16

453 —0.31 —1.43 —9.62 —70.3 na. n.a. 8.6 9.1 5.8 1.1 4.3

478 —0.28 —1.09 n.a. n.a. n.a. n.a. 7.8 9.1 6.5 1.8 7.1

n.a.: not analysed

Biogeosciences, 11, 3149161 2014 www.biogeosciences.net/11/3149/2014/
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were prepared in an identical way and followed the same = —
analytical procedures. This identical treatment includes the @ 6 | e
use of the same background matrix as well as the same waI, @ - <
ter isotopic composition for the standards and samples. Thewn 7~
overall accuracy of the method is estimated as the reducec a4} & -
standard deviation of the residuals from the linear regressionz™ @ -
between the measured reference materiais (6) and their g’ @ f
expected values. T Nno,, §*0no,, and A0y, val- =51 &
ues £’0 excess) of dissolved NPare given with respect to ;. 4
the atmospheric N(AIR) and VSMOW standards, and were ‘o ~
measured with uncertainties £0.5 %o, +2 %o, and+0.5 %o, <A 0 - . . .
respectively. 0 2 4 6
[S0,%]
4 Results and discussion Figure 2. C&t concentration reduced by the proportion gained
from CaCQ dissolution by considering dolostone dissolution
4.1 lon content and mixing approach ([Ca*] + [Mg?*] — 0.5 [HCQ; 1, mM) vs. the concentration of

dissolved S@_, [SOﬁ‘] (mM). The linear relationship with a slope
The analysed compositions of the sampled groundwater fronaf 1 fits the composition of the Hasouna groundwaters quite well
the Hasouna area are summarised in Table 1. The investiand reflects the dissolution of Cag@inerals like gypsum.
gated Hasouna groundwater displays near-neutral pH val-

ues (pH= 7.0+ 0.5) at temperatures between 27 and@5 ] ) )
The concentration of dissolved oxygen is 5:8.8mg L1 stance, the correlation of Naand CI concentrations is

(n = 9). Dissolved cations and anions generally occur in theS"OWN in Fig. 3a. As groundwater samples #165 and #152
guantitative sequences of Na Ca+>Mg2+ >K+ > S+ bracket the full observed range, their chemical composition

and CI >HCQ; > 30421_ >NOj, respectively (Table 1). The i; used for a binary mixing approach according to the expres-

average deviation from electrical neutrality for the aqueousS'O"
solutions is 3.6 meq%, with a maximum of about 5 meq %.
Values less than 5meq % indicate the good quality of ion
analysis by considering the individual analytical precisionswhere x#165+ x#1520=1 (refer to the solid green line in
(see Sect. 3.1; Appelo and Postma, 2007). Except fof NO Fig. 3a). In this expression [i] denotes the concentration of
the chemical composition of the groundwater is within the the dissolved ion (i is N& or CI7) of the respective solu-
limits for drinking water. In~ 85 % of the analysed Hasouna tion. The termscx165 andxx1s2 are the volume fractions of
groundwater, the maximum contaminant level (MCL) of the groundwater samples #165 and #152, which yield the ion
World Health Organization (WHO, 2004) for NOn drink- concentration range of the Hasouna groundwater. Analogous
ing water of 0.71 mM is exceeded (Table 1). relationships are found for all dissolved ions (e.g?Cas.

All analysed groundwater is undersaturated with respect tdNOj in Fig. 3b). If seawater is assumed for a mixing end-
gypsum (Sdypsum=< —0.93). However, approximately 20% member solution, the mixing approach of Eqg. (3) fails, as in
of the groundwater (6 of 28 samples) is slightly supersat-most cases the ion ratios of the groundwater are inconsistent
urated with respect to calcite-0.50 < Slcgicite < 0.18; Ta- with seawater. This is shown by the 8a(reduced) to Sﬁf
ble 1). If the analysed C& concentration is reduced by the ratio of the Hasouna groundwater of about 1 (Fig. 2), which
proportion gained from CaC{dissolution by considering differs significantly compared to that of seawater@0; as-
the dissolution of Mg carbonates like dolomitdCa?* ]+ suming ancient seawater composition close to modern con-
[Mg?2t] — 0.5[HCO;]), a Cé&* (reduced) to S@Y ratio of 1 ditions; Drever, 2002). Additionally, an evaporation trend for
is obtained (Fig. 2). This relationship typically results from #165 to reach the composition of #152 is not consistent with
the uptake of gaseous G(e.g. in soil horizons) and the sub- the measured data (dotted arrows in Fig. 3a and b). This is
sequent dissolution of limestone and/or dolostone (e.g. caleven valid if a decrease in €& concentration through cal-
cite and/or dolomite; Dietzel et al., 1997). Dissolution of cal- cite precipitation (Slaicite = 0) is considered, which may be
cite and dolomite during the evolution of the groundwater induced by evaporation (solid arrow in Fig. 3b). Thus, the
seems reasonable, as both minerals have been documentsaolution chemistry of the Hasouna groundwater can be best
in rock core samples from Hasouna well fields (Sahli, 2006).explained by mixing of the two end-member solutions #165
The congruent dissolution of CagQdike gypsum, causes the and #152.

C&t (reduced) to SﬁT ratio of 1 (Fig. 2). As an exception, the concentration of silicic acid is nearly

The dissolved ions cover a broad concentration range, butonstant in all groundwater samplesSi(OH)4] = 0.22+
the individual ion concentrations are well correlated. For in-0.02 mM; n = 28) and reflects the solubility of quartz at the

[I] groundwater= x#152- [i] #1152+ (1 — x#152) - [I] 4165 (3
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Figure 4. Stable hydrogen and oxygen isotope composition of
groundwater from North Africa. Paleo-groundwater displays lower
stable isotope values and an elevated d excess compared to mod-
ern precipitation, which indicates recharge under cooler and more
humid climate conditions vs. modern climate conditions. The an-
alytic inaccuracies fo6D,o (3:0.8 %o) and8180H20 (£0.05 %o)
lay within the size of the symbols. Isotope composition of mod-
ern eastern Mediterranean seawater is outside the displayed range,
comprisingSlBO values from 0.3 to 2.5 %0 anéD values~ 0 %o
(Gat, 2010).e: Hasouna, Libya (this study: Hasouna, Libya,
isotope range (Milne-Home and Sahli, 2007); Murzuq Basin,
Libya, isotopic range (Sonntag et al., 1978); Arab Jamabhiriya,
0 | \ \ Libya (Srdoe et al., 1980%: Southern Tunisia (Abid et al., 2012);
4: Wadi Ash Shati Valley, Libya (Salem et al., 198G): Ground-

1 [NO5] water recharged by modern precipitation close to Tripoli (own data).

GMWL: Global Meteoric Water Line&Dp,o = 8 8180y,0 + 10;
Craig, 1961). LMWL: Local Meteoric Water Line for Sfax metereo-
logical station, southern Tunisia (yellow lingDy,o = 8 8180H20

10

[Ca*]
[3)]

Figure 3. Chemical composition of groundwater from Hasouna,

Libya. (a) Nat vs. CI™ concentration(b) C&+ vs. NG, concen-
ya. (a) (b) 03 +13; Abid et al., 2012). Paleo MWL.: Paleo Meteoric Water Line es-

tration. Values are given in mM. Solid green lines: mixing between . . ,
end-member solutions #165 and #152 with the lowest and highes&'mated from isotopic data of the present study by the least squares

ion concentrations, respectively. Dotted arrows: chemical trend formethOd (dashed green line: Eq. 4).
evaporation of solution #165, where 50 and 75 % denote ion con-

centrations at the respective loss of®by evaporation. Solid ar- below the modern Global Meteoric Water Line (GMWL) and

row: Decrease in G4 concentration by considering calcite pre- . . L
cipitation to reach Shicite= 0. Dashed red line: MCL for NQ in Local Meteoric Water Line (LMWL is given for Sfax, south-

drinking water according to the WHO (WHO, 2004). ern Tunisia; see Fig. 4). Our isotope data are very close to for-
mer results reported for paleo-groundwater from Hasouna,

Murzuq Basin, Wadi Ash Shati Valley, Arab Jamahiriya in
Libya and paleo-groundwater from southern Tunisia (Abid et

[Si(OH)4] = 0.22 MM at 31°C; Rimstidt, 1997). Thus, the al., 2012; Milne-Home and Sahli, 2007; Salem et al., 1980;

concentrations of silicic acid in the ancient Hasouna ground-sonntag_ _et al., 1978; Srdet al., 1980). From the isotope
water from the Nubian Sandstone Aquifer are clearly con-Com|00$'tIon of our Hasouna groundwater the local Paleo
trolled by quartz—water interaction considering thermody-MeteorIC Water Line
namic equilib_rium, which i_s typically_ found _for _ancient 8Dh,0 = 8.0 5180H20+6.3’ R2—0.82 (4)
groundwater in quartz-dominated aquifers (Rimstidt, 1997,
and references therein). is estimated (see Fig. 4). The lower deuterium excess (d ex-
cess= 6.3 = 8D —8.05180) for the paleo-groundwater com-
4.2 Stable isotopes of water and climate record pared to that of modern precipitation (2 %o.) is caused
by decreasing moisture deficit (increase in relative humid-
The 8Dp,0 and §180y,0 values of the analysed Saharan ity) of the air above sea water during evaporation (Son-
groundwater range from73.2 t0—64.6 %0 and from-9.97 ntag et al., 1978). As air moisture deficit is positively cor-
to —8.75 %o, respectively (Table 1). The isotope values fall related with temperature, a lower paleo-temperature and

average temperature of the Hasouna groundwaigiaft,=
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_________________________________________ bial NO; reduction via oxidation of iron sulphides according
d&Sert deposit | to the idealised overall reaction
EH
'I-":': i 5FeS + 14NQ; + 4H" — 5F& + 7TNyg  (5)
i nitrate in
................ -'l'i"""""""""precipitation + 10 S(jl_ + 2 HZO
A, (Béttcher et al., 1990; Zhang et al., 2010, 2012; Saccon et
M52 D al., 2013). This overprint can be followed by a characteris-
#65 | nitrogen " d;‘it"ﬁﬁcaﬁon tic superimposition of the sulfur and oxygen isotope com-
o in soils position of dissolved S§ (e.g. Zhang et al., 2011, 2012).
The measured narrow range &f'Ssq, ands'80sq, values
-10 1 1 1 in Hasouna groundwater 6f10.5+ 0.7 %o vs. VCDT and
-5 0 5 10 15 +10.4+ 0.8 %0 vs. VSMOW f = 10; see Table 1), respec-

5" Nyos %o tiveIX, is surprisir)g, considering the obseryed wide range in

S.Of1 concentrations (1.3 to 4.3 mM, see Fig. 6). In addition,

Figure 5. 5180y0, Vs. 515N, values in NG (adapted from 1O §ignificant cqrrelatiqn of thg above i_soto_pe_data with the
Kendall, 1998)5180’\‘03 and815NNo3 values are referred to the Oz concentrations exists. This behaviour indicates that the

VSMOW and AIR standards, respective#. Hasouna groundwa-  Source of dissolved Sfp was not coupled to NDreduction.

ter (this study), where the solid green arrow displays the regressiomhus pyrite oxidation-driven ND reduction is considered

line (5180N0, = —2.7981°NNo, + 33.8) and an increase in NO  to be insignificant. In addition, the heavy sulfur isotope val-

concentration;a: Hasouna groundwater (Milne-Home and Sahli, yes exclude significant contributions, at least from biogenic

2007);m andm: NO -rich deposit of the Atacama (Chile) and Mo~ ,yjte oxidation. If isotopically light sulfur would have been

jave deserts (California), respectively (Bohlke et al., 1997). modified by later microbial S§7 reduction under essentially
closed system conditions (e.g. Hartmann and Nielsen, 2012)

higher paleo-humidity are suggested from the lower d excesi® "€ach heavy residual ﬁo values, one would expect an
(Kendall and Doctor, 2004). equilibration of the oxygen isotope signature ofiSOwth

In accordance with the overall shift of Saharan paIeo-the surrounding bulk water (Fritz et al., 1989). Using the frac-
groundwater to lowsDy,0 and 5180H20 values compared tionation factors derived by Fritz et al. (1989) much heav-
to apparent local precipitation (in Sfax and Tripoli, Fig. 4), i€r oxygen isotope values for water are expected. The iso-
it is postulated that the Hasouna groundwater was rechargetpP€ data of the dissolved %Oare close to values reported
under paleoclimatic conditions, which were cooler and muchfor Permian evaporites (Bottcher, 1999; Mittermayr et al.,
more humid compared to the modern situation (Clark and2012; Nielson, 1979§>*Ssq, = +11+ 1 %), but differ sig-
Fritz, 1997; Edmunds, 2006). In accordance with the abovehificantly from the isotope values of modern Mediterranean
mentioned mixing approach, an evaporation effect for Ha-SeawateB>*Ssq, = +21%.; Bottcher et al., 1998; Fig. 6).
souna paleo-groundwater (e.g. subsequent to precipitation d¢nfortunately, details regarding the hydrogeological condi-
during infiltration) can be ruled out, as the slope of the regres1ions of the groundwater remain unknown, in particular with

sion line for the isotope data is similar to the MWLs (Craig, "espect to the regional occurrence and distribution of GaSO
1961; Kendall and Doctor, 2004). horizons. However, our hydrogeochemical findings and iso-

tope values support the dissolution of gypsum during subter-

4.3 Stable isotopes of nitrate, origin and potential over- ranean groundwater evolution, as shown by the relationship
prints in Fig. 2. Moreover, the correlation for the concentrations of

dissolved Stt vs. C&t of Hasouna groundwater ([3t] =
The §280n0, and§5Nno, values of the dissolved NDfor  0.0058. [Ca2+], R? = 0.83; see values in Table 1) is typi-
the Hasouna groundwater range from 6.9 to 17.4 %o and frontally found where evaporite gypsum deposits are dissolved
6.6 to 9.1 %o, respectively, and are shown in Fig. 5 in re- (e.g. Dietzel and Kirchhoff, 2003). Thus, from the solution
lation to the isotope ranges of different sources for;NO chemistry of the groundwater as well as from the known oc-
(see Kendall, 1998 and Bohlke et al., 1997). Our measure@urrence of evaporites on the Saharan platform (Turner and
81°Nno, ands80yo, values are almost within the range of Sherif, 2007), and occasionally documented gypsum in core
a microbial origin for NG (e.g. obtained by nitrification in  samples from Hasouna well fields (Sahli, 2006), we reason-
soils), where0/260 is incorporated from the reacting8 ably assume salt dissolution to be the dominant source of
and @, and the(315NNo3 value is derived from organic mat- the dissolved S§T. This conclusion is also supported by the
ter (Fig. 5). above-mentioned narrow range of stable isotope data with re-

In modern groundwater the isotope composition of NO spect to S@‘, with no correlation of isotope data and $O

might be modified within pyrite-bearing aquifers by micro- concentrations (Fig. 6).
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Figure 6. The isotope composition as a function of the con-
centration of dissolved SP. Green and open circles denote Figure 7. (a) 170 excess 4170yo,) vs. 8180y, value of
834SSO4(VCDT) and6180504 (VSMOW) values, respectively. The Hasouna groundwatergb) Mixing approach for the #165 and

resented3 ands180en,. ranges of dissolved <O of mod-  #152 end-member solutions, where ﬂ‘@ excess of dissolved
P ) Ssoy SO g Sij NO3 and the reciprocal ND concentration (mM) can be fol-
ern Mediterranean seawater (Medit. sw) and Permiafr S@erm. 1,34 by a linear relationship. Isotope values are related to the

sw) are from Boticher et al. (1998), Bottcher (1999), Faure andy,gpow standarde: Hasouna groundwater, Libya (this study).
Mensing (2005), Mittermayr et al. (2012), and Nielson (1979). = and m: NO-rich deposit of the Atacama (Chile) and Mo-
jave (California) deserts, respectively (Michalski et al., 2004a).
Groundwater from the Mojave Desert (Michalski et al., 2004a).
x: Stream water from San Gorgonio and Devil Canyon at storm
flow events (California; Michalski et al., 2004B}-: NOg-rich de-
posit of Kumutag (China; Li et al., 2010%.. Atmospheric photo-

tions (solid green arrow in Fig. 5). This trend cannot re- chemical NG (Michalski et al., 2004a). Solid horizontal line: ter-
Itf d gt ficati dash 3 . Bottch tal. 1990 restrial isotope fractionation line considering MDF. Dashed green
sult from denitrification (dashed arrow; Boticher etal., ' line: regression line for all given data¢’Ono, = 0.3426180y0,;

Kendall,1998; Granger et al., 2010), but might be explainedRz —0978)
by animpact of NQ from atmospheric deposition (e.g. Boh- ’ '
lke et al., 1997).

The origin of NG can be constrained by considering the ~ The formation of N am is linked to the most impor-
170 isotope, and evaluating both th&’Ono, ands'®0no,  tant oxidant in the atmosphere:zOThe respectiverl’0
values (see Eq. (1)). All Hasouna paleo-groundwater meaof atmospheric NQ, gained from the conversion of atmo-
sured here exhibits a positivéO excess up tOAﬂONoa A spheric NQ and @, can be followed by three major reac-
5 %o, which is attributed to NMDF during the conversion of tion pathways involving N@ Oz, OH~ and HO (Gao and
atmospheric NQand G to NOj (atm) (Table 1; Kendall and  Marcus, 2001; Savarino, 2000; Michalski et al., 2003). The
Doctor, 2004; Michalski et al., 2004a; Thiemens, 2001). In proportion of NG am for the former reaction paths and cor-
Fig. 7a, thel’O excess vs. the traditionat®0Ono, value is  responding precipitation rates can be obtained from global
displayed. A potential secondary (de)nitrification or reduc- climate models, which finally results m17oNO3,atm of about
tion impact can be followed by a shift parallel to the terres- +-25 %o, a value well corroborated by atmospheric observa-
trial fractionation trend (horizontal arrows indicate the MDF tions (Michalski et al., 2003; Morin et al., 2008; Alexander
effect). For the given isotope data of N@n Fig. 7a, anover- et al., 2009). In contrast, microbially induced nitrification in
all relationship with a slope of 0.342 is obtained from least soils results inA'Ono, ,; = 0 %o. The individual'’O ex-
squares regression, which fits well with ta€’Ono, end  cess of dissolved ND of the analysed Saharan groundwa-
member, the atmospheric photochemicalNMichalski et e A170y,, can be used to calculate the fraction of atmo-

al., 2004a; see Fig. 7a). The deviation from the overall COl-spheric NG vs. the total NG concentration according to
relation of isotope data, which is given by the green dasheqhe expression 7Oyo
3-

line in Fig. 7a, can be explained by MDF effects. The isotope

data of Hasouna groundwater plot slightly below the dashed _ AY"ONo,
line. This behaviour may be caused by minor variability of X[NOj3 Jatm = AlOnon
the isotopic composition of atmospheric photochemicafNO Sam
and/or by a slight impact on secondary MDF effects, e.g. in-Considering the measurezlslﬂof\,o3 values of the ground-
duced by denitrification. For the present case the overall nonwater from 0.4 to 5 %o in Table 1 anti*’Ono, 4, & +25 %o,
relevance of denitrification is shown in Fig. 5. individual proportions from 1.6 up to 20.0 % for atmospheric

A pronounced trend toward highét®Oyo, and lower
815NNQ3 values is obvious for elevated NOconcentra-

-100(%) (6)
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origin with respect to the total dissolved JGare obtained. elevated NQ concentrations. The latter relationship is oppo-
The remaining N@ proportion is referred to recycled NO  site to what would be expected to occur during denitrification
in soil horizons, where oxygen isotopes in §@re incor-  (Fig. 5). o _

porated via microbially induced nitrification from the react- ~ The local distribution ok [NOj Jaim (Eq. 6) is analogous to

ing H,0 and Q. Interestingly,x[NOj Jaim ~ 20 % is consis-  that of the NG content shown in Fig. 1, as*’Ooj is nega-

tent with the proportion of non-recycled atmospheric NO tively correlated to 1/[NQ] (see Fig. 7b). Spatial variability

vs. total NG; estimated froms80no, data of unsaturated in x[NO3 Jam and [NG5] is attributed to paleoclimatic con-
zone moisture in the arid Badain Jaran Desert (China; Gateslitions during recharge and to an associated paleo-biosphere
et al., 2008). Theal’Oyo, values of dissolved NDin the  response. A relative increase in X[NQm can be caused
Hasouna Aquifer thus clearly reveal that @ a mixture by (i) longer lasting dry periods with subsequent precipita-

between NQ transferred from the atmosphere and NO tio_n eve_nts and/or (ii) a local surface covered by less fertile
gained from nitrification. soils. HighA1’Ono, values of Hasouna groundwater reflect

soils more barren in the dry periods, while la!’Ono,
values correspond to more fertile soils. Combining the cli-
mate record from the isotope composition of the water with
the A1’Ono, data, elevated[NO; Jam values are correlated
with less negativéDn,0 and818OHzo values (see ground-
In analogy to the ion concentrations, a binary mixing Water samples #152 vs. #165 in Figs. 4 and 7b). This rela-
approach that considers end-member solutions #165 anHonship traces longer lasting dry periods and more barren
#152 is consistent with th&’O excess in Hasouna paleo- soils for these dry periods under relatively warmer climate
groundwater. This mixing approach is displayed by a lin- conditions.
ear correlation ofA1’Oyo, values vs. 1/[NQ] in Fig. 7b,
where elevated ND atm proportions (highet’O excess) are
obtained at high total N© concentrations (e.g. groundwa- 6 Conclusions
ter #152). Such elevated NQum proportions can be ex- ) )
plained by an impact of flood events as shown by Michal- N thg present study we used an mtegr_a;ed hydrogeochemical
ski et al. (2004b) from monitored values during storm events@nd isotope approach to trace the origin of N@nd to re-
in the Devil Canyon watershed (southern California, USA). construct the paleoghmatm conditions dunng_recharge of Sa—
A17ON03 maximum values are caused by a wash-out of dryharan groundwater in the arle7a of Hasouna, Libya. We applied
deposition of atmospheric N which was accumulated ~the outstanding feat7ure ok *'Ono, values to trace atmo-
through long-term arid conditions to which plant and soil sur- SPheric NG, as thel O excess of dissolved Npis not af-
faces had been exposed. Periodic infiltration events enhancdgcted by terrestrial fract7|onat|on processes (MDF) (Kendall
the leaching of accumulated NOfrom plant and soil sur- gnd Doctor, 2004). Out’O-excess data clearly show that
faces and also from below the near-surface and rooting zond? the present Saharan groundwater up to 20 mol % of the
Accordingly, the N@-enriched solutions migrated down- dissolved NQ originates from the atmosphere, with the re-
ward through the vadose zone to the water table and correMaining NG being leached from the soils (Table 1). To our
spondingly high N@ concentrations occur in the recharg- knowledge, this is the first study whetéO excess of NQ
ing groundwater (see also Edmunds and Gaye, 1997, Tyler és measured in paleo-groundwater, verifying tmit7ONo3
al., 1997, Hartsough et al., 2001, Walvoord et al., 2003 andvalues survived up to thousands of years and can still be used
Chiwa et al., 2010). to estimate the NO am proportion of total dissolved ND

For the present case, it is proposed that dry periods haveduring ancient recharge. Aerobic conditions documented by
alternated with periodic infiltration events in wetter climates, the presence of dissolved@nd the isotope composition of
where infiltration of solutions occurred leaving th&D ex-  dissolved S(ﬁ within the Saharan aquifer have allowed dis-
cess of NQ preserved. These environmental conditions dur-solved NG from paleo-recharge to persist until the present.
ing recharge coincide well with results from pollen analysesThis nitrogen trap has formed a still underestimated N reser-
in the Sahara Desert (Libya), where past climate oscillationsyoir for N cycling and balancing (see also Gates et al., 2008).
between wet and dry periods are documented at about 8Fhe NG; content within the aquifer is predetermined by
10kaBP (Mercuri, 2008). Preserved 'Ono, >0 %o clearly  paleo-recharge conditions. Thus, for the management of wa-
indicates that NQ aim underwent limited biological process- ter supply by using Saharan groundwater from Hasouna well
ing, as the time for infiltration through soil horizons was lim- fields, elevated NQ concentrations have to be considered as
ited (Michalski et al., 2004b). Limited ND-biotic interac-  a long-lasting challenge.
tion periods are confirmed by the uniform sulfur and oxygen The assumption of groundwater mixing within the aquifer
isotope composition of SP and in particular bys'®Ono,  seems to be reasonable, considering that paleo-groundwater
values, which change in the direction to atmospherigN®  with a huge variability in salinity is regionally documented.

5 Implications for paleo-climate conditions during
recharge
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