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Groundwater sowres supply &sh drinking water to  can only beelated to considerable amounts e€hage.
almost half of the Wfld’s population and & a main  Long periods with substantial gundwater echage
source of water for irigation across world. ought to be well identifiable in tegstrial recods.
Characterization of grundwater esouces, surface- Correlation with egional and global climateecoids may
groundwater interactions and their link to the global give ideas of the conditions under which suctyéar
water cycle and modern global change: ampotant amounts of@chage wee initiated.
themes in hydrgeological eseach, wheeas little .
attention has been given to thelation between INtroduction
groundwater and past climate variation&.ground- Groundwater abstraction in many aquifers worldwide has
water systers’histoy is vital to assess its vulnerability surpassed a sustainable yield. Increased need of water for human
under futue and potentially adverse climatic changes. consumption and irrigation increases the water demand continuously

. g e L (Aeschbach-Hertig and Gleeson, 2012). In some aquifers very limited
The scientific initiative Goundwater and Global modern rechge takes place, with available groundwater regbdr

Palaeoclimate Signals (G@GPS) investigates majoroyer long time and under very iifent climates in the past. Some of
rechage periods of lage goundwater aquifers these groundwater systems may be used as palaeoclimate proxies,
worldwide. V¢ describe the findings for a major basin With‘information about major recrgg episodes in the pagthis is
on each permanently inhabited continent and one Withpartlcularly trug fgr low-rechae agwfers,\./vhe.re groundwater often

. . . . . has long transit time3he stored information in these groundwater
coastal influences irustralia. As palaeo-signals in systems may record climatic information such as groundwater gechar
groundwater ae inheently low-esolution ecods, they  temperature, rainfall sources and rainfall intensities. Linked to a
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chronological record these provide a framework to assess aquiferesolution continental proxy records. Here, we provide the first
rechage-history and its vulnerability or resilience to future climatic results from the seven “flag basins”.
changes or increased groundwater extraction (e.g. Edmunds et al.,
2004). Howevermany processes such as dispersion and/or water Africa
rock interactions, which occur along the entire groundwater pathway
from its rechage to dischage area, can make palaeoclimate signals The Northwest Sahar&quifer System (NWSA&)vers an area
difficult to interpret accuratelfherefore, palaeoclimate information  of over 1 million knf (Fig. 2) and is shared betweglyeria, Libya,
deduced from groundwater is inherently a low-resolution record thatand Tunisia. This lage basin is multilayered, with the Upper
offers a window to understand recgpardynamics of the aquifers we  Cretaceous to Cenozdimmplex &rminal(CT) and the deeper Lower
rely upon. Cretaceou€ontinental Intecalaire (Cl) forming the most important
Over the last few years, a number of high-resolution continental-aquifer systemsThe estimated water reserve isx38’ m® (OSS,
scale palaeoclimate records have been published from all continent2003).The thickness of NWSAS varies and in the most productive
With improved analytical techniques and wider analysis of part, the ClI, is more than 100 m thick (Fig. 3). Some reehaccurs
environmental isotopes in groundwatarwealth of information is  today in theAlgerian SWAtlas Mountains and in Dahar Funisia,
now emeging globally from a number of aquifers. Earlier butmostofthe water in the Clis non-renewable and rgetwacurred
palaeoclimate information was mainly based on stable water isotopesinder climate conditions that prevailed thousands of year3hge
(8*%0, 8°H) and age determinations of groundwateridrand“C is a marked groundwater congence toward the Chott region in SE
contents.Today a number of additional palaeoclimate parameters, Tunisia (Fig. 3; Edmunds et al., 2003), where artesian water flowing
such as noble gases andefiént stable isotopes, and dating methods up to the surface evaporates or is used for irrigation.
based on radioactive isotopes sucfriiHe, *2Si 8Kr, 8Kr and®*Cl The NWSAS is the most important water resource in the
are available. desert and semi-desert area of Northwest Sak¥th.increasing
The scientific initiative G@GPS (Groundwater and Global population and increased water needs, the pressure on groundwater
Palaeoclimate Signals) was launched in12@ith support from the has become criticalA recent survey of the basin showed alarming
IUGS/UNESCO International Geoscience program (IGCP-618), withdrawals.A drop in the piezometric water level of the CI of
INQUA (International Union for Quaternary Research) and the 1 m a® has been reported (Abid et al., 2012) in the central part, and
GRAPHIC project under the UNESCO International Hydrological overexploitation of the CT has in some areas resulted in a loss of the
ProgramThe major task is to identify major rechearperiods of laye artesian conditions (Kamel et al. 2005).
groundwater aquifers worldwide and to correlate the results regionally ~ Multiple parameters were used to investigate the groundwater
continentally and perhaps globallpitially one or two emblematic ~ and environmental change in NWSAS, including major elements,
aquifers (“flag basins”) have beengated on each continent (Fig. 1)  8*%0, &%H, &'°C, C, 2%%U, 2%, 35Cl and*He. Tracer age
where pre-existing research can be accessed and/or a small numbeéeterminations in Cl groundwaters generally indicate modern to
of additional analyses may add substantial valte.overall aim of Holocene water from the reclgar area in the southweAtlas to
the initiative is to compare and potentially correlate major climatic Guerrara 200-300 km further east (Fig. ®)e same trend is found
events derived from these basins with those obtained from higheon the other rechge area from southeast Dahar to Kebili further

T il ONENE ol W 2 -
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Figure 1. Geographic location of large groundwater basins (“Flag basins”) studied in the initiative “Groundwater and Global Palaeoclimate
signals”. NWSAS: Northwest SaharAquifer System, NCP: North China Plaiquifer, BAB: Baltic Artesian Basin, HA: High Plains
aquifer, GAB: GreatArtesian Basin, Sydney: Sydney coalsbasin, GAS: GuaranAquifer System.
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Figure 2. Extent of the Northwest Saharsguifer System (NWSAS)
and political boundaries.

west.Terrestrial palaeoclimate records from NorthwAfsica show

Kraiem et al., 2014; Houcine et al. 2014). Radiocarbon dating show
modern and Holocene ages in the NW and SE. Current studies carried
out with IAEA support usingKr are expected to provide more
details on groundwater ages.

Asia

TheNorth China PlainAquifer(NCP) is located in eastern China,
bounded by thefaihang Mountains to the west, ti@nshan
Mountains to the north, the Bohai Sea to the east, andelimv
River to the southiThe NCPhas only 1.9% of China'total water
resources, but supportd% of Chinas population and 14% of its
arable land (Xie et al., 2002Z)he NCPis an important agricultural
region with groundwater used as the main source for irrigaftos.
North China Plain was formed through fault subsidence since the
Cenozoic and deposition of Quaternary sediments 400-600 m thick
by theYellow River and other main rivers. Four main geomorphologic
units can be diérentiated in the NCRPom theTaihang Mountains to
the Bohai Sea: mountain and piedmont plain, alluvial fan plain, flood
plain, and coastal plain (MVet al. 1996)These units are closely
associated with various zones of the groundwater flow system (Fig.4).

that there was a wet period in the Early-Middle Holocene (ca 12 kaField surveys and geochemical analyses distinguish a two-layered
BP — 5 ka BP) with continuous vegetation zones in present desergroundwater structure, the upper younger than 10 ka, with a boundary
areas (e.g. de Menocal et al. 2000; Kuper and Krdpelin 2006). It isat about 100-150 m depth (Chen et al. 2004¢. groundwater flow

likely that the Holocene water identified in the western- and
easternmost parts of the NWSAS redat during this wet period.
However simulations by Petersen et al. (2014) base8@nanalyses
indicate that the rechge during the marine isotope stages MIS5 (130
- 92 ka BP) and MISIL (420 - 370 ka BP) was higher than in the
Holocene and may have been up to 80 mhaaring pre-Holocene

rate in the last 30 ka was roughly calculated at least as 10 m a
(Chen, 2010).

Groundwater in deep aquifers (>100 m depthji@aages older
than 10 ka (Chen, 2010%nalysis of**CI/Cl in some groundwater
samples have resulted in ages of ca. 770 ka. Howmiring of
36CI/Cl from various sources, with sorffi€l coming from the rocks,

interglacials. In the middle part of the basin, much of the groundwateris suspected. (Dong et al., 200%le has also been tested to date
is too old to be dated by the radiocarbon method and has only beegroundwater ages and relatively consistent results have been obtained

classified as unspecified “Pleistocene” (Abid et al, 2012idi8s by

comparable to those froMC (Wei et al., 201). In order to have a

Petersen et al. (2014) indicate that the residence time of théetter understanding of factors influencing oxygen isotope composition

groundwater in the central area may be up to 1 Ma.

(Fig. 5) (e.g., temperature or precipitation), noble gases collected from

Geochemical studies show that a mixture between old andgroundwater were used to calculate the regghtemperature and thus
modern water takes place, particularly in the CT and the Quaternarylifferentiate the influences of temperature and monsoon intensity

groundwater aquifers in southwéRBinisia (e.g. Dassi et al. 2005;
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(Kreuzer et al., 2009). Signals from groundwater were compared to
high resolution records obtained from
stalagmite calcite in two caves Dongge and
Hulu, China (Wng et al, 2001; Dykoski et

al, 2005), showing a similar pattern in terms
of 80 during the period from 15 ka to present.
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Figure 3. Cross section (~ 800 km) of the CI flow path from thigerian Atlas to Dahar area

in Tunisia (modified afer Edmunds et al., 2003).
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The Baltic Artesian Basin (BABith a
surface of ~4.810°m? is one of the layest
artesian basins in EuropEhe BAB covers
the territory of Latvia, Lithuania and Estonia,
parts of Poland, Russia, and Belarus as well
as a lage area of the Baltic Sea, including
the island of Gotland (Fig. 6A). Geologically
the BAB is situated in the northwestern part
of the East European platform on the southern
slope of the Fennoscandian ShieTthe
bedrock consists mainly of Ediacaran and
Paleozoic sedimentary rocks overlying the
Paleoproterozoic crystalline basement, which
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Taihang Mt. Bohai Sea Pressure at the base of the glacleading to
Alitnde Shijiazhuang Hengshui Cangzhou rechage of glacial meltwater at the northern
~ - 1 7 ) H H A .
(m re;ggggﬂ «—— intermediate zone ———» |,_discharge zone .. marglr.w pf the BAB (\_alkmae et e.1l.., 2001;
oc (ka) }Iﬂl ¢ > Zuzevicius, 2010). During the last million years,
sea leve hd i A——— the area of the Baltic Basin was subjected to
-0

— — several glaciations, the latest of which ended only

//—:__y—\ 10 ka BPago (Kalm et al., 2. During the last

~a 200 glaciation the Scandinavian ice sheet reached the

—r > 20— maximum thickness of about 1,000-1,500 m in
= "% the northern part of the basilhe resulting
hydraulic gradient was at least 3 mifdoeleht,
1998), which resulted in a regional groundwater
Figure 4. Profile of groundwater flow from the dihang Mountains to the Bohai Sea in flow -reverse from intelacial flow dynamics.
the NCP (modified from Zhang et al. 2000). The hatched area represehe Bihang This led to rechaye of isotopically light glacial
Mountains, arrows show the direction of groundwater flowumbers in the boxes are meltwater in Northern Estonia and the Baltic Sea
d%values(in %0) and numbers between lines indicate groundwater age (ka). where the aquifer outcrops.

The Cm-V system of the BAB has been
gradually slopes towards the south by 2-4 m/kne thickness ofthe  extensively studied using isotopic and geochemical tébls*{C,
sedimentary cover reaches 5,000 m in the southwestern part, whil&'®0, 8°C, %Ar, “He, “°Ar/, %Ar, atmospheric noble gases (Ne,
the crystalline basement reaches the surface at the northern andr, Xe) for rechage temperature, amount, and composition of
southeastern parts of the BAB (Fig. 6B). Hydrogeologictily BAB extracted gases &ikmae et al., 2001; Karro et al, 2004; Raidla et al.
is a complex multilayered system where the water in the sedimentar2012). Recently*'Kr dating together with the noble gas and isotope
formation can be divided into five aquifer systems separated by thre@nalysis has been carried out in the deep brines of the BAB. In brines
regional aquitards. General groundwater flow in the BAB is from from Kemeri (Latvia) and Genziai (Lithuani&fKr concentrations
southeast to northwestilulis et al., 2013). are below the detection limit (R/Ra=0.02) indicating water older than

Shallowly buried maginal areas of the Cambriarvendian (Cm- 1.3 Ma (Gerber et alin prep). To our knowledge, this is the first
V) aquifer, particularly in the northern part of the BAB contain fresh groundwater study witA'Kr activities below the detection limit of
water (total dissolved solids (TDS) <1000 mg)L which is the currently 2% of the atmosphef&r/Kr ratio. “He and*°Ar/3Ar
principal and most important source for public water supply in Estonia.measurements confirm the generally very high residence time of these
However in most parts of the Cm;\éspecially the deeply buried waters (Gerber et ain prep).
parts, Na-Cl and Na-Ca-Cl brines are found with high salinities (TDS
from 50,000 to 200,000 mg1). Earlier studies established that the NOI’th Amer ica
groundwater in the northern part of this system has the most depleted
groundwater isotopic composition in Eurogg°Q values from TheHigh Plains aquifeHPA) (4.5x10° m?) (Fig. 7) consists of
—18%o to —23%0) (Punning et al., 1987ikmée et al., 2001; Mokrik,  sedimentary deposits that form six hydraulically connected
1997).These values are much more negative than the reported —10.4%ydrogeologic units, and the most extensive of these units is the
580 values for ambient precipitation in the area (Punning et al., 1987)Neogene Ogallala Formation (McMahon et al. 2007g depth to
To explain this phenomenon, it was proposed that during the latevater below land surface ranges from 0 to approximately 152 m,
Weichselian glaciation the Scandinavian ice sheet increased hydrauliaverages about 30 m (McMahon et al. 200 He saturated thickness
of the High Plains aquifer ranges from less than 1 to more than 300 m
and averages about 60 m (Fig. 8) (McMahon et al. 2007).
HPA is the most intensively used groundwater resource in the
5 United Sates (U.S.), producing almost twice the volume of water
than any other U.S. aquifer (Maupin and Barber 2005)A HP
o groundwater supports domestic agricultural production (Dennehy et
° al. 2002) and is an important virtual water source for grains and other
% © o agricultural products (Konikow and Kendy 2005). In 2000, tha HP
had an estimated 3.67 x*#@n® of drainable water in storage, making
it one of the lagest aquifers in the world (McGuire, 2007). Since
P widespread development in the 1940s and ‘50s, more than half the
"o groundwater in storage in some areas of thé& H&s been used
VY Ay (McGuire et al. 2003) because withdrawals greatly exceed geechar
: Do L rates (McMahon et al., 2007Jhe lagest watedevel declines
range from 15 to more than 45 m (Fig. 7). Most (97%) of the water
B withdrawn from the HR is used for irrigation (Maupin and Barber
- 2005).
Figure 5. \ariations in 8°0 against'“C (years BP) (modified &ér The HRA has a middle-latitude, semi-arid continental climate
Chen, 2010) and complemented with dditom Kreuzer et al. (2009).  (average annual air temperature ranges from 4 to 18°C), characterized
The line represers a 5 dad points average. by moderate average annual precipitation (300 to 840 mm) and a
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Figure 6. Geological map (A) and cross section (B) of the study region, generated from the geological-hydrogeological model of the Baltic
Artesian Basin (\Wrbulis et al., 2013).
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high rate of annual evaporation (1,520 to 2,770 mm) (Gurdak et al.concentrations of excess atmospheric gases at the transect sites
2012). Because evaporation rates exceed precipitation rates acrosgere also estimated from concentrations of dissolved NeAand

much of the HR, little water is available to rectge the aquifer
Rechage occurs by infiltration of irrigation wateaerially difuse

depressions (Gurdak, 2008; Gurdak et al. 200€
Gurdak and Roe, 2010), and upward movemer  °

of water from underlying aquifers. Disclyaris

primarily to irrigation wells, streams and g sof-
underlying aquifers, groundwater flow across-£

the eastern boundary of the aquijfeand
evapotranspiration.

Vertical gradients in apparent age of§
groundwater and palaeo-groundwater condition 3 ’
were studied using regional transects of two t(g
five nested wells sites that were establishe(§12°~
parallel to regional watemble gradients in areas -3
with some of the layest saturated thicknesses §150_
(Fig. 8). The regional transect study design, &
sample collection, and sample analysis art

detailed in McMahon et al. (2004a,b; 200h)e

(A)

(McMahon et al., 2004a).

There are two general types of vertical gradients in apparent
infiltration from precipitation, focused infiltration of storm- and groundwater age. Groundwater ages systematically increased with
irrigation-water rundf through streambeds and other topographic depth below the water table in areas with relatively small amounts of

(B)
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wells was characterized as modern (<50 a okig 8. Groundwater age as a function of well-screen depth below the watde tof the
based on >0.5 tritium units (TU)) or old (>50 &High PlainsAquifer (HPA) in (A) rangeland settings that have few high-capacity wells and
old based on <0.5U) and by radiocarbon relatively small amount of pumping and (B) irrigated-cropland settings that have numerous
content of dissolved inganic carbon in ground- high-capacity wells and relatively large amount of pumping (modified from Gurdak et al.,
water Groundwater rechge temperatures and 2009 and McMahon et al., 2007). Error bars represent +dnstard deviation from average.
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pumping for irrigation or water supply (Fig. 8A). Howeyvierareas potable i.e. with a salinity of less than 1000 m¢ IGroundwater
with relatively lage amounts of pumping for irrigation or water supply resources in the GAB support many activities including pastoral,
apparent-age gradients are less evident or non-existent at depths (Figgricultural, mining and extractive industries and inland population
8B), most likely resulting from vertical mixing of water in the aquifer centers — and the demand for groundwater is growing. Over the last
by pumping wells or vertical leakage in wells having long or multiple decades, 40% of springs have stopped flowing in the Eastern GAB
well screens (Gurdak et al., 2009; McMahon et al., 20873he due to extensive pumping (Love et al., 2013). Properly managing
sites with relatively lager amounts of pumping, vertical mixing these groundwater resources, for often competing interests, requires
affected at least 50 to 65% of the saturated thickness (Fig. 8B)a better understanding of how the groundwater basin works. Important
Findings indicate that old groundwater accounted for 44 to 95% ofresearch questions are the potential impacts of climate change and
the water at the study sites. resource development on those water resources (Smerdon et al., 2012).
Apparent groundwater ages at the base of the aquifer at the transect A recent research project was carried out in the frame of an
sites ranged from about 3.4 to 15.6 ka (Fig. 8), which indicates thaextensive re-evaluation of the hydro- geochemistry oftlestern
most of the water at the transect sites consisted of groundwater tha&romanga Basin (Love et al., 2013)his part of the GAB is
rechaged prior to human activityRechage temperatures calculated characterized by very arid climate with mean annual rainfall between
using the dissolved Ne add indicate a shift from cooler to warmer ~ 130-230 mm &. Typically ephemeral rivers are draining the area
conditions occurred after about 9 ka BP and that approximately 60%owards the central Lake Eyre basin (Radke et al., 2000).
of the saturated thickness in some parts of thé etiitained water The main confined aquifer in the region is the Jur@dgiebuckina
rechaged more than 9 ka, (uncalibrated 14-C ages) (McMahon etaquifer (Habermehl, 1980; Love et al., 2000), which comprises
al., 2004a)Thus, rechaye rates during the Early Holocene wergéar unconsolidated sandstone with ineenbedded shales and mudstones
than those in the Late Holocene (McMahon et al., 200¢ajtical and can reach a thickness in excess of 1,000 m.
gradients in apparent groundwater age illustrate how the construction In the investigated part of the GAB groundwater forms the only
and operation of high-capacity wells can mix water frorfed#t reliable water supply for the local community and so there is a need
depths of the aquifefhe lage percentage of palaeoredm®in the to understand rates and mechanism of groundwater mgehar
HPA indicates the non-renewable nature of this heavily used Environmental dating tracers (i.8%Kr, %°Ar, 4C, 8Kr, 36ClI)

groundwater resource (McMahon et al., 2004a). (Purtschert et al., 2013) in combination with indicators of
environmental rechge conditions like stable isotopes of the water
Oceania molecules or the concentration of dissolved chloride allow for a

temporal and spatial evaluation of origin and rates of groundwater
The Great Artesian Basin(GAB) of Australia is a confined  flow (Lehmann et al., 2002). Our results are consistent withga lar
groundwater basin composed of Mesozoic sandstones units separatsgectrum of tracer ages ranging from modern to hundreds of thousands

and overlain by impervious marine mudstone and siltstorie&ggsic, years (Purtschert et al., submittedjong the flow path, ClI

Jurassic and Cretaceous age. concentrations increase in direction of groundwater flow (Fig 10).
The GAB is an iconic aquifer system of both national and #Kr and %Cl data were used to distinguish between evaporative

international significancaith a total storage volume of &I m?, enrichment during rechge and subsurface Cl accumulation due to

it is the lagest water storage iAustralia covering 22% of the  rock water interaction or difsive exchange with the aquitard. It is
Australian continent (1¥10° m?) (Fig. 9) and among the kst shown that in theVestern part of the GAB a changing reggaregime
groundwater basins in the worldround 40-50% of the water is is responsible for the Iger fraction of the observed Cl variations
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Figure 9. Location of the Grea#rtesian Basin (GAB; grey shaded  Figure 10. Concentration of dissolved chloride as function of tracer
area) and study area fof'Kr analyses in the western Eromanga  age in the J aquifer of thaMestern GAB. Lowest concentrations
basin (striped reangle).Arrows indicate the general direction of  are observed for young water close to the recharge area (round
groundwater flow in the eastern and western part of the basin symbols) and increase toward the centre of the basin (crossed
(modified ater Wikipedia). symbols).
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An area within the Sydney Basin that has received particular

Figure 11. Location of the Sydney Basin showing simplified geology attention is the Kulnura-Mangrove Mountain aquifer (Cendén et al.
and the location of the Kulnura-Mangrove Mouatn study site. 2014).This is situated in an elevated plateau (~300 m asl) comprised
predominantly of deeply weathered and fractured Hawkesbury

(Fig. 10).This is also confirmed by more positi&& andd'®0 values Sandstone covering an area of %08 n?. Approximately &10°m®
for the oldest waters with mean residence times up to 450hka.  a’of groundwater are authorised for extraction in the area with around
younger and Holocene waters (solid symbols in Fig. 10) are70% dedicated for commercial activities (irrigation, mineral water
characterized by lower Cl concentration and less enriched stabléottling, etc.)The geochemical dataset covers a multiple year record
isotope signatures indicating adar fraction of ephemeral river  with the same wells sampled in detail for: majoinor and trace
rechage. elementst“C, water stable isotope3fO, °H), *H, &7SrF8Sr (Cendodn

The Permo-Tiassic Sydney Basirtovers ~6.410" m? of the et al.,, 2014)The high frequency time series reveals a dynamic
eastern coast of SE-Australia with approximately 44% of this surfacegroundwater system with sharp responses, particularly in groundwater
situated ofshore (Herbert, 1983) (Figll Unlike other basins  residence times near pumped areas and a progressive trend to modern
described, the siliciclastic aquifers in the Sydney Basin have onlygroundwater in subsequent samplinfise observed modernization
local importance as water resource. In general, only units like thecould be linked to enhanced redjaduring relatively wet conditions
Hawkesbury Sandstone and parts of the Narrabeen Group sandstonisthe last ~7 years, coupled with théeef of pumping. Bores further
have been tgeted for groundwater use. New studies related to gasaway from intense pumping areas display stable conditions throughout
exploration and exploitation has opened the opportunity to investigateall sampled years and provide palaeoreghanformation.
groundwater below the traditional aquifers, exposing potentially older ~ Groundwater in the Sydney Basin preserves broad palaeoclimatic
climatic signals. In general, reclgarin the Sydney basin takes place information and is very sensitive to local rederconditions (rain
in the elevated mgmns of the basin, including coastal outcrops. shadows, altitude fefcts). No gaps in rectge have been identified
Groundwater flows towards the center of a bowl-shaped basin owith continuous rechge over the last ~30 ka, as suggested from
dischages locally along broadly N-S trending fractufiéd®e sandstone  other areas in SE-Australia (Love et al., 1994; Currell et al., 2013).
aquifers locally exhibit intense weathering with important porous Water stable isotopes in the north part of the Sydney Basin suggest a
aquifers that can range from 20 to 90 m in thickness. In depth aslight trend to lowed'%0 (~1%o) with increasing residence time (Fig.
transition to a fracture groundwater flow dominated with dual porosity/ 12). This is consistent with expected lower reggatemperatures
permeability characteristics occurs (McKibbin and Smith, 2000).  and broad model calculations from isotope-enabled general circulation
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models when comparing LGM and pre-industrial precipitation a region of approximately 92 million inhabitants, the GAS is shared
(Jasechko et al., 2015). by four countriesArgentina, Brazil, Paraguay and Uruguaich
Recent work from speleothem recordsYirrangobilly (~470 use this resource for very fiifent purposes at varying exploitation
km SW of Sydney) diferentiate two periods of growth covering levels (Fig. 13)An evaluation of groundwater use from the GAS
MIS5b and 5a with an increasing aridity trend resulting in a growth indicates a withdrawal of about 140° m®a® mainly in Brazil
hiatus covering MIS4 and restarting growth during MISZIW et where almost 90% of the current extraction occurs, particularly in
al., 2014). Groundwater records, at present, can only be compared t8ao Paulo @te.
the later part of the speleothem record but also show increasing wet Other distinctive characteristics of the GAS include artesian
conditions in Sydney Basin data at about 5-6 ka. Deuterium excesgressures and high yields at many locations (589 mvhere the
(d-excess&’H-850, Dansgaard 1964) in groundwater is like that aquifer is thickest), good quality groundwater (average salinity of
of modern rainfall, suggesting similar sources of humidity and rainfall 300 mg =3, and temperatures ranging from 38°C to 60°C due to the

patterns over the last ~15 ka. local geothermal gradienthe unconfined zones are characterized
by Ca-HCQ-type waterwhile the confined areas have a Na-HEO
South America type composition (Montafio et al., 1998).

According toTujchneider et al. (2007) this aquifer system presents
The Guarani Aquifer SystenfGAS is situated in aeolian and geological and structural discontinuities, as well as quality and
fluvial sandstones of continental origin depositedriiassic and groundwater age variations. Based on published investigations in the
Jurassic time& he thickness of the sandstones ranges from few metersfour countries, groundwater age ranges from recent waters (near water
up to 800 m in Brazil and 600 m in Urugu@ye depth varies from  rechage areas) to groundwaters with residence times greater than
ground surface to 1,800 m depth (the deepest 3ite) sandstones 40 ka. Isotopic data also show that an important part of the present
are generally covered by Cretaceous basaltic formations that provideechage area of the GAS becomes part of the local flow systems that
different degrees of confinemefihis thick basaltic package reduces eventually feed the surface channels.
the exposed areas of the sandstones to only Ti#étefore, depending The comprehensive hydrological study of the GAS supported by
on the locations, the aquifer system is both confined and unconfinedsEF (2009) included the use of isotop#s, G'°0/5°H, 8“C/3C,
(Montafio et al. 2004Yhe basalt thickness ranges from 200 to more 5**S) to assess water quality and risk of contamination, and to
than 1,000 m. determine the age and origin of groundwater with an integrated
GAS covers ~1.210° m? (68% located in Brazil) and ranks regional approachThe isotopic values of GAS groundwater have
among théNorld's lagest fresh groundwater reservoirs. Underlying different behavior in the northern and southern areas of the aquifer
The'¥0 values range from -5.3 to -10.2 %o
in the northern part of the aquifer and
between from -4.3 to -7 %o in the southern
zone.The values o®’H are -33 to -72 %o
and -31 to -44 %éor the northern and
southern zones, respectiveljhe ground-
water samples of the northern part indicate
limited evaporation process in the reder
zones and more precisely in the confined
portion located in S&do Paulo and Mato
4 Grosso $&tes.The groundwater samples
#‘ indicate that the waters would not be of
ks recent origin, but have reached the aquifer

South America: The Guarani Aquifer SysterFl (SAG)
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supply shortage if correct aquifer management is not appNed.  will probably increase this understanding considerably in the near

believe these findings have application for the entire GAS. future. In NWSAS, NCPGAB and BAB palaeogroundwater ages
In 2010, the four countries that share the GAS have signed arare from some thousand up to more than a million years. If the

agreement to develop management and protection actions within gampling of water for palaeogroundwater studies is intensified, there

framework of cooperation and understanding. may be a potential to establish long regearecords in these basins.
There is a need for a continuous correlation between
Discussion and conclusion palaeogroundwater data and data from terrestrial palaeorecords.
However while shorter moist periods can be identified as sharp peaks
All the seven flag basins contain palaeo-water regthduring in terrestrial, high-resolution records, these may not necessarily give
climates diferent from todayThe most distinct signal is the IO any signals in low-resolution groundwater data seFiestefore, high-

and &°H values for water from the cool LaWeichselian (MIS2) resolution records spanning some few millennia may not always help
followed by the higher values in water reaedt during of the much  to understand the long-term recharhistory of lage aquifers.
milder Early HoloceneThese signals are verified BC age dating Correlation between dérent groundwater records on a local,
of the groundwaterin Africa the transition from the end of the regional and continental scale may perhaps prove to be more useful
Pleistocene to the Holocene is also associated with a much wettein studies of palaeoreclg processes.
climate, as has earlier been shown in terrestrial and marine  One may question if the study of palaeogroundwater signals is of
palaeoclimate records (e.g. de Menocal et al., 20008.wet period any importance in applied groundwater studkesdocumented in
terminated abruptly (west Sahara, de Menocal et. al, 2000) or graduallyhis paperpalaeowater may dominate in many groundwater basins
(central and east Sahara, Kropelin et al., 2008) towards the end of thehere the extraction of water exceeds the present geritée believe
Middle HoloceneThe HoloceneAfrican Humid Period was long  that it will become increasingly important in water supply planning
(more than 5 ka) and wet enough to give a widespread age signal ito know the vertical and lateral age variation in groundwater aquifers.
the western part of NWSAA&Iso in other basins groundwater red@r ~ The study in NWSAS is a good example of this, showing that the age
in the Early and/or Middle Holocene is identified. In theAHRuch of the water extracted for irrigation and human water consumption is
of the water is older than 9 ka (radiocarbon years), and water up tancreasing over time. NWSAS, BAB and GAS and many othgelar
ages of 14 ka (radiocarbon years) has been reported. In NCA thgroundwater basins are shared betwederdifit countriesTherefore,
groundwater in the upper part of the basin is of HoloceneTadge.  knowledge about the age of extractable water in tifereift countries
present available data from BAB, the Sydney Basin and GAS revealsnay be used in the integrated management planning of such shared
some continental dérences in the Late Pleistocene (MIS2) and aquifer resources.
Holocene (MIS1) rechge conditions.

In most groundwater basins there are no or few safe age feCOfdAcknowledgement
of water rechayed before MIS2, as most age determinations are still
based on th&C-method, which for water can be used only back to Financial support to for the years 20€4015 was provided by
ca. 30 ka BPNew age determinations of water based®®@ and IUGS/UNESCO, through their joint program IGCP (IGCP-618), from
8Kr indicate that some groundwater in N@fy have rechged INQUA, and from UNESCO-IHPthrough the project GRAPHIC.
already 770 ka BP (MIS 17, Middle Pleistocene) and in BAB as far The research in each individual research basin has been financed by
back as 1.3 Ma BR residence time of 1 Ma is also assumed as the national funding agencies. Prof. Chris Harris, UnivCapeTown
transit time for water in NWSAS here, water in some deeper parts and prof WernerAeschbach-Hertig, HeidelbgtUniv. reviewed the
of the CI aquiferfar from the present recluygr area, is from older  submitted manuscript and suggested useful changes, which improved
interglacial ages (MIS 5 and MI$)LA model based ofiCl indicates the paperTo these gganisations and persons we render our sincere
that the rechge intensity in MIS5 and MISlexceeds that of the thanks.
Holocene humid period. Lang awdolff (2011) have documented
that MISIL and MIS5 were two particularly wet Pleistocene Refer ences
interglacials, which seem to accord with the data from NWSAS.

In the BAB, rechage is closely connected to the melting of APid, K., Dulinski, M.,Ammar, FH., Rozanski, K., and Zouari, K., 2012,
overlying ice during Pleistocene glaciations and perhaps much less ﬁec'phe”ng interaction of regional aquifers in SoutfiBunisia using

. . . . ; ydrochemistry and isotopic tookpplied Geochemistrw. 27, no. 1,

to the atmospheric climate at the time when the ice melted. Itis 5 44.55.
obviously not straight forward to correlate records from glaciated Aeschbach-Hertig and Gleeson, 2012, Regional strategies for the accelerating
areas with those from areas that were ice-free. Both in NWSAS and  global problem of groundwater depletion. Nature Geosd, yp. no.
the Sydney Basin the local variations argéaiModern water mixed 12, 853-861.

ith pal ter is f del ¢ - it hil | t Cendon, D. I, Hankin, S. Williams, J. B, Van der LeyM., Peterson, M.,
with palagowater IS found close to pumping sites, while palaeowater Hughes, C. E., Meredith, K., Graham{l, Hollins, S. E., Levchenko,

dominates further away from disturbed areas. V., and Chisari, R., 2014, Groundwater residence time in a dissected and
High rechages are needed to give clear palaeosignals in the seven weathered sandstone plateau: Kulnura—-Mangrove Mountain aquifer
“flag basins”. The best signal would be created if a wet period is ~ NSW Australia: Australian Journal of Earth Sciences,61, no. 3,

. . P o pp. 475-499.
followed by a dry period without significant rectar like in northern Chen, J.Y, 2010, Holistic assessment of groundwater resources and regional

Afric"f‘ in tl’_‘e quocene. In gen(_eral, one can probably only expectto  gnyironmental problems in the North China Plain: Environmental Earth
identify millennium-scaled moist palaeoclimate eveiitsday the Science, v61, no, 5, pp. 1037-1047.

understanding of the groundwater regfeahistory of the basins as  Chen, J.Y, Tang, C.Y, Sakura, S., Kondol., Yu, J.J., Shimada, J., and
described in this paper is very limited. More age determinations and ~ ranaka.T., 2004, Spatial geochemical and isotopic characteristics

. . . - associated with groundwater flow in the North China Plain: Hydrological
a wider use of dferent dating methods and palaeoclimate indicators Processes/.18, no. 13, pp. 3133-3146.
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