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Analytical Expressions of Radiocarbon Distribution
in Transient State Unconfined Aquifers and Their
Application to Determination of Past and Present
Recharges of North Africa Aquifers
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Pierre Séraphin!

, Julio Goncalves! 2, Bruno Hamelin!, Pierre Deschamps! ', and

'Aix Marseille University, CNRS, IRD, INRAE, Coll France, CEREGE, Aix-en-Provence, France

Abstract In this study, we developed two-dimensional hydrodynamic age expressions for the free-
surface aquifer problem required for radiocarbon data interpretation in terms of recharge. Time-varying
recharge is accounted for in fully transient or pseudo-steady state alternative analytical expressions
applying to weakly or highly hydraulically reactive unconfined aquifers, respectively. These expressions
extend the well-known model proposed by Vogel in 1967 and represent a convenient alternative approach
to the more complex numerical solution of a particle tracking problem considering climate variability.
An application of the developed expressions was carried out to assess past (40 Kyr) and present recharge
rates for the North Western Sahara Aquifer System (NWSAS) and the Djeffara plain (Tunisia-Libya).
Using the available C data at different outcrops, we obtained local recharge values ranging from

0.2 + 1.7 to 4.5 + 3.2 mm yr .. Here, it is shown that using the standard purely steady-state model for
radiocarbon interpretation leads to a present recharge overestimation of up to 360%. A linear relation
between the present recharge and the average annual rainfall was obtained and used to identify the
regional distribution of the recharge and domain-averaged values. Global values of 1.6 + 2.3 mm yr~! for
the NWSAS and 3.5 + 2.3 mm yr~! for the Djeffara are in excellent agreement with the values obtained
by hydrogeological models and derived using Satellite gravity data. The relation between recharge

and rainfall obtained here can be used as a first-order estimate for hydrogeological modeling or water
management analysis for aquifers in the Saharan area.

1. Introduction

Determining groundwater recharge is fundamental for the understanding and management of groundwater
systems, especially for renewability analysis. Assessing the long-term recharge rate is pivotal to understand
aquifers’ behavior and predict potential effects of recent climate and land use changes on groundwater
resources. Recharge rate can be defined as the amount of water that effectively flows across the unsatu-
rated zone and reaches the water table of an aquifer over a given time. Among the different methods to
identify the recharge, such as numerical modeling (unsaturated or saturated zone) and water table fluctu-
ation, the use of geochemical tracers is one of the most appropriate approaches especially in arid environ-
ments where recharge is low and sporadic (Cartwright et al., 2017; Cook et al., 1992; Scanlon, 2000; Scanlon
et al., 2002, 2006). In such environments, recharge occurs according to two mechanisms: diffuse recharge by
direct infiltration of precipitation and focused recharge by infiltration of wadi floods (Scanlon et al., 2006).
Moreover, in the most arid areas, uptake of groundwater at the water table by evaporation was quantitative-
ly identified by Fontes et al. (1986) who termed this flux a diffuse discharge which therefore corresponds
to a “negative net recharge” (i.e., when evaporation exceeds recharge; Lekula & Lubczynski, 2019). This
evaporation groundwater uptake was recently modeled (Kamai & Assouline, 2018; Lekula & Lubczyn-
ski, 2019) and measured in situ (Schulz et al., 2015). Beside the chloride mass balance approach, the most
commonly used tracers are radioactive isotopes, such as *Cl, C, or *H (e.g., Abid et al., 2012; Cartwright
etal., 2017; Clark & Fritz, 1997; Cook et al., 1994; Guendouz et al., 2003; Le Gal la Salle et al., 2001; Newman
et al., 2010; Petersen, 2014; Scanlon, 2000; Tweed et al., 2011). Making use of the radioactive decay of such
isotopes, groundwater ages (i.e., travel time of a fluid particle from its entry into the water table to its cur-
rent position) and velocities in confined and unconfined aquifers can be estimated, which enables recharge
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rates to be determined. This approach was used in several studies to determine travel time distributions
(Cartwright et al., 2020; Cook & Bohlke, 2000; Gerber et al., 2018; Samborska et al., 2013) and to investi-
gate either the existence or the magnitude of the recharge (e.g., Bohlke, 2002; Bredenkamp & Vogel, 1970;
Delin et al., 2000, 2007; Edmunds & Wright, 1979; Leaney & Allison, 1986; McMahon et al., 2011; Verha-
gen, 1992). Groundwater ages derived from radioactive isotopes interpreted in terms of recharge rates can
be simply estimated using a hydrodynamic age model as proposed by Vogel (1967). This model is based on a
particle tracking approach consisting in parametric equations giving the (x, z) location of a fluid particle at
any given time for a simplified unconfined aquifer of constant thickness and porosity receiving a constant
recharge in time and space. Vogel’s (1967) model provides a vertical distribution of theoretical ages (or ra-
dioisotope concentrations) corresponding to vertically stratified streamflow lines carrying different concen-
trations and underlying groundwater ages and allows a straightforward data interpretation. Moreover, this
parsimonious approach represents a simple alternative method to more complex, time- and cpu-consuming
fluid flow, and reactive transport models (e.g., Cartwright et al., 2020; Sanford, 2002) to directly interpret
radioisotope concentrations. Building such complex models may even be impossible due to data scarcity
(geometry, permeability, storativity, and hydraulic heads). The approach based on Vogel’s model was used
for recharge estimation in various studies (e.g., Delin et al., 2000, 2007; Harrington et al., 2002; McCallum
et al., 2020; McMahon et al., 2011).

Vogel’s approach applies to a vertical profile of radioisotope concentrations in an unconfined aquifer, which
is generally not available unless the data are obtained using nested wells (multi-level). For the most com-
mon situation of well screening over the entire water column, the interpretation of the data using Vogel’s
model depends on the sampling method. If the sampling method does not disturb the stratification (i.e.,
low pumping rate in a chamber limited by packers), the model can be directly used by implementing the
sampling depth. Conversely, when it comes to installations presenting high pumping rates (e.g., those used
for water supply) for moderate to deep sampling, the sampling likely yields a mixing of vertically stratified
streamlines, especially if the pump is located in the middle of the screened interval depth (Lasagna & De
Luca, 2016; Leray et al., 2012; Wood et al., 2017; Zinn & Konikow, 2007). In the event of mixing, due to the
non-linearity of the groundwater age model (exponential decay), the age that could be calculated using the
average radioisotope activity does not correspond to the mean age of the individual streamlines carrying
different radioactive isotope activities. This well-known bias associated to heavy pumping (converging flow
lines) is referred to by introducing the notion of apparent age (Bethke & Johnson, 2008) and was discussed
as a drawback for all environmental tracers by McCallum et al. (2015) and specifically for radiocarbon ap-
proaches by Cartwright et al. (2020). In both cases, a model for the radioactive isotope vertical distribution
of an unconfined aquifer is needed to accurately interpret the sampled concentrations.

Moreover, a fundamental drawback when interpreting data using Vogel’s model is the assumption of a
constant recharge. Indeed, for regional-scale and thick aquifers with long residence times for which ra-
diocarbon is often used, the recharge is largely affected by recent Quaternary climate fluctuations. In the
circum-Sahara area, besides the glacial (presumably dry) and interglacial (wet) alternations (see, e.g., Pe-
tersen, 2014), a more humid period (African Humid Period, AHP) between —10 and —5 ka was highlighted
by several marine or continental records (Collins et al., 2017; deMenocal et al., 2000; Gasse, 2000; Tierney
et al., 2017). These climatic fluctuations impact the past recharge of regional-scale aquifers as recorded
in groundwater by isotopic tracers (radiocarbon and stable isotopes of hydrogen and oxygen; Edmunds
et al., 2003). Hence, the relevance of using Vogel’s model based on the assumption of a constant recharge
for the C data interpretation of systems characterized by time constants of several tens of thousands of
years is questionable. An answer would be that the interpretation using Vogel’s model yields a recharge
value averaging the temporal resolution of the radioisotope (e.g., Wood et al., 2015). However, for current
management purposes, the present-day recharge value must be preferentially ascertained.

Accounting for Quaternary climate variability, and therefore recharge temporal variations, generally im-
poses the use of (numerical) models that are much more complex than Vogel’s model (e.g., Petersen, 2014;
Schulz et al., 2017). In a simpler approach, the validity of the Vogel expressions can however be extended
to take into account the temporal variation of the recharge. In that respect, McCallum et al. (2020) recently
proposed an analytical approach based on Vogel’s expression to assess the effects of recharge variation over
the few last decades. The authors associated a slightly modified Vogel model with the stretching method
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Figure 1. (a) Location map showing the extent of the Complex Terminal (CT), the Continental Intercalaire (CI), and the Djeffara aquifers and the location of
the samples. (b and c) Schematic views of the hydrogeological contexts of the sampling sites.

of Massoudieh (2013) to extend the flowlines beyond a vertical boundary in order to calculate #C and age
distributions on a horizontal discharge zone using a pseudo-steady state (instantaneous velocity changes)
assumption. Here, by introducing more in-depth alterations to Vogel’s model than McCallum et al. (2020),
we show the possibility of extending Vogel’s analytical approach to more realistic transient systems subject
to time-varying recharge rates.

The new expressions are used to interpret the radiocarbon activity of samples collected in wells with large
pumping rate facilities leading to a vertical mixing which is a common situation. Following a presentation
of the application domain and the available radiocarbon data, we describe the new conceptualization of Vo-
gel’s model introducing the temporal variation of recharge, by analyzing the hydrodynamics applying to a
2D free-surface aquifer. Two sets of expressions were developed to adapt to differences in aquifer reactivity:
fully transient state (TS) and pseudo steady state (PSS) models. These expressions are then applied to assess
the recharge rates for the North Western Sahara Aquifer System (NWSAS) and the Djeffara plain aquifer
(Tunisia and Lybia; Figure 1). For this purpose, the available “C data are interpreted by accounting for the
climate variability given by the most recent climate reconstructions for northwestern Africa (e.g., Collins
et al., 2017; Pausata et al., 2020).

2. Hydrological and Climatic Context of North Africa Aquifers and Available
Radiocarbon Data

2.1. Hydrological Systems
2.1.1. North Western Sahara Aquifer System

Extending over about 10° km? (Algeria, Tunisia, and Libya; Figure 1), NWSAS is characterized by depths
up to 3,000 m and is one of the largest transboundary aquifers in the world (MacDonald et al., 2012). This
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multilayered aquifer system is mostly made of Triassic to Quaternary continental formations which contain
two main hydrogeological units: the “Continental Intercalaire” (CI) and the “Complexe Terminal” (CT).
The CI is a deep and mostly confined aquifer composed of middle Jurassic to lower Cretaceous formations
with an average thickness of 358 m (Baba Sy, 2005). Two formations in the CI present particularly efficient
aquifer properties: the Barremian and the Albian sandstone formations. These formations are separated
(discontinuously at large scale but effectively at lower scale) by dolomite and clays of the Aptian. Recharge
occurs at the outcrops of this regional-scale aquifer representing about 200,000 km? (20% of the total surface
area of the CI), of which the Atlas area contributes about 70% (Gongalvés et al., 2020). The most recent value
of overall recharge for the CI was estimated at 9.4 m3 s~! by hydrogeological modeling (Baba Sy, 2005). The
CT aquifer is a multi-layer aquifer which comprises two interconnected formations separated by discon-
tinuous shaly to marly confining units: Mio-Pliocene sands and upper Cretaceous and Eocene carbonates
(Figure 1b). Due to the discontinuity of these confining units between the two aquifer formations, the CT
is considered a single aquifer at regional scale. However, at local scale (well tests), the hydraulic effects of
the confining unit cannot be omitted. The CT aquifer has an average thickness of 340 m (average saturated
thickness 250 m) and extends over 660,000 km?. Its main outcropping areas are the Algerian and Tunisian
Chotts in the north, the eastern flank of Dahar and Jabal Nafusa in the east, the plateau of Tinrhert and
Tademait in the south, and the M'zab dorsal in the west (Baba Sy, 2005; Guendouz et al., 2003; Observatoire
du Sahara et du Sahel [OSS], 2002). The main recharge area of the shallow and mostly unconfined CT is
located in the Central Sahara. The most recent global recharge estimates were estimated at 18.2 m3 s™! by
hydrogeological modeling (Baba Sy, 2005; OSS, 2003; Zammouri & Ribeiro, 2017).

2.1.2. Djeffara Plain Aquifer

The northern part of the Djeffara plain is one of the main discharge areas for CI groundwater (see, e.g.,
Gongalves et al., 2015). In the Gabes region (Tunisia; Figure 1), the thinning of the CI and a northwest-
ward increase in clay content reducing the aquifer transmissivity cause upward CI groundwater circulation
through the El-Hamma fault network. The Djeffara sedimentary plain contains a shallower multi-layer
aquifer, formed by Miocene continental deposits (clays intercalated with conglomeratic and sandy lay-
ers), Senonian limestones, Turonian carbonates (dolomites and limestones), and Triassic sandstones. The
groundwater flow is generally directed toward the shoreline. Due to mixing processes between old waters
from the CI and local recharge, which was observed based on the piezometric map, the north Djeffara plain
was excluded from the present study. Conversely, in the southern part of the Djeffara plain, the free-surface
outcrops of the Jurassic and Triassic aquifers receive a local recharge (0SS, 2006).

2.2. Present and Past Climatic Context

The northern fringe of the NWSAS and the Djeffara plain are characterized by a seasonal Mediterranean
climate with a rainy winter (October—-March) and a dry summer (Nicholson, 2000). A large latitudinal varia-
tion in annual rainfall is observed from about 350 mm on the Atlas Mountains area to <10 mm in the south-
ern Sahara (Baba Sy, 2005; OSS, 2003). The domain averaged value of the Average Annual Rainfall (AAR) is
70 mm yr~! for the NWSAS and 190 mm yr~ for the Djeffara, using the global rainfall rates at a resolution
of 1° X 1° since 1901 from the CRU Climatic Research Unit (http://wps-webl.ceda.ac.uk).

The interpretation of the available C data requires considering the climate variations of North Africa over
the last 40 Kyr which corresponds to the time-period over which radiocarbon indicates groundwater flow
and recharge. The climate variability during the Quaternary in the Mediterranean region and Sahara-Sahel
belt has been largely studied, especially during the last glacial-interglacial alternation and the Holocene
(see review in Abrantes et al., 2012; Gasse, 2000; Hoelzmann et al., 2004; Pausata et al., 2020). The coastal
regions of northern Africa up to the Sahara lies at a critical boundary position between polar and subtrop-
ical air masses.

Climate variability over the Sahara is controlled by the orbitally-induced shift of the ITCZ (Intertropical
Convergence Zone) and northward penetration of the monsoon rains into North Africa. During the last
humid period, between ~—10 and —5 ka, referred to as the AHP, marine records (Skonieczny et al., 2015;
Tierney et al., 2017) showed that monsoonal moisture reached up to 31°N latitude (i.e., the southern part of
the NWSAS) in agreement with most recent modeling effort (Pausata et al., 2016). The present-day Sahara
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Desert transitioned to a vegetated state (Hopcroft et al., 2017; Peyron et al., 2006) well-documented in con-
tinental archives (Gasse, 2000; Hoelzmann et al., 2004). These wetter conditions leaded to the formation of
surface water bodies in the northern Sahara (Fontes et al., 1985; Lécuyer et al., 2016) and likely caused an
active recharge of the Saharan aquifers (e.g., Lézine et al., 2011). Although the timing and abruptness of
AHP termination are still debated, climate condition became drier during the mid-to late Holocene period
(=5 kato today; Lézine et al., 2011; Shanahan et al., 2015). The glacial period preceding the AHP is only doc-
umented by marine sediments records (notably, leaf wax isotopes 6D, ) that indicate dry conditions over
the Northern Sahara (including the NWSAS area) during the —40 to —10 ka period (Skonieczny et al., 2015;
Tierney et al., 2017; Tjallingii et al., 2008) leading to relatively low rainfall and thus low recharge.

The hydroclimate of the southern Mediterranean coast is mainly influenced by westerly precipitation and
the position and strength of the wintertime North Atlantic storm tracks. Past humid periods in this re-
gion correspond to enhanced advection of Atlantic moisture with admixture along the storm track of wa-
ter evaporated from Western Mediterranean Sea (Hoelzmann et al., 2004; Rogerson et al., 2019). There
are multiple lines of evidence that the Western African monsoon never reached the Mediterranean realm
(Tzedakis, 2007), but several studies support also precessional forcing of the Mediterranean climate, and co-
eval humid conditions in southern Mediterranean with maximum monsoon activity (Blanchet et al., 2021;
Hoffmann et al., 2016; Kutzbach et al., 2014). During the early Holocene, substantially wetter conditions
prevailed over much of southern rim of Mediterranean Sea, as documented by recent paleohydrological
records (Blanchet et al., 2021; Combourieu Nebout et al., 2009; Desprat et al., 2013).

2.3. Radiocarbon Data
2.3.1. Available Radiocarbon Data

Many studies have provided “C data on groundwater in the two aquifer systems investigated here (see
below). However, for the specific objectives of the present study (i.e., thorough interpretation of *C data
using a simple particle tracking approach for free surface aquifers), we sorted out existing radiocarbon data
according to three criteria:

1. Geological consistency: the multi-layer aquifers considered here are characterized by permeable for-
mations separated by discontinuous confining layers, possibly leading to local semi-confined behavior
(Figure 1b). Therefore, we consider here only radiocarbon data collected within the same geological
formation showing a free-surface and for a given streamline interpretation: Mio-Pliocene sandstones
or carbonate Senonian to Turonian formation for the CT, Barremian, or Albian sandstones for the CI.

2. A clear hydrogeological context: either a fully unconfined aquifer within a unique formation or the
free-surface outcrop of a large regional scale confined aquifer (Figures 1b and 1c, respectively). This lat-
ter favorable situation enables a straightforward “C interpretation given probable small response times
to the changes in recharge associated with the small length scale of the outcropping area (see Section 3).

3. Favorable hydrodynamic context: we selected locations characterized by diverging (or not converging)
streamlines to avoid the mixing problem and discarded the outcrops corresponding to large regional
streamlines of confined systems outflowing and mixing with local recharge (e.g., the Foggara region in
southern Algeria, which was the main sampling area of Gonfiantini et al., 1974 for the CI).

Out of the 184 radiocarbon data published on the NWSAS and Djeffara Aquifer (Gonfiantini et al., 1974;
Guendouz et al., 2003; Hadj Ammar, 2016; Hadj Ammar et al., 2014, 2020; OSS, 2003; Petersen et al., 2018;
Srdoc¢ et al., 1982; Zouari et al., 2011), only 25 were retained according to our selection criteria (see location
of the samples in Figure 1 and Table 1).

2.3.2. Correction of Radiocarbon Data for Atmospheric Contamination

All the samples were obtained using large pumping facilities which yields a mixing of vertically strati-
fied streamlines. Most of these samples were collected and analyzed using the historical method based on
the extraction of the dissolved inorganic carbon by precipitation of barium or strontium carbonate from a
large groundwater volume (>50 L) in the field. In this method, the carbonate precipitation is initiated by
adding sodium hydroxide that made the solution hyperalkaline. As pointed out by Aggarwal et al. (2014),
this method may lead to contamination of the samples by atmospheric carbon, as hyperalkaline solution
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Table 1
Collected Data and Calculated Parameters for NWSAS (CT and CI) and the Djeffara Plain
corrected 513C 5 13Cg
Recharge zone Sample References Aquifer A corrected (PTIC) (pmc) (%o0) (%o0) PH
Grand Erg 1 Guendouz et al., 2003 Mio-Pliocene 42.5+0.8 37.65 £ 5.19 —6.60 -15 7.71
Oriental CT sandstones
2 Mio-Pliocene 3891 33.74 £ 5.11 —9.00 —15 7.54
sandstones
3 Mio-Pliocene 28 +3.7 21.92 +4.93 —6.56 —15 7.04
sandstones
4 Mio-Pliocene 24.7 £ 0.8 18.34 £ 4.91 —7.00 —-15 6.66
sandstones
5 Mio-Pliocene 314+ 2 25.61 £ 4.97 —9.50 —15 7.15
sandstones
Northern 6 Hadj Ammar, 2016; Hadj Ammar Mio-Pliocene 11.5+1 4.03 £ 4.94 =572 -20 7.17
Chain of et al., 2014, 2020 sandstones
Chotts CT 7 Mio-Pliocene 183+1 11.40 + 4.90 -8.29 —20 8.10
sandstones
8 Mio-Pliocene 17.8 £ 1 10.86 = 4.90 —6.14 —-20 7.20
sandstones
Dahar CT 9 Hadj Ammar, 2016; Hadj Ammar Senonian 302+1 24.31 + 4.96 —7.32 —-20 7.40
et al., 2014, 2020 carbonates
10 Senonian 1791 10.97 £ 4.90 —4.18 —-20 8.28
carbonates
11 Hadj Ammar, 2016; Hadj Ammar Mio-Pliocene 11.2+1 3.70 + 4.95 —4.49 —-20 7.30
et al., 2014, 2020 sandstones
12 Mio-Pliocene 123 +1 490 +4.93 —5.22 —20 8.05
sandstones
13 Mio-Pliocene 122 +1 4.79 +4.93 —6.21 —-20 7.78
sandstones
14 Mio-Pliocene 10.8 £1 3.27 £4.95 —5.22 —-20 7.90
sandstones
Nafusa CT 15 Srdoc et al., 1982 Turonian 9.4 +0.5 1.75 £ 4.97 —4.80 —-20 NA
carbonates
16 Senonian 12.8 £ 0.5 5.44 +4.93 —3.80 —-20 NA
carbonates
17 Senonian 23+ 0.6 16.50 + 4.90 —6.90 —20 NA
carbonates
18 0SS, 2003 Miocene 18.6 £ 1.9 11.73 £ 4.90 —4.30 —20 NA
sandstones
Tinhrert CI 19 Gonfiantini et al., 1974 Albian sandstones 22.8 +0.8 16.28 + 4.90 —-7.20 -15 7.30
20 Albian sandstones 17.3 £ 0.7 10.32 £ 4.90 —10.50 —-15 7.60
21 Albian sandstones 99+1.5 2.29 + 4.96 —10.9 -15 7.60
Atlas CI 22 Gonfiantini et al., 1974; Petersen  Albian sandstones 54.7 £ 1.3 50.88 + 5.58 —7.40 —-20 7.40
Dahar CI 23 et al,, 2018 Albian sandstones 4224 + 021 4224 +0.21 —7.67 -20 NA
Djeffara 24 Zouari et al., 2011 Triassic sandstones 34+2 28.43 + 5.01 —7.24 —-20 7.70
25 Triassic sandstones 357+ 1.2 30.27 £ 5.04 —-7.37 —-20 7.70
Note. A q@Nd A . stand for C activity before and after correction from atmospheric contamination, respectively.
CHEKIREB ET AL. 6 of 28
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Temperature A, A, T Sy L T
(°C) (pmc) model al Latitude a2 (X102 m s72) (%) (km) (yr)
29.30 39.64 £ 4.95 Eichinger 0.6 29.73 6.82 2.5 2.5 550 9600
31.80 60 £+ 7.50 Pearson 0.6 30.52 5.60
28.50 39.39 £ 4.92 Eichinger 0.6 30.54 5.57
27.70 42.58 + 5.32 Eichinger 0.6 31.52 4.36
30.80 63.33 £ 7.92 Pearson 0.6 31.55 4.33
33.12 23.99 £ 3.00 Eichinger 0.6 34 2.34 2.5 2.5 25 20
30.00 38.03 £ 4.75 0.6 33.91 2.40
29.00 26.70 £ 3.34 0.6 33.99 2.35
26.70 3312+ 4.14 Eichinger 0.6 33.39 2.73 2 2.5 30 80
14.40 18.63 £ 2.33 0.6 33.51 2.65
25.30 18.54 £ 2.32 Eichinger 0.6 33.77 2.48 2.5 2.5 75 180
22.90 22.64 £ 2.83 0.6 33.59 2.60
25.70 2742 £ 343 0.6 33.77 2.48
25.50 22.30 £ 2.79 0.6 33.58 2.60
NA 20.19 £ 2.52 Eichinger 0.6 31.78 4.08 1.5 1.0 210 930
NA 15.00 + 1.88 0.6 31.75 4.12
NA 31.07 £ 3.88 0.6 31.56 4.32
NA 17.60 £ 2.20 Eichinger 0.6 31.96 3.90 2.0 2.5 90 320
NA 44.08 = 5.51 Pearson 0.6 28.07 10.33 0.5 7.5 50 1190
NA 70.00 £ 8.75 0.6 28.47 9.34
NA 72.67 £ 9.08 0.6 28.76 8.69
NA 65.20 + 8.15 TAEA 0.6 33.68 2.54 1.5 7.5 20 63
23.10 65.61 £ 8.20 TAEA 0.6 324 3.50 1.0 7.5 10 16
24.50 32.87 £4.11 Eichinger 0.6 33.04 2.98 1.0 2.5 40 127
25.60 33.47 £ 4.18 0.6 33.27 2.81
CHEKIREB ET AL. 7 of 28
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promotes atmospheric CO, uptake. In order to correct the likely bias associated with this atmospheric con-
tamination, we used here a simplified approach, by considering available comparisons between presumably
contaminated and non-contaminated (i.e., small sample volume and Accelerator Mass Spectrometry “AMS”
measurement) radiocarbon activity values measured for the same water samples (Aggarwal et al., 2014;
Nakata et al., 2016; Yokochi et al., 2018). For this purpose, we adopted the approach proposed by Aggarwal
et al. (2014) of a mixing between atmospheric and groundwater sample carbon which is written:

Acunt = (1 - f)Anon-cont + fAAlm’ (]-)

withA A o Asme a0d f the contaminated, non-contaminated, atmospheric 14C activities, and the
fraction of atmospheric carbon introduced in the sample. From the regression line shown in Figure 2, we
obtained an average fraction of air contamination of about 8%. Figure 2 also shows that the discrepancy
decreases as the activity increases and that the uncertainty represents ca. 100% of the #C value at low
values. Therefore, radiocarbon activity values below 8 pmc obtained with the classical method are largely
questionable. On average, the uncertainty on the radiocarbon activity values corrected from atmospheric
contamination calculated here was about 5 pmc.

2.3.3. Determination of the A, (**C)

A large number of previous studies have been devoted to the discussion of the different processes that may
affect the 1*C activity of inorganic carbon dissolved in groundwater during its transfer through the vadose
zone and along its pathway in the aquifer (e.g., Eichinger, 1983; Fontes & Garnier, 1979). We used here the
approach proposed by Han and Plummer (2016) to identify the most appropriate model to estimate the ini-
tial “C activity at the water table (4 ). Following the procedure recommended by these authors, A, defined
as the #C content of groundwater after all chemical and isotopic processes have taken place and before

50
40 |
< 30 F
g
N
~
2
2 20 |
Q
<
@
e
2
£ 10 ¢
g
<
=
Q
Q
5
z o P
& Aggarwal et al., (2014)
-10 | B Nakata et al., (2016)
® Yokochi et al., (2018)
20 L L . L L .
0 10 20 30 40 50 60 70

Contamniated “C Activity 4 (pmc)

Figure 2. Linear relationship between contaminated and non-contaminated radiocarbon activity data measured for
the same water samples (data from Aggarwal et al., 2014; Nakata et al., 2016; Yokochi et al., 2018). Dashed lines are 95%
confidence intervals of the regression.
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Age t' (ka BP)

any radioactive decay, is assessed (Table 1). For each radiocarbon sample, we precisely calculate the 13C
fractionation factor of carbonate mineral with respect to HCO,~ (sg/b), B3C fractionation factor of dissolved
CO, with respect to gaseous CO, (aa/g), and 13C fractionation factor of carbonate mineral with respect to
HCO, (g,,)- This allowed the construction of the §"*C-'*C diagrams following the protocol in Appendix C
of Han and Plummer (2016) for each sample, then depicting the C 8'3C couplets to identify the appropriate
estimation model for A . It should be noted that in our A calculations (here, using Eichinger, Pearson, and
IAEA models), as Han and Plummer (2016), some approximations were considered, that is, the *C of soil
gas “C = 100 pmc, 1C of solid carbonate minerals **C_ = 0 pmc, and HCO,~ concentration (C,) is dominant
over CO2 (aq) (C,) in the total concentration of dissolved inorganic carbon (C, = C, + C,), which gives C,/
C,~0and C,/C, ~ 1. The most widely selected A, model here is the Eichinger’s model. However, when
the value of A calculated with this model equals the measured activity within the error bars of A and A4, it
was not possible to unequivocally identify which of the Eichinger and IAEA models applies to the sample.
Therefore, the approach of Han and Plummer (2016) could not be applied to samples 1, 24, and 25. This is
further discussed in terms of alternative empirical model for A estimation in Section 5.

Values of —25%. and —15%. for 513Cg (Carbon isotopic signature of soil gas CO,) are ascribed classically to
C3 and C4 photosynthetic pathways, respectively. For desert environments dominated by C4 plants, Right-
mire and Hanshaw (1973) reported model values for 513Cg of —12 + 5%o0 and measured values of —16.7 and
—18.2 £ 0.5%o for two soils. More recently Conaway et al. (2018) provided vadose zone measurements for
s13C . of —14.9 + 3%.. Considering all these estimates, we retained a value of —15 + 1.5%o in desert environ-
ments. However, considering only present-day vegetation to estimate §'3C . could be incorrect due to vegeta-
tion changes within the 40 Kyr time period corresponding to the #C data. Samples 1-5 and 19-21 (Figure 1
and Table 1) are located in areas that have experienced almost exclusively hyper-arid desert climates (Blan-
chet et al., 2021; Skonieczny et al., 2015; Tjallingii et al., 2008) in the last 40 Kyr, with the exception of the
~5 Kyr long AHP when herbaceous plains developed with presumably a mixture of C3 and C4 plants (Hély
et al., 2014; Lécuyer et al., 2016). Therefore, in these areas of the NWSAS, we assumed a 613Cg of —15%.. The
remaining samples are located on the north-western and northern borders of the Sahara at the piedmonts of
the Atlas, the Northern Chain of Chotts, the Dahar, or the Jebel Nafusa which continuously received higher
rainfall amounts during the last 40 Kyr (>100-300 mm yr—!) leading to a mixture of C3 and C4 plants. For
these areas, we used the average value of —20 + 2.5%0 between C3 (—25%0) and C4 (—15%o) plants. Uncer-
tainty on the 8'*Cg was propagated to the initial carbon activity A, calculations.

3. Methodology
3.1. Recharge Scenario for the Past 40 Kyr

The general picture of synchronous hydrological changes over North Africa discussed in Section 2.2 al-
low to reconstruct a schematic recharge scenario based on precipitation reconstructions for the last 40 Kyr
(Figure 3) by assuming a linear relationship between annual rainfall
and recharge in arid to semi-arid climates (Petersen, 2014; Scanlon
et al., 2006). In this square wave scenario, three time periods are con-

A

30

Recharge R

o R

T
20

1'0 é sidered: (a) Late Pleistocene (—40 to —10 ka, Period I), (b) late Pleisto-

cene to mid Holocene (—10 to —5 ka, Period II), and (c) late Holocene
(=5 ka to present day, Period III). The recharge over these periods
@R is defined by o R, where R is the recent recharge (Period III). For the
- well-documented Period II, precipitation and recharge reconstructions
(Blanchet et al., 2021; Claussen et al., 2013; Hopcroft et al., 2017; Pe-
R tersen, 2014; Tierney et al., 2017) suggest an average value of 5 + 2.3
for a,. However, according to rainfall reconstructions for the AHP pro-

ty t2

—
w

vided by Larrasoaifia et al. (2013), the AAR increase was proportional-

20

time t (ky)

ly higher in the south of the Saharan belt than in the north, pointing
to a latitudinal variation of «,. Based on that study, we infer a relation
between «, and latitude 4 as: a, = 1.15 X 10%%5" between 1 = 25°

Y

30 35

Figure 3. Recharge scenario based on climatic reconstruction for the last and 35°N. Although fewer estimates are available for period I, a value

40 Kyr with the time axis used in the models development.

for o, of 0.4 can be obtained from Tierney et al. (2017) for the period
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R —10 to —25 ka. Climate modeling studies suggest o, values between 0.4
»L Free Surface at z=H and 1 (Alder & Hostetler, 2015; Kageyama et al., 2013) for the LGM (Last

Glacial Maximum, —21 ka). Moreover, an exponential relationship can
be fitted between AAR/AAR, and the aridity index defined by Grant
et al. (2017), where AAR  is the present-day AAR, using the AAR values
for the AHP and the Eemian humid period (—122 to —128 ka) provided
by Pausata et al. (2020). We obtain &, = 0.6 for the period —40 to —10 ka.
Based on these different estimates, a value for «, of 0.6 + 0.3 can be con-
sidered for the Saharan area. The real influence of the recharge during
the glacial period on the C vertical profile in an unconfined aquifer is
discussed in Section 4.1.

x=L
07T
Figure 4. Schematic view of a 2D unconfined aquifer system with the 3.2. Models Development
coordinate system used. The x axis along the substratum of the aquifer
considered is almost horizontal, the z axis is vertical upwards, and an Recharge estimates were obtained from radiocarbon data along selected
almost constant saturated thickness H is considered assuming a weak streamlines within a clearly identified geological formation by means of

regional gradient of the free surface.

a particle tracking approach based on velocity field assessment. We con-

sidered here a 2D cross-section (x,z) for a simple unconfined aquifer with

constant hydraulic parameters (hydraulic conductivity and porosity), be-
ing recharged by precipitation over its whole outcrop as shown in Figure 4. In this situation, the two-compo-
nent velocity field leads to a downstream water particle movement from the water table receiving a recharge
R to some location (x(1), z(t)). Strictly speaking, the 2D free-surface aquifer problem requires solving the
continuity equation:

Ox 0z

with a boundary condition at the free-surface which is written in the bi-dimensional case according to
Bear (1979):

div(g) = =0 )

Kxa_ha_é‘_Ka_hjLR:S,a_é‘ (3)
Ox Ox © 0z 7 o

Equation 3 was obtained using a mass balance equation at the moving phreatic surface, where g, and g, and
K, and K are the specific discharge (m s™!) and the hydraulic conductivities along the x and z directions, R
is the recharge (m s™1), {(x,t) is the free phreatic surface elevation (m), h(x,z,t) is the hydraulic head (m), and
S, is the dimensionless specific yield. From a practical standpoint, Equation 3 can be solved numerically for
{(x,t) using an explicit scheme. Then Equation 2 combined with Darcy’s Law can be solved for h(x,z,t) within
the domain below the water table (Bear et al., 2010).

In this study, we adopted alternative approaches to this purely numerical solution based on an extension of
the simple analytical model proposed by Vogel (1967) which is briefly outlined below. Using a steady state
mass balance analysis and under the simplifying assumption of temporally and spatially constant recharge
and saturated thickness, Vogel (1967) derived particle tracking parametric expressions:

., oH [ X ] 4
t =—R In| —
X,
and: 0
. wH [Hj ©)
t'=——In| —
R b4

where ' is the hydrodynamic age (yr) of a fluid particle entering the saturated zone at a location x, (m) and
t' =0, H (m) is the aquifer’s saturated thickness, z (m) is the upward vertical axis with the origin at the sub-
stratum of the aquifer and w is claimed by the author to be the total porosity and not the drainage porosity.
It can be verified that the integration of Equation 5 over the vertical saturated thickness:
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1 (z=H WH H
Tp = Ejzzo Tln[?sz (6)

which leads to the expression of the groundwater residence time for an unconfined aquifer:

oH  wAH

R R ™

where A (m?) is the surface area of the aquifer, wA H represents the total groundwater volume, and RA_ is
the inflow. Moreover, according to Equation 5, the age and thus the *C distribution only depends on z and
not on the location x under the conditions used for the calculation. Noting that the infinitesimal displace-
ment which must be integrated to obtain Equations 4 and 5 is related to the velocities as follows:

dx = v dt;dz = v dt (8)

the underlying pore velocity components v, and v, (m s™") can be written as:

v R xv R )
= —Xy, = ———Z
Y owH oH

The expression for v, in Equation 9 can be in fact directly derived from the mass balance considered by
Vogel (1967). However, this groundwater mass balance implies using the kinematic porosity w, and not the
total porosity w. Indeed, noting that the x component of the velocity simply corresponds to the cumulated
volume which entered the unconfined system at a distance x (m) from the upstream zero flux boundary (see
Figure 4), the water balance equation per meter perpendicular to the flow direction is written:

Rxx=q,xH=v,xw,xH (10)

It is thus assumed that the total porosity w almost equals the kinematic porosity w, which is an approx-
imation (Marsily, 1986) valid for porous media with low specific surface (e.g., sand) and/or low sol-
id surface reactivity. The linear relationship between v, and z is often reported as a postulate in Vogel’s
calculation (e.g., McMahon et al., 2011) but it is in fact a requirement of the continuity equation (Equa-
tion 2). Indeed, it can be seen that Vogel’s expressions can be written as ¢, = —K, (6h/6x) = (R/H )x and
q. = —K_(0h/oz) = —(R/H )z, satisfying Equations 2 and 3 at steady state, and for a phreatic surface at
z = ¢{ = H noting that -K (ah/az) lpon= —(R/H)C = —R in Equation 3. The latter condition corresponds
to the assumption of an almost constant saturated thickness made by Vogel (1967) as depicted in Figure 4.
Vogel’s solution is thus restricted to steady-state conditions, which is a serious limitation considering the
Quaternary climate, and thus recharge rate, variations. Therefore, radiocarbon interpretations using this
solution lead at best to average recharge values over the investigated period (Wood et al., 2015) without the
averaging formalism enabling the reconstruction of temporal changes in recharge to be known.

Extending Voge’s model requires identifying transient analytical expressions accounting for temporal varia-
tions in recharge. Two sets of expression were developed here: a TS model, and a PSS model.

TS model: The first set of approximate expressions for the velocity field was obtained by means of a nu-
merical solution of Equations 2 and 3 for a base case as described in Appendix A. For this solution, we
considered an instantaneous increase in the recharge from 0 to R at t = 0 together with h(x, t = 0) = H as the
initial condition, and the following boundary conditions: h = Hatx =L, q,= Oatz=0and q,=0atx=0.
Assuming a constant saturated thickness (weakly variable) similarly to Vogel (1967) yields:

(o) g{p[z_jﬂ[lp[z_m v
()E{p(z_]z[lp[z_m a2

and:
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where T is the characteristic time of the aquifer: r = (I /D, ), with D, = T/S,. the hydraulic diffusivity
(m? s71), T the transmissivity of the aquifer (m* s™'), S, the dimensionless storativity which is the specific
yield S,, or the storage coefficient S for an unconfined or a confined aquifer, respectively.

The characteristic time is associated with pressure transfer and is used to describe the time needed to reach
a new steady state after a major change in surface boundary conditions such as the recharge rate (see,
e.g., Rousseau-Gueutin et al., 2013). The solution proposed in Appendix A points to a steady-state almost
reached after 2z which is slightly faster than the 37 reported by Rousseau-Gueutin et al. (2013). Moreover, a
small average difference of about 5% with the steady state in terms of velocity field is obtained after 17. This
more rapid response may be attributed to pressure diffusion in both x and z directions and not only in the
x direction classically accounted for by considering Dupuit’s (1863) assumption for fluid flow. Using Equa-
tions 11 and 12 in a particle tracking approach leads to a relatively limited error in the location of a fluid
particle, in comparison to the more complex numerical solution, of a few hundreds of meters in x and a few
tens of centimeters in z (see Appendix A). Therefore, these approximate analytical expressions allow simple
particle tracking calculations without the need for numerical solution and are therefore particularly con-
venient. For large t values (t — =), it is verified that Equations 11 and 12 tend to the steady state expressions
by Vogel (1967). The complete expressions for q, and q, applying to the recharge scenario proposed here (see
Figure 3) can be obtained by convolution. Naming the right hand side of Equations 11 and 12 f{x,t,R) and
g(xz,t,R), respectively, the convolution can be written:

q, = f(xtal) ifo<t<p
q, = f(xta, )+f(x,t—tl,(a2—a,)R) ifty<t<t, (13)
q, = f(xtaR) f(x,t—tl,(az—al)R)+f(x,t—t2,(l—a2)R) ifty<t<t
and:
q. = g(x, Z,t, a,R) ifo<t<y
q. g(x, Z, t, alR) + g(x, L, t—1, (a2 —a])R) ifty<t<t, (14)
q, = g(x, Zt, alR)+ g(x, st—1,(a —(XI)R)+ g(x, zt—t,(1 —az)R) ifty<t<t

Combining Equations 11-14 in a particle tracking approach yields the hydrodynamic age distribution
which can be combined with the radiocarbon exponential decay equation:

’ l AO
t'=1t;—t :Eln[X} (15)

where A, (pmc), the initial C activity of the TDIC assessed following Han and Plummer method (see
above), A (pmc) is *C activity, and 2 = 1.21 x 10~* yr~! is the radioactive decay constant for “C.

This allows us to calculate the (x,z) activity distribution and vertical profiles that constitute the TS model.
From a practical standpoint, the path of a fluid particle entering the aquifer at the free-surface and at time
t (x = x, and z = H) can be calculated using this solution to establish its present-day location in a forward
approach. Backwards particle tracking from a given present-day profile at a location x can be performed as
well. The latter approach can thus be used to fit the radiocarbon data.

3.2.1. Pseudo Steady State Model (PSS)

These hydrodynamic age model calculations can be greatly simplified if the characteristic time t which
governs the reactivity of aquifers is low. This is the basis of the second interpretation model (PSS). In such
a case, the aquifer is very reactive, leading to a succession of steady states separated by very short interme-
diate TS. Indeed, if T << 5 Kyr, the velocity field adjusts almost instantaneously to the square wave time
function for the temporally varying recharge considered here (see Appendix A). The TS can then be largely
neglected, yielding a very simple extension of Vogel’s solution in a pseudo-steady state approach (making r
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tend to 0 in Equations 12 and 14). In this case g, only depends on z and ¢, and the relation between A and z
can be established (see Appendix A) and written as follows:

Zﬂl
= = ifzy <z<H
& s

z B3
=ﬂ2{g] fa<z<zp

Bs (16)
=ﬁ4[§] fzg<z<yg

I
o

ifz<z

Sl & 2>

where

B = Py = Ps = 17)

B, = exp[_ai(t3 1) _1)J as)

po = 4 1)+ 251 1)+ o) )
Z = Hexp[—al—Rzl - M(t2 -1) —wi(@ - tz)J (20)
7 = Hexp(%(r2 1) —(5 - 12)) (21)

5 = HeXP[—wiH(% -0 )J (22)

The z coordinates z, z;, z, correspond to the vertical location of the particles which were at the water table
40, 10, and 5 Kyr ago. Note that if ¢, = a, =1, Vogel’s solution should be recovered. Introducing Equa-
tion 15 into Equation 5 gives the activity vertical profile associated with Vogel’s model which is written:

s
5

where 8 = (Ha)l/R A), with R, the constant long-term average recharge (m yr—!). Setting o, = « , = 1 in
Equations 16-22, thatis, R = R,, leads to g, = 8, = 55 = fand S, = 3, = 1. Therefore, Vogel’s solution is
effectively recovered except for the bottom of the saturated column (z < z,) where the discrepancy with Vo-
gel’s solution is only due to the assumption A = 0 for ¢ > 40 ka BP (t = 0 at t = 40 ka BP for model develop-
ment, Figure 3). However, as this bias related to bottom old groundwater represents less than 1% of the ver-
tically averaged activity value considered here (see Section 4.1), Vogel’s solution is approximately retrieved.

For both models (PSS and TS), assuming a uniform contribution of the vertically stratified streamlines
during sampling, the measured activity of samples collected using large pumping rate equipment and thus
resulting from a vertical mixing, can be compared with the theoretical average value which is analytically
written:

A= A()d: (24)
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where A(z) is given by Equations 13-15 or Equations 16-22.

For instance, introducing the PSS solution (Equations 16-22 into Equation 24) gives:

Z (Hﬂ1+l _ Z2ﬂ1+1) ﬂz (Zzﬂ3+1 _ Zlﬂ3+1) ﬁ4 (Zlﬂ5+1 _ Zoﬁ5+l) (25)
=— + +
H| (B +1)*H" (B; +1)* HP3 (Bs +1)x HPS

while using Vogel’s steady-state solution (Equation 23) simply gives:

1o A
A_(ﬁ+1) (26)

4. Results
4.1. Comparative Analysis of Models for Radiocarbon Interpretation

Here, it was first verified that using Vogel’s steady-state solution results in a long-term recharge whose
averaging formula must be ascertained when possible. For this purpose, Equations 16-22 were solved
in order to compare the results obtained by the analytical model of Vogel (1967) with a constant re-
charge, and our PSS model with a square wave recharge scenario. Given that the samples are in most
cases collected with high-rate pumps and thus represent a mixing, average *C activity calculated along
the profiles was considered. The PSS base case used here corresponds to L = 100 km, H = 100 m,
w=0.1,R=1mmyr', A =50 pmc, a, = 0.6, and «, = 5 leading to a vertically average activity value
of 28.1 pmc (Figure 4). This average value can also be obtained using Vogel’s model given that the long-
term average recharge corresponding to our base case recharge scenario is known. From a theoretical
standpoint, the average value can be found by equating Equations 25 and 26, therefore establishing the
required averaging formula to obtain R,. Applying this average value yields R, = 1.55 mm yr~! which
was introduced in Vogel’s expression (Equation 23). The calculated #C activity vertical profiles with
the same average value at 28.1 pmc for the two models are depicted in Figure 5. Figure 5 shows that
the discrepancy between the two profiles is higher at intermediate depths, between z; = 5 m (red line)
to z, = 60 m (blue line), which corresponds to the higher recharge during Period II. In addition, given
the low contribution of the most ancient recharge before Period I, only a low 1*C activity appears at the
bottom of the aquifer below the green line z; < 1 m, representing less than 1% of the vertically aver-
aged C activity A. With respect to the interpretation of radiocarbon samples, our calculations confirm
that a long-term average recharge (here, R, = 1.55 mm yr~') and not the present-day recharge (here,
R =1 mm yr!) is obtained when using Vogel’s standard solution. This is further discussed for the case
of North African aquifers in Section 5. The refined analysis of a constant average value inferred from
Vogel’s model in terms of time-varying recharge and especially of present-day value is only possible
if the theoretical expression for the temporal variation is known. While relatively straightforward in
the pseudo-steady-state case as illustrated here, this becomes much more difficult in the most general
case of Ts.

Using the same base case aquifer geometry (100 m X 100 km), we analyzed the sensitivity of our TS model to
the characteristic time 7 and the influence of the transient behavior in terms of radiocarbon interpretation.
Figure 6 shows the calculated 2D age contour plots produced with the TS model for different values of char-
acteristic time (7) of the aquifer. This analysis illustrates the transient effect on the age distribution, thus on
the #C activity profiles as a function of the distance x (upstream-downstream effect). Figure 6 shows that,
using the same climatic scenario as in PSS calculations (R = 1 mm yr~!, a, = 0.6, and a, = 5), the transient
behavior (large 7 values) produces an upstream sloping of the age contour lines corresponding to younger
groundwater upstream at a given depth. Therefore, the calculated vertical means of #C activity decrease
downstream (Figure 6d). This can be explained by the fact that the most recent velocity field (notably qz)
remains influenced by the AHP high water velocity conditions, especially upstream due to inertial transient
effects (see Equation 12). This theoretical result is well illustrated by the “C activity data for the “Grand Erg
Oriental” (Table 1), where a downstream decrease of about 11 pmc is observed along the 220 km streamline
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Figure 5. 'C activity profiles calculated using the PSS model and Vogel’s model. 4, and A pgg are the vertically
averaged activities for the Vogel and PSS model, respectively. The profiles were estimated for a base case using
L=100km, H=100m,R=1mmyr ', R, =1.2mmyr’, a =0.6,a,=5,© =0.1,and A = 50 pmc.

(characteristic time 7 at 9,600 years). The transient effect is smaller for 7 = 1,000 years and almost negligible
at T = 100 years which produce the same hydrodynamic age distribution as the PSS simulation.

4.2. Recharge in the Saharan Area

Following the protocol explained above, we used Equations 13-15 and Equation 25 to determine the pres-
ent-day recharge value for eight aquifer systems selected according to our list of criteria. Among the 25 data
points that we had selected, we distinguished eight outcropping areas: four areas for the CT aquifer, three
outcrops for the CI aquifer, and the area corresponding to the free-surface outcrop of the mostly confined
Triassic aquifer in the Djeffara plain (Figure 1). Our results are reported in Table 2, along with the charac-
teristic time (7) of each system, and thus the analytical model (PSS or TS) which was used.

A constant saturated thickness H_ ., was considered for each formation along the streamline of interest
(see Figures 1b and 1c and Table 1). We considered average porosity values of @ = 0.18 + 0.01 for the CT
(between 15% and 20% according to Pallas, 1972, as cited in Swezey, 1999), @ = 0.22X + 0.015 for the CI in
the NWSAS area (average value for CI according to ERESS, 1972), and @ = 0.065 + 0.008 for the Djeffara
aquifer (between 5% and 8% according to OSS, 2006). The quoted uncertainties were estimated by consid-
ering the porosity ranges as 95% confidence intervals of a normal distribution. The radiocarbon data were
then interpreted using either the PSS or TS expressions with a specific parameter set (a,, a,, H_ ,.;, and
A,) listed in Table 1. The recharge rates calculated at each sampling site were then averaged to obtain the
regional values at the eight outcropping areas upstream of the streamlines depicted in Figure 7. Recharge
values between 0.2 + 1.7 and 4.5 + 3.2 mm yr—! were obtained, with the highest values in the northern out-
crops of the Atlas for the CI and the Trias for the Djeffara plain. By contrast, low values were obtained for
the Northern Chain of the Chotts (1.5 + 1.2 mm yr—!) in spite of a relatively high AAR of 150 mm yr—. The
lowest values were found in the CI of the Tinhrert area, in the southern part of the NWSAS where AAR of

only a few mm per year were recorded.
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Figure 6. Calculated hydrodynamic age contour lines: 2, 3.5, 5, 7.5, and 10 ka; using the TS model for three 7 values,
that is, (a) T = 10,000 years, (b) T = 1,000 years, (c) 7 = 100 years. (d) Calculated vertical mean of C activity as a
function of the distance x for each 7 value. Solutions were calculated for a base case using L = 100 km, H = 100 m,
R=1mmyr, a =06,a,=5w=0.1,and A, =50 pmc.

In arid environments, a clear relationship is expected between recharge and precipitation, due to the scar-
city of vegetation (Keese et al., 2005; Scanlon et al., 2006). Our results illustrate the linear relationship
between the present-day AAR and mean annual recharge for the different recharge zones considered here
(Figure 7). The regression line suggests that under a very low AAR, a diffuse discharge occurs as measured
in the southwestern Sahara by Fontes et al. (1986).

The linear relationship between AAR and recharge can then be used to assess the regional distribu-
tion of the present-day recharge of Saharan aquifers as shown in Figure 8. This estimation is based on
the available AAR data from the CRU (http://wps-webl.ceda.ac.uk). Excluding the confined areas of
the NWSAS (~350,000 km?; Baba Sy, 2005), the domain-averaged recharge estimates are 1.6 = 2.3 and
3.5 + 2.3 mm yr~', for NWSAS and the Djeffara, respectively. Note that the uncertainties considered here
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Table 2
Recharge Rates at Outcrop Areas of Saharan Aquifers: CT, CI, and Djeffara Based on '“C Data Interpretation
Recharge zone Sample H model (m) Model 14C (pmc) R (mm yr1) R zone (mm yr—1) P (mm yrt)
Grand Erg Oriental CT 1 120 TS 37.65 £ 5.19 NA 1.30 + 0.27 40
2 33.74 £ 5.11 1.53
3 21.92 +£4.93 1.50
4 18.34 £ 4.91 1.15
5 25.61 +£4.97 1.03
Northern Chain of Chotts CT 6 200 PSS 4.03 + 4.94 0.71 1.53 £ 1.17 150
7 11.40 £ 4.90 1.48
8 10.86 + 4.90 2.40
Dahar CT 9 300 PSS 24.31 + 4.96 16.43 4.26 £ 0.75 134
10 10.97 + 4.90 7.61
11 100 PSS 3.70 £ 4.95 0.43
12 4.90 +4.93 0.46
13 4.79 £ 4.93 0.36
14 3.27 £4.95 0.29
Nafusa CT 15 300 PSS 1.75 + 4.97 0.38 3.63 + 0.86 136
16 5.44 +4.93 2.28
17 16.50 + 4.90 4.85
18 200 PSS 11.73 £ 4.90 7.01
Tinhrert CI 19 100 PSS 16.28 + 4.90 0.44 0.20 £ 1.70 2
20 10.32 + 4.90 0.13
21 2.29 +£4.96 0.03
Atlas CI 22 150 PSS 54.13 £+ 5.69 4.50 4.50 + 3.20 290
Dahar CI 23 150 PSS 42.24 £ 0.21 2.30 2.30 £ 0.67 125
Djeffara 24 200 PSS 28.43 £ 5.01 1.00% 3.50 + 1.54% 180
25 30.27 £ 5.04 6.00%

Note. “NA” stands for “Not Applicable.”
*Recharge rates that are calculated with A  estimated by an empirical approach (see Section 5).

are those associated with the linear regression with a 95% confidence intervals. These recharge values cor-
respond to 1.1 + 1.5 km? yr~! on the 650,000 km? of outcropping areas of the CI and CT aquifers of the
NWSAS, and 0.17 £ 0.1 km? yr~! on the 48,000 km? of the Djeffara plain.

5. Discussion

The results described above show that our 2D-analytical expressions (TS and PSS) constitute a practical-use
alternative solution to more complex 3D simulations using fluid flow and reactive transport models, which
require more information, precise data, and are possibly affected by equifinality issues during calibration
(i.e., many combinations of calibration variables can reproduce the observed data).

For highly reactive systems such as the free-surface outcrops of the large-scale confined CI aquifer, the
recharge can be simply and accurately obtained using the pseudo-steady state PSS model. This concerns
7 of the 8 outcrop areas considered in our study, representing 20 out of the 25 samples. On the other
hand, for less reactive formations such as the CT outcrops at the “Grand Erg Oriental” (Figure 1), the TS
model must be used. The benefits of such approaches can be illustrated by comparing the results obtained
using the expressions developed in this study, with the recharge values interpreted using Vogel’s fully
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Figure 7. Calculated recharge (or discharge, negative values) as a function of AAR for eight recharge outcrop areas
of Saharan Aquifers (see Figure 1 for outcrop area name associated to each number), and values obtained at different
scales with different methods from other studies for Saharan belt aquifers (NWSAS, Murzuk, and Nubian Sandstone
Aquifer System NSAS): regional scale (106 km?, GRACE, hydrogeological modeling), local scale (10! m?). The plain
line represents the linear regression between precipitation and calculated recharge. This concerns outcrops No. 1-7,
Djeffara (outcrop No. 8) recharge rate calculated using an empirical approach for A  estimation (see Section 5) was not
considered for the linear regression. Dashed lines are 95% confidence intervals of the regression.
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Figure 8. Calculated recharge map for the study area using the linear regression between calculated recharge and precipitation shown in Figure 7 and
precipitation estimates provided by the CRU. The confined parts were excluded in the calculations of the overall recharge of the NWSAS.
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steady-state standard model and the same data set. The latter approach led to globally higher recharge
values. Therefore, considering these values as present-day recharge estimates is an overestimation. For
the data set used here for North African aquifers, the overestimation ranges from 4% to 360% with a mean
value of 74%. Recharge estimates identified using Vogel’s solution are influenced by the AHP, showing
that some average value and not the present-day recharge is obtained. Nevertheless, present-day recharge
is required for hydrogeological modeling implementations where a pre-industrial steady-state is often
postulated but not argued. The high reactivity of the CI was already discussed by Petersen (2014) and
Gongalves et al. (2020). Here we can examine in the same way the global characteristic time for the CT.
Considering a mean streamline length of 300 km, an average transmissivity of 2 X 1072 m? s, and an
average specific yield of 2% (Baba Sy, 2005), we obtain a characteristic time of about 2,800 years. This
justifies the assumption of a nearly steady-state in 1950 made by Baba Sy (2005), given that the last re-
charge variation occurred ~5 Kyr ago, which was the basis for the reference TS hydrogeological model
of the NWSAS.

The approach developed here is nevertheless sensitive to data quality. Uncertainties of assessed recharge on
the order of 1 mm yr~! are mostly related to correction of the radiocarbon activity A measurement (see dis-
cussion in Section 2.3), but also, to initial activity A  calculations. The method by Han and Plummer (2016)
to identify A could not be unequivocally applied for three out of the 25 selected data preventing obtaining
a radiocarbon-based recharge estimate for the Djeffara plain (see Section 2.3). However, an empirical ap-
proach to estimate the initial radiocarbon activity based on the relation between vadose zone radiocarbon
data and depths to the water table (Irvine et al., 2021) can be alternatively used. For the Djeffara samples,
long-term natural values for the unsaturated zone thickness can be derived using piezometric levels in 2006
and the cumulative drawdown from the steady state (OSS, 2006; Trabelsi et al., 2009), and ground eleva-
tion giving 30 and 60 m for samples 24 and 25, respectively. Introducing these values into the expression
provided by Irvine et al. (2021) gives A, at 63 and 37.9 pmc for samples 24 and 25. Using these values for
A, in the PSS model leads to the mean recharge at 3.5 mm yr~* indicated in Table 2. This point depicted in
Figure 6 shows good consistency with the linear relation between recharge and AAR.

The recharge scenario proposed here is also a rough simplification of climate variability over the investi-
gated area. Furthermore, the simplicity of the proposed models requires the use of selection criteria for
radiocarbon data which restricts the amount of data retained for interpretations. Among the 184 samples of
radiocarbon data collected from the literature, only 14% enable a simple interpretation. For instance, only
4 data samples were retained out of the 39 reported by Gonfiantini et al. (1974). Most of the wells sampled
by Gonfiantini et al. (1974) were located in the southwestern part of the CI, in the region of the Foggaras
(Figure 1) which is the main discharge area of this aquifer. In this area, the streamlines coming from the
recharge zone from the Atlas domain mix with the local recharge. In this case, more complex models are
required to consider mixing issues and to deal with deep 3D multi-layer aquifers.

Our analysis assumes that the sample represents a perfect mixing of the stratified streamlines during
sampling by pumping. This relies on Dupuit’s hypothesis of the horizontal convergence of stratified
streamlines, vertically constant values of both the horizontal hydraulic conductivity K_and the radial
hydraulic head gradient, and therefore the discharge. This simplification justifies focusing on specific ge-
ological formations (criteria of data selection). Moreover, it should be noted that an advection-dominated
transport is considered, thus neglecting dispersion which could generate a bias as recently discussed by
Cartwright et al. (2020). However, this hypothesis can be supported by the estimated dispersivity coeffi-
cients as a function of the length scale of the flow, as proposed by Gelhar et al. (1992) for various aquifers,
together with the activity gradient values along the streamlines (x direction). A dispersivity of between
250 and 1,000 m for a 10° m length scale of our streamlines as given by Gelhar et al. (1992), together with
the low values of the activity gradient (dA/dx) suggest that the convective term largely dominates over
dispersion.

In the approach proposed here, we maintained the standard Vogel’s model assumption of a constant
recharge along a streamline which therefore represents an average spatial value. In case of exclusive
focused recharge, this assumption could be largely questionable. However, diffuse recharge was clear-
ly identified for different aquifers of the Saharan belt (Edmunds, 2001; Yermani et al., 2009). In addi-
tion, focused recharge represents less than 30% of the total recharge in the Djeffara plain according to
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0SS (2006) using hydrological water balance calculations and hydrogeological modeling. Therefore, in
spite the real fractions of focused and diffuse recharge remain unknown, the constant (average) recharge
represents a reasonable and convenient simplifying assumption allowing the development of practical
use hydrodynamic age models for radiocarbon interpretation. Recharge mechanisms are rather complex
and are controlled by climate, vegetation, geology, and are dependent on, for example, rainfall events and
soil moisture (see, e.g., Keese et al., 2005). However, regarding long term average annual recharge, sim-
ple power law or polynomial relations with the long-term average annual rainfall were proposed: power
law using 1D variably saturated model simulation (Keese et al., 2005) or using recharge data collection
and an empirical relation (MacDonald et al., 2021), linear relation using recharge data in arid domain
(Scanlon et al., 2006). The simple linear relation described by Scanlon et al. (2006) and adopted here
may be explained by scarce vegetation and thick vadose zone with almost constant moisture (Goncalves
et al., 2013) in arid and semi-arid domain and therefore rather limited differences in controlling factors
except rainfall. Such linear relation is also suggested here by punctual or regional scale estimates of the
recharge (Figure 7).

The observed linear relationship between AAR and recharge suggests, to the first order and for the arid do-
main considered here, a scale invariance of the recharge. Indeed, the local linear relation R = a * AAR + b
leads to a domain averaged relation R = a * AAR + b with AAR and R the domain-averaged values of
AAR and R. Therefore, the values obtained at different scales and with different methods should align
on the linear regression shown in Figure 7. Several domain averaged values are reported in Figure 7, as-
certained either using global mass-balance equations combined with Satellite gravity data or by regional
hydrogeological modeling for different aquifers of the Saharan belt (Baba Sy, 2005; Goncalvés et al., 2021;
Heinl & Brinkmann, 1989; Mohamed & Gongalvés, 2021; Mohamed et al., 2017; Pizzi & Sartori, 1984).
Additional local scale estimates are also shown (Edmunds, 2001; Fontes et al., 1986; Yermani et al., 2009),
which were obtained using geochemical profiles (chlorine and stable isotopes of water) in the unsaturated
zone in locations away from wadis. Therefore, they refer to diffuse recharge or discharge, whereas here we
identified total recharge. Despite variable scales and acquisition methods, these data are in good agree-
ment with the global linear relation determined using the approach described in this study (Figure 7).

Turning now to the precise comparison between radiocarbon-derived recharge estimates and the values
obtained by independent methods, we focus on the NWSAS and the Djeffara plain. Here, we derived from
14C data an average recharge of 1.1 + 1.5 km3 yr! for the NWSAS and 0.17 £ 0.1 km? yr~! for the Djeffara
plain. For the NWSAS, global (CI and CT) recharge values of 1.0 & 0.2 km? yr~! were calculated using a
regional groundwater flow model by Baba Sy (2005), and a value at 1.4 + 0.9 km? yr—! was estimated us-
ing an overall mass balance and Gravity Recovery and Climate Experiment (GRACE) Satellite gravity data
by Gongalves et al. (2013) recently updated at 1.1 + 0.3 km? yr~! using a longer time-series by Mohamed
and Gongalves (2021). A value of the recharge at 0.33 km? yr! (6.85 mm yr—! over the surface area of
48,000 km?) was obtained for the Djeffara (OSS, 2006). However, this value corresponds to both natural
and artificial (irrigation return flow) recharge. Furthermore, a recent estimation of recharge of the Djeffara
at 4.3 £ 2.7 mm yr—! was obtained by Gongalves et al. (2021) using GRACE data. Overall, the different ap-
proaches led to consistent values for the regional recharge of these two Saharan aquifer systems.

6. Conclusions

In this study, we interpreted 25 radiocarbon data from the main Saharan aquifers by considering the tem-
poral evolution of the recharge rate over the last 40 Kyr in Saharan and Mediterranean aquifers. For this
purpose, we extended the two-dimensional hydrodynamic age model of Vogel (1967) for unconfined ag-
uifers, in order to account for time varying recharge and we developed two alternative expressions: (a) an
approximate TS analytical model and (b) a PSS model for highly reactive aquifers. Despite some simpli-
fications (constant saturated thickness, perfect vertical mixing), the PSS and TS analytical models devel-
oped here represent convenient alternative approaches to more complex numerical solutions and related
particle tracking calculations. The consistency of our approach was tested by estimating the recharge of
Saharan aquifer systems for which independent estimates of the present recharge were available (regional
average values). We selected radiocarbon data by retaining only groundwater samples collected within the
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same free-surface aquifer formation, on a clearly identified streamline receiving no contribution of deep
groundwater inflow (discharge area of confined parts) or local recharge. The application of PSS and TS
expressions to the NWSAS and the Djeffara aquifers led to a present recharge ranging from 0.2 + 1.7 to
4.5 + 3.2 mm yr~!, with a domain-averaged value of 1.6 + 2.3 mm yr~! (1.1 £ 1.5 km? yr=1) for NWSAS and
3.5+ 2.3 mm yr! (0.17 + 0.1 km? yr?) for the Djeffara obtained with a linear relation between AAR and
recharge rate estimates at different outcrops. These values are in good agreement with the available region-
al-scale estimates obtained from hydrogeological modeling (Baba Sy, 2005; OSS, 2006) or geophysical meth-
ods (satellite-derived values; Mohamed & Gongalves, 2021). This expression may thus be used for recharge
prediction in Saharan aquifers, which is fundamental information for the management of groundwater
systems. Given that most of the recharge error is due to the uncertainty associated with the *C activity data
(Aggarwal et al., 2014), new sampling campaigns in Saharan aquifers using up-to-date sampling (e.g., stain-
less-steel ampoules) and analytical (AMS) techniques could improve the accuracy of the recharge estimates
and the derived linear regression. Sampling strategies for this future field campaigns should be designed
according to the available interpretation model. For instance, if no 3D-hydrogeological model is available, a
field campaign focusing on a few streamlines and using the solution developed here should be considered.

Appendix A: Identification of the Models
Appendix Al. TS Model

Free-surface aquifers satisfy the continuity equation which is written in 2D:

. = oq 0q,
di =24 "2 -0 Al
v(d) = =3 - (A1)

with a boundary condition at the free-surface which is written (Bear, 1979):

Kx@a—"/—K7%+R=Sya—§ (A2)
Ox Ox t 0z ot

where g, and g, and K, and K are the specific discharge (m s™') and the hydraulic conductivities along the x
and z directions (m), R is the recharge (m s™), {(x,¢) is the free-surface elevation (m), h(x,z,t) is the hydraulic
head (m), and S,is the dimensionless specific yield. We solved Equations A1 and A2 to identify practical-use
analytical expressions for g, and g, which facilitate particle-tracking calculations. For this purpose, Equa-
tion A2 was solved for {(x,t) using a finite difference explicit scheme which requires small time step (about
1 year). We verified that the first term on the left-hand side of Equation A2 is negligible due to low hydraulic
(phreatic surface) gradients, especially in the arid regions studied here which are characterized by a few mm
of recharge per year. Equation Al was then solved by introducing Darcy’s law:

qy = _Kx %
ox

< oh (A3)
="y

for h(x,z,t) using a finite differences implicit scheme. Here, we assumed an isotropic permeability field
(K, = K) considering that the permeability field influences the hydraulic head gradients while g, and
q,, which are the components sought after here, are mostly controlled by R as suggested by steady-state
expressions.

Equations A1-A3 were solved for a base case using L =100 km, H=100m,R=1mmyr ', K =5x10"*ms™,
and Sy = 0.05 (plausible values for the CT aquifer). However, the outputs are presented here using non-di-
mensional variables since the results can be generalized for various dimensions and characteristic times.
In this numerical base case, we considered an instantaneous increase in the recharge from O to Ratt =0
together with h(x,t = 0) = H as the initial condition, and the following boundary conditions: h = H at
x =1L and q, = 0atx=0. Assuming T = K H, that is, an almost constant saturated thickness similarly to
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Figure Al. Comparison between numerical solution (plain lines) and pseudo-analytical solution Equation A4 (dashed
lines) for non-dimensional q /(RL/H) where RL/H is the maximum value at steady-state value at times 0.17 (blue), 0.5t
(green), 17 (yellow), and 27 (black).

Vogel (1967), the following approximate expressions satisfying the continuity equation (Equation A2) and
the boundary conditions were identified:

2
q. (x, t) = g{exp(—%j;—ll + [1 - exp(—%nx (A4)
R 2t | x 26))]
qz(x, 2 t) = —E{exp(—?]z + (l - exp[—?]]

We verified here that the vertical component of the specific discharge g, is linearly dependent on z with
q,=0atz=0. Therefore qz(x,z, t) is fully determined by its maximum value at the free-surface qZFS(x, t)
which is thus dependent on the x location in TS. The comparison between the numerical and approximate
analytical expression for g, (using gx/(RL/H)) and q, (using qZFS/R) is depicted in Figures Al and A2. Equa-
tions A4 and A5 produce an instantaneous rise in g, and q, when R becomes positive which explains the
initial overestimation shown in Figures Al and A2. However, despite this relatively large error at the very
early times of the TS, the expected overall error in a particle tracking model using these expressions is small.
Indeed, using the approximate analytical expression for q, and q, leads to an average specific discharge and
thus total position error for a water particle with respect to the numerical solution which is less than 0.3%
of L (300 m for L = 100 km) in x and less than 1% of H (1 m for H = 100 m) in z assuming w, = 0.1 and
R =1 mm yr~'. Note that this error which is likely in the same order as the numerical error is acquired dur-
ing the transient period (1 or 27 see below) since the solution is exact at steady state. Figure A3 illustrates
the reactivity of the unconfined aquifer based on the z component g, calculated using Equation AS. After
17, the difference with the steady-state is only about 5%. More importantly for exploitation of the model, for
low characteristic time values, it can be seen that the velocity adjusts very rapidly in comparison to the time
scale for Holocene climatic variations, that is, 5 Kyr. This could lead to neglecting the TS and postulating a

and:

N
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Figure A2. Comparison between numerical solution (plain lines) and pseudo-analytical solution Equation A5 (dashed
lines) for q, using the maximum value q," at times 0.17 (blue), 0.57 (green), 17 (yellow), and 27 (black).
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Figure A3. Averaged value over the distance x of quS as a function of time for different values of 7: 100 years (blue),
1,000 yearsr (orange), and 5,000 years (green).

steady-state behavior for particle tracking calculations (see Appendix A2). For example, assuming such a
steady state for an aquifer with r = 1,000 years leads to a maximum error in the z position of a water particle
of 2.25 m per 1 mm yr~! of recharge while this maximum error is 3.5 m for 7 = 1,500 years.

Appendix A2. PSS Model

For very reactive aquifers (high diffusivity, small L, or a combination of both conditions), that is, for small
characteristic times 7, a succession of steady states separated by very short intermediate TS occurs. There-
fore, the square wave time function for the temporally varying recharge produces a velocity field that ad-
justs almost instantaneously for 7 << 5 Kyr (see Appendix Al). The TS can then be largely neglected, and
Vogel’s (1967) solution can be extended in a pseudo-steady state approach. In this case q, depends only on z
and is expressed using the square wave scenario for the recharge considered here:

q, = @z (A6)
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with (see Figure 3 for time notations):

R(t)=aR ifO<t<y
R(t)=ayR ifty<t<t,
R(t)=R ift,<t<t

(A7)

Introducing Equation A6 divided by w to obtain v_ into the infinitesimal fluid motion equation v dt = dz for
the z component and upon integration between the time ¢ when the fluid particle is at the free-surface (at

z = H) and present-day t, (particle at location z) gives:
13 _ Z
[PR(r)d(r) = [0 —
Equation A8 accounting for Equation A7 gives:

R
Ho

(A8)

(4 —t)+oli12—R(t2 -1)+ Hi(t3 -1)= ln(ﬁj ifo<r<tg
[0 (0] Z
frst<t (A9)

ift, <t<t

Using Equation 15 and the groundwater age ¢’ = t, — t, the Equation A9 can be converted from (z,t) to (4,z)
resulting in a system of piece-wise power law relations A(z) bounded by the z coordinates corresponding to
groundwater ages of 40 ka BP (z,), 10 ka BP (z,), and 5 ka BP (z,) which is written:

Al
i:(ij ifzy <z<H
4 \H

B3
A T
—:ﬁz[%] ifz <z<z

4 (A10)
A z Bs
— =B = ifzy<z<g
4, "\H
i =0 le < 2
4
where
HoA Hol Hol
A= R Py = R Ps = @R (A11)
A
B, = exp —a—(t3 - tz)(a'2 - l) (A12)
2
Ao A
B, = exp[l(z, 1)+ =2ty — 1)+ —(t - zz)} (A13)
o o
Rty o,R R
70 = Hexp| ——————(t, - t; ) ———(t;, — ¢ Al4
0 P[ wH a)H(2 1) a)H(3 2) (A14)
a,R
z1=H exp{—wL(z‘2 - 1) - (t3 tz)] (A15)
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