Oxygen, hydrogen, and helium isotopes for investigating
groundwater systems of the Cape Verde Islands, West Africa
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Abstract Stable isotopes (6'°0, §7H), tritium (*H), and
helium isotopes (*He, “He) were used for evaluating
groundwater recharge sources, flow paths, and residence
times of three watersheds in the Cape Verde Islands (West
Africa). Stable isotopes indicate the predominance of
high-elevation precipitation that undergoes little evapora-
tion prior to groundwater recharge. In contrast to other
active oceanic hotspots, environmental tracers show that
deep geothermal circulation does not strongly affect
groundwater. Low tritium concentrations at seven ground-
water sites indicate groundwater residence times of more
than 50 years. Higher tritium values at other sites suggest
some recent recharge. High “He and *He/*He ratios
precluded *H/°He dating at six sites. These high *He/*He
ratios (R/R, values of up to 8.3) are consistent with
reported mantle derived helium of oceanic island basalts
in Cape Verde and provided end-member constraints for
improved dating at seven other locations. Tritium and
*H/’He dating shows that Sdo Nicolau Island’s Ribeira
Faja Basin has groundwater residence times of more than
50 years, whereas Fogo Island’s Mosteiros Basin and
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Santo Antdo Island’s Ribeira Paul Basin contain a mixture
of young and old groundwater. Young ages at selected
sites within these two basins indicate local recharge and
potential groundwater susceptibility to surface contamina-
tion and/or salt-water intrusion.
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Introduction

The Republic of Cape Verde is an island archipelago
located about 500 km west of Senegal, Africa (Fig. 1).
Because of its proximity to the equator (about 15-17°N)
and the thermal mass of the surrounding ocean, seasonal
average daily temperatures vary by only 5°C throughout
the year (22-27°C at Praia on the Island of Santiago;
Irwin and Wilson 1998). The majority of the population
resides in rural areas and derives its livelihood from rain-
fed agriculture. Farming is challenging in the Sahelian
climate, dominated by the dry northeast trade winds. Total
annual precipitation ranges from 0-50 mm along the
populated coastal areas to 400—1,000 mm in the highlands
(Vailleux and Bourguet 1974; Langworthy and Finan
1997) and is extremely variable from year to year. Total
annual precipitation on the Island of Sdo Nicolau (Posto
Cachaco in Ribeira Faja; 715 m elevation) varied from as
little as 19 to as much as 677 mm during 1961-2005
(Vailleux and Bourguet 1974; Langworthy and Finan
1997; Heilweil et al. 2006). About 80% of this precipita-
tion is associated with the equatorial monsoon from
August to October (Vailleux and Bourguet 1974) and
comes only a few days each year. The majority of the
precipitation is lost to evapotranspiration and runoff to the
sea, caused by a combination of warm climate, thin soil
cover, and steep topographic gradients (Langworthy and
Finan 1997). Surface-water resources on the islands are
virtually non-existent; there are no lakes and only a few
small perennial streams. Nearly all of the water for
consumption comes either from rainfall catchment struc-
tures or groundwater. Because of the lack of rainfall and
sparse water resources, Cape Verde currently imports
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Fig. 1 Location of study basins within the Republic of Cape Verde, West Africa

about 70% of its food (Instituto Nacional de Gestdo dos
Recursos Hidricos, personal communication, 2005).

To decrease this dependence on imported food,
agricultural development projects funded by the US
Millennium Challenge Corporation (MCC) are being
considered for watersheds on three islands: Mosteiros on
Fogo, Ribeira Paul on Santo Antdo, and Ribeira Faja on
Sao Nicolau. These potential projects depend on enhanced
availability of water resources through additional rainfall
catchment infrastructure and/or groundwater development.
Artificial recharge of groundwater is also being considered
in order to increase available groundwater resources and
as a mitigation strategy to offset the potential of declining
aquifer water levels and/or deteriorating water quality
associated with increased use.

The primary goal of this study is to improve the
conceptual understanding of groundwater systems within
three Cape Verde watersheds using geochemical and
environmental tracers and establishing baseline data for
evaluating future natural and anthropogenic changes. The
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objectives of this paper are to describe how natural tracers
were utilized for evaluating:

1. Groundwater recharge sources

2. Groundwater flow paths and residence times

3. Potential aquifer susceptibility to contamination and
potential enhancement through artificial recharge

Conceptual hydrogeologic model

Cape Verde consists of a chain of volcanic islands
believed to have been recently formed over an oceanic
hot spot (Lodge and Helffrich 2006). The islands are
predominantly basaltic lava flows interspersed with
pyroclastics and breccias and intruded by near-vertical
mafic dikes (Barmen et al. 1990). Santo Antdo and Fogo
are young islands where magmatism has occurred within
the last 10 Ma (Christensen et al. 2001). Young volcanic
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islands typically have high topographic relief, shallow
soils, and rapid runoff or infiltration. As with many
oceanic volcanic islands, rainfall distribution and infiltra-
tion is dependent upon topography and morphology,
orientation with respect to the tropical trade winds,
strength of monsoonal patterns, basalt permeability, and
the thickness and type of soil cover (Peterson 1972). Also,
the islands of Cape Verde typically have wet and dry sides
as a result of these atmospheric circulation patterns and
local topographic relief (Langworthy and Finan 1997). In
general, most infiltration and recharge is thought to occur
in the higher-altitude parts of the islands where precipita-
tion rates are highest (Barmen et al. 1990).

The current conceptual understanding of volcanic
oceanic island hydrogeology is based primarily on
Hawaiian studies (Peterson 1972, Macdonald et al. 1983,
Oki et al. 1999) and summarized by Hildenbrand et al.
(2005) as consisting of a regional (basal) low-gradient
water table aquifer with overlying perched and dike-
confined groundwater. The vertical and steeply dipping
intrusive feeder dikes form as magma moves upward
through both the central caldera and along fissures along
the volcano’s flank through pre-existing lava flows. These
dense, low-permeability intrusive feeder dikes often act as
horizontal flow barriers, impounding large groundwater
reservoirs (Mink 1963; Peterson 1972; Jackson and Lenat
1989). Similarly, low-permeability clay layers intercalated
with and formed by the weathering of the upper surfaces
of lava flows may also act as hydraulic barriers (Barmen et
al. 1990). Such horizontal and vertical flow barriers may
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watey table

Perched
water body

Water table

cause perched groundwater, high-altitude springs, and/or
groundwater compartmentalization resulting in a stepped
and discontinuous water table (Fig. 2). Based on the
combination of more precipitation at high elevation (many
times greater than along the coastal areas), high-permeability
basalts, and closed-basin calderas, previous hydrogeologic
investigations of Cape Verde (Barmen et al. 1984, 1990;
Kallrén and Schreiber 1988) have suggested that the
majority of infiltration and groundwater recharge occurs in
the higher areas of the islands. Environmental tracers used in
this study have tested this hypothesis.

Oceanic islands typically have a low-density freshwater
lens of groundwater overlying higher-density brackish and
saltwater. Under steady-state conditions, the Ghyben-
Herzberg principle indicates that the freshwater hydraulic
head above sea level should be balanced by an approx-
imately 40-fold thickness of fresh water beneath sea level.
The fresh water/brackish water boundary is generally not
fixed or sharp; rather it is controlled by pressure and
density and is dependent on the balance between
groundwater recharge and groundwater discharge
(Peterson 1972). Aquifer drawdown associated with
excessive pumping, therefore, may lower water levels in
the aquifer and move the fresh/brackish water boundary
upward and inland, causing salt-water intrusion (Gingerich
and Oki 2000). Increasing groundwater specific conduc-
tance values associated with pumping (up to 16,000 pS/
cm) have been reported for coastal groundwater from both
the northeastern (Mosteiros Basin) and western sides (Praia
Ladrao) of Fogo (Kallrén and Schreiber 1988; Heilweil et
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Fig. 2 Generalized conceptual model of volcanic island hydrogeology (modified from Macdonald et al. 1983)
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al. 2006). High chloride concentrations (up to 5,000 mg/L)
associated with saltwater intrusion have also been docu-
mented along the northeastern coast of the nearby island of
Santiago (Santos et al. 2000).

Measurable groundwater discharge from volcanic
island aquifers typically includes discharge to springs,
well withdrawals, seepage to streams, and evapotranspi-
ration in areas having a shallow water table. Like many
other volcanic islands (Peterson 1972; Cabrera and
Custodio 2004; Prada et al. 2005), horizontal tunnels,
alternatively referred to as galleries or extended springs,
have been constructed in Cape Verde to capture ground-
water as an additional water-supply source (Kallrén and
Schreiber 1988). Groundwater discharge also includes
sub-surface outflow to the ocean, which is difficult to
quantify. Such submarine discharge has been documented
in other volcanic island sites (Izuka and Gingerich 2003;
Hildenbrand et al. 2005; Prada et al. 2005) and estimated
in other settings (Bokuniewicz 1980; Cable 1997; Cam-
bereri and Eichner 1998; Michael et al. 2003; Cross et al.
2006) and may be a substantial fraction of total ground-
water discharge from the aquifer.

Previous studies
Previous studies of Cape Verde provide hydrogeologic
data and conceptual understandings pertinent to the
watersheds on the three islands investigated during this
study (Fogo, Santo Antdo, and Sdo Nicolau). Langworthy
and Finan (1997) present information on precipitation and
groundwater availability for each of these three islands.
An overview of the climate, generalized groundwater
conditions, traditional surface-water impoundment struc-
tures, and water management on Santo Antdo is provided
by Haagsma (1995). Reports by Kallrén and Schrieber
(1988), Barmen et al. (1990), and Descloitres et al. (2000)
include both detailed geologic descriptions of Fogo and
results of reconnaissance groundwater studies using
environmental tracers. Similarly, Barmen et al. (1984),
Akiti (1985), and Santos et al. (2006) describe hydro-
geology, conceptual models, and environmental tracer
studies on the nearby island of Santiago. Detailed
precipitation records for Sdo Nicolau are reported by
Olivry (1981). Vailleux and Bourguet (1974) present an
empirical relation for estimating the amount of infiltration
from precipitation and develop recharge estimates for
various Cape Verde watersheds. Heilweil et al. (2006)
provide detailed hydrogeologic data and interpretations for
each of the three watersheds evaluated during this study.
On the basis of International Atomic Energy Agency
(IAEA) records from network stations at similar latitudes
(Barbados, Ascension Island, St. Helena), Barmen et al.
(1990) estimated that the natural background concentra-
tion of *H in precipitation in Cape Verde was less than or
equal to about 3 tritium units (TU) prior to 1953 and after
1990. Relatively large amounts of anthropogenic *H were
introduced into the atmosphere by thermonuclear testing
in the 1950s and 1960s, with estimated peak precipitation
*H concentrations in Cape Verde reaching about 175 TU
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in 1964 (Kallrén and Schreiber 1988). Tritium measured
in precipitation at Bamato, Mali (the nearest IAEA station
to Cape Verde) ranged from 15.6 to 67.0 TU (mean = 43
TU) between 1975 and 1979 (Barmen et al. 1984).
Atmospheric *H concentrations decreased rapidly to less
than about 5 TU during the 1980s, as indicated by five
precipitation samples collected on Santiago Island during
1984 with *H concentrations ranging from 2.3+0.1 to
4.4+0.2 TU (Akiti 1985) and one sample collected on
Fogo Island in 1987 with a *H concentration of 3.0+1 TU
(Barmen et al. 1990).

The atmospheric SHe/*He ratio, referred to as R,, is
assumed to be 1.384x107° (Clarke et al. 1976). The
presence of high *He/*He ratios in groundwater has been
shown to indicate interaction with mantle-derived rocks
(Andrews 1985). Crustal rocks typically have *He/*He
ratios of 1077—-10"% (0.1-0.01 R,) because of *“He
production from U/Th radioactive decay (Mamyrin and
Tolstikhin 1984; Castro 2004). In contrast, fluids in
contact with upper-mantle rocks typically have ratios of
about 10> (9 R,; Ozima and Podosek 1983). While mid-
ocean ridge basalts (MORBs) show little variation and
have a mean *He/*He ratio of 8+1 R,, ocean island basalts
(OIBs), including Cape Verde, have much more variability
and range from 3 to over 40 R, (Graham 2002).
‘High-*He hotspot’ ratios have been defined as being
above the mean MORB value of 8 R, (Craig and Lupton
1976; Moreira et al. 1999). Values of over 30 R, were
found in basalts from Hawaii (Kurz et al. 1983) and
Iceland (Breddam and Kurz 2001), indicating lower
mantle source rocks and fluids. Other ‘high->He hotspot’
OIBs include Samoa (up to 24 R,, Farley et al. 1992), the
Galapagos (up to 23 R,, Graham et al. 1993), the Juan
Fernandez and Heard Islands (up to 18 R,, Farley et al.
1993; Hilton et al. 1995), and Easter Island (up to 12 R,,
Poreda et al. 1993).

A helium isotope study of basalts on the Cape Verde
Islands of Santo Antdo and Fogo reported *He/*He ratios
of 3.2-13.8 R, (Christensen et al. 2001), similar to those
of other nearby Atlantic OIBs: 6.3-8.9 R, for the Canary
Islands (Hilton et al. 2000), 3.5-11.3 R, for the Azores
(Kurz et al. 1990; Tolstikhin et al. 1991; Moreira et al.
1999), and 5-6 R, for Tristan da Cunha and Gough (Kurz
et al. 1990). Studies of volcanically active areas often
show elevated “He and *He/*He ratios in groundwater.
This indicates significant magmatic helium contributions
either through mantle degassing (Perez et al. 1996) or
diffusion from phenocrysts in the basaltic aquifer matrix,
similar to the *He diffusive loss from deep-sea basalts to
surrounding ocean water proposed by Craig and Luptin
(1976). *He/*He ratios of 9.5-9.7 R, are reported for
springs in volcanic calderas of the Canary Islands (Perez
et al. 1994, 1996) and up to 5.3 R, for springs in eastern
Oregon, USA (Saar et al. 2005).

Hydrogeologic settings
Mosteiros Basin (42 km?), the southernmost of the three
study basins, is located on the island of Fogo (Fig. 1),
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which has the only active volcano in the archipelago. Its
peak at 2,900 m above sea level (m asl) is the second
highest point of land in the Atlantic Ocean. Mosteiros
Basin itself has a maximum altitude of 2,400 m (about
1,000 m higher than the other two basins) with an average
topographic slope of 27°. Because of the island’s conical
shape, Mosteiros Basin is composed of eight smaller
watersheds on the flank of the volcano that each drain
directly to the ocean (Fig. 3). In contrast, the other two
basins each consist of a single watershed draining to the
ocean. Average annual precipitation is estimated to range
from about 200 mm to more than 1,000 mm and follows
the expected trend of higher precipitation rates at higher
altitudes (Langworthy and Finan 1997; Descloitres et al.
2000; Heilweil et al. 2006). This precipitation supplies
sporadic runoff and flow to gullies, but there are no
perennial streams in the basin. The geology of Mosteiros
Basin (Fig. 3) is dominated by basaltic lava flows with
intercalated pyroclastic deposits (Barmen et al. 1990). The
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basin is also dotted with numerous cinder cones made of
coarse volcanic fragments (lapilli). The lava flows form
fairly continuous layers that dip steeply from the island’s
central caldera complex (Cha das Caldeiras) towards the
ocean; these flows are likely important conduits for
groundwater flow. Because of the recent lava flows and
topographic steepness, soil layers are generally very thin
or non-existent. The southern border of Mosteiros Basin is
defined by the 1,000-m vertical wall of the island’s 8 km-
wide caldera. Water falling on the north-facing slope of
the caldera wall runs off toward the coastal areas of
Mosteiros Basin; water falling on the south-facing slope
drains into the closed basin of the caldera. Because the
caldera bottom is covered by highly permeable volcanic
deposits (lapilli, scoria, and basalt flows) and receives
relatively large amounts of precipitation, this area likely
provides a substantial amount of recharge to the island’s
groundwater system (Barmen et al. 1990). Measurable
groundwater discharge in Mosteiros Basin includes the
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Monte Vermelho sg)rlng (500 m*/day) and two pumping
wells (about 100 m”/day; Heilweil et al. 2006) Submarine
discharge near the Monte Vermelho spring off the
northwest coast of Fogo has been observed but not
quantified (Institut Géographique National de France
1981). Groundwater levels measured at five wells (FF
06, 07, 21, 22, and 29) located along the coastal plain all
had water depths of 18—-64 m below land surface during
2005-2006. There are no wells located in the upland part
of the basin to evaluate groundwater levels or hydraulic
gradients in these areas.

Ribeira Paul Basin (15 km?) is located on the
northeastern coast of Santo Anto, the northwestern-most
island of Cape Verde (Fig. 1). The basin’s vertical relief of
1,500 m (Fig. 4) is less than Mosteiros Basin. Annual
precipitation in the Ribeira Paul Basin is estimated to
range from 500 to 800 mm, generally higher than the
other two study basins even though the average basin
altitude is lower than Mosteiros. This difference is caused
by the orientation of the basin, the steep topographic relief
(38°), and its ability to trap the moisture of ascending air
masses associated with the northeastern trade winds and

Draguel To #2

< W Pdssagem
R 0

£
¢ Flguelral

the equatorial monsoon winds (Haagsma 1995). Like
Mosteiros, Ribeira Paul Basin has been recently formed
(<10 Ma) and its geology is dominated by exposed
volcanic rocks including basaltic lava flows and pyroclas-
tic deposits (Fig. 4), with many near-vertical igneous dikes
exposed along the upper canyon headwalls. Most of the
steeply sloping terrain within the basin has only a veneer
of soils; thicker alluvial deposits are only present along
the wash at the lower end of Ribeira Paul Basin. Ribeira
Paul is unique among the three study basins in its
abundance of springs and spring-fed streams. The basins
on the northeast side of Santo Antfo, including Ribeira
Paul, are the only ones in all of Cape Verde containing
perennial streams. In addition to the larger amount of
annual precipitation, low-permeability mafic dikes, tuffs,
and breccias may impede lateral flow and cause ground-
water discharge to springs and streams. Total estimated
dischar%e from springs and spring-fed streams is
4,000 m’/day and occurs predominantly near the base of
the canyon walls at altitudes between 600 to 900 m
(Heilweil et al. 2006). The only production well in the
basin (FA 57) has a small average discharge of about
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30 m*/day. Subsurface inflow from the adjacent La Cova
volcanic caldera likely provides additional recharge to the
groundwater system. Similar to Cha das Caldieras on
Fogo, La Cova receives substantial precipitation and is a
closed basin; none of its rainfall leaves the basin as
surface water.

Ribeira Faja Basin (16 km?) is located on S3o Nicolau
Island, near the center of the Cape Verde archipelago
(Figs. 1 and 5). In contrast to Fogo and Santo Antdo, Sao
Nicolau is geologically much older and has been more
highly eroded. While Ribeira Faja basin has similar
overall vertical relief as Ribeira Paul, it has a smaller
average topographic slope (23°). Average annual precip-
itation (1996-2002) in Ribeira Faja is much less than that
in the other two basins, ranging from about 300 to
400 mm depending on elevation (Heilweil et al. 20006).
Like the other two basins, Ribeira Faja Basin is volcanic
with exposures of basalt, mafic dikes, and pyroclastic
deposits (Fig. 5; Hidroprojecto Engenharia Gestdo 2000).
No natural springs or groundwater evapotranspiration
occurs within the basin and there is currently no well
production. The main source of groundwater discharge in
Ribeira Faja Basin is from the Galleria Faja tunnel. This

1,800-m tunnel was constructed during the 1980s to
intercept the deep water table and provide a steady supply
for agriculture and culinary needs. Water enters the upper
end of the tunnel at the Lombo Pelado, Cruz Roque, and
Monte Gordo springs, with altitudes between 265 and
270 m (compared with land surface altitudes above the
tunnel of 500-600 m). As in the other basins, submarine
discharge is likely an important form of groundwater
discharge from Ribeira Faja.

Sampling and methods

Stable isotopes

Precipitation falling at higher altitudes generally is more
isotopically depleted in *H and '®O than is precipitation at
lower altitudes; thus stable isotopes are helpful for
evaluating precipitation source altitudes and recharge
areas (Mazor 1991). Stable isotope studies of other
volcanic islands with steep topographic gradients and
latitudes similar to Cape Verde have documented this
altitude effect, along with seasonal/isotope amount effects
in precipitation (Gonfiantini et al. 2001). This relationship
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has been utilized for interpreting groundwater recharge
sources and flow paths (Scholl et al. 2002, Hildenbrand et
al. 2005). Stable isotope studies of precipitation in other
tropical volcanic areas show altitude effects on &'*0
ranging from —0.7 to 1.6%./km (Gonfiantini et al. 2001;
Hildenbrand et al. 2005). This increase in isotopic
depletion is generally attributed to a Rayleigh adiabatic
condensation process. Stable isotope samples of precipi-
tation, streams, springs, and wells were collected accord-
ing to procedures described by Révész and Coplen (2008)
and analyzed by the US Geological Survey (USGS) Stable
Isotope Laboratory in Reston, Virginia using isotope ratio
mass spectrometers. Results are expressed in %o versus
VSMOW (Vienna Standard Mean Ocean Water). Analyt-
ical uncertainties (202 for these techniques are 2% and
0.2%o for 5°H and 5'%0, respectively.

*H/He

Tritium (*H) is produced both naturally and during
thermonuclear weapons testing. As a radioactive isotope
of hydrogen, trittum decays to helium (*He) with a half-
life of about 12.3 years and, therefore, can be used for
evaluating the relative age of younger groundwater in
Cape Verde. Trittum concentrations in this study are
reported in trittum units (TU), where one TU equals one
molecule of *H'HO in 10" "H,O molecules (Solomon
and Cook 2000). Natural tritium production occurs in the
earth’s upper atmosphere through cosmic-ray neutron
bombardment of nitrogen. Tritium in groundwater sam-
ples was analyzed with the in-growth method (Clarke et
al. 1976) at the University of Utah’s Dissolved Gas
Service Center. Analytical uncertainty (20) for this
technique is estimated to be up to 0.2 TU. Based on its

180 T T T T

12.3-year half-life, decay-corrected *H concentrations can
be calculated by the equation:

C=C,e ™ (1)

where C is the measured *H concentration in water, C,, is
the initial *H concentration, ¢ is the number of years since
the precipitation occurred, and A is the decay constant
(0.0562/year for *H).

The estimated initial and decay-corrected *H concen-
tration of precipitation in Cape Verde from 1950 through
2005 is shown in Fig. 6. This is based on data from
Barmen et al. (1990) and extended to 2005 based on
sampling during this study indicating current atmospheric
concentrations of about 1-3 TU. Assuming that precipi-
tation recharging aquifers in Cape Verde prior to the early
1950s had an initial *H concentration of 3.0 TU,
equivalent to a 2005 decay-corrected *H concentration of
<0.3 TU. Recharge that occurred during above-ground
nuclear testing in the late 1950s and 1960s, assuming
initial *H concentrations in precipitation of 10-175 TU,
would have 2005 *H concentrations of about 1-17 TU.
Water recharging the aquifer during the 1970s and 1980s,
assuming initial *H concentrations of 4-14 TU, would
have 2005 *H concentrations between 0.6 and 2.0 TU.
Finally, water recharging the aquifer during the 1990s to
present, assuming an average “H concentration of about 1-
3 TU, would have 2005 “H concentrations between 0.5
and 3 TU. These estimated *H concentrations are based on
the assumption of piston flow (no mixing), which may be
overly simplistic for springs or wells with large screened
intervals where multiple flow paths likely coalesce and
contain a mixture of water of various ages. Groundwater
having a *H concentration less than 4 TU but greater than
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0.3 TU may represent a mixture of both young and old
waters rather than representing a discrete flow path and
recharge year. Except for groundwater recharge occurring
near the 1960s *H peak, it is generally not possible to
uniquely determine modern (post-1950s) groundwater
ages from tritium alone.

The tritium/tritiogenic helium (3 H/3Hemt) method is a
technique that can be used for dating relatively young
groundwater recharged within the past 50 years. Tritium in
the water molecule undergoes (3-decay to *Heyi, gas
which is readily lost to the atmosphere but is geochem-
ically conservative (inert) when dissolved in groundwater.
While other sources of *He besides tritium decay exist, it
is possible to separate *He,;, from these other sources
(Solomon and Cook 2000). The age-dating clock begins
when recharge crosses the water table rather than when it
infiltrates the subsurface. *H/He,;, can be used to
determine the number of years (¢) since the water entered
the aquifer as recharge with the following equation
(Solomon and Cook 2000):

t =7""In(*Heyy /"H+ 1) (2)

This apparent recharge age may underestimate the total
time since infiltration of precipitation occurred because it
does not include vadose-zone travel. Also, the apparent
age of groundwater at sites with convergent flow such as
at springs or wells with large screened intervals, will be a
weighted average age of water traveling along various
flow paths.

Total *He was determined from analytical measure-
ments of *He and *He/*He ratios dissolved in groundwater.
Dissolved-gas samples were collected as water samples in
copper tubes (Weiss 1968; Stute and Schlosser 2001) and as
gas samples with in-situ diffusion samplers (Sheldon
2002). *He, *°Ne, and *He/*He ratios were analyzed by
the University of Utah’s (USA) Dissolved Gas Service
Center using quadrapole and sector-field mass spectrome-
ters. Analytical uncertainty (20) is estimated to be 1% for
both *He and *He/*He ratios and 2% for *°Ne. For gas
samples collected with in-situ diffusion samplers, mass-
spectrometer analysis provided the relative mole fractions of
“He and *°Ne. Total *He and *°Ne were then calculated
based on Henry’s Law relations by using field measurements
of total dissolved-gas pressure and water temperature.

In addition to analytical precision, the uncertainty in
SH/He gy dating depends on how accurately the SHey,
component of total *He can be determined. The *He,y
component is estimated by subtracting the atmospheric
and terrigenic (both crustal and mantle) components from
total *He (Solomon and Cook 2000). The atmospheric
component of *He was determined from *°Ne measure-
ments and “He/*’Ne ratios. The terrigenic helium concen-
tration (*He,,;) depends on the *He/*He ratio of mantle
rocks, mantle fluids, and lithospheric (crustal) helium
production, and can vary over several orders of magni-
tude. The *Heyy component for samples with large
concentrations of total helium (more than an order of
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magnitude above atmos?heric solubility) or mantle-
derived fluids with high *He/*He ratios are sensitive to
the assumed terrigenic *He/*He ratio, making dating
problematic.

Results

Mosteiros Basin
During this study, seven groundwater stable isotope
samples were collected and analyzed from wells and
springs in Mosteiros Basin (Table 1). Except for well FF
06, the stable isotope ratios fall within a fairly tight cluster
on or near the global meteoric water line (Fig. 7), with
§'%0 values of —3.4 to —3.8%o and 67H values of —15 to
—21%o (Table 2). Precipitation samples for stable isotope
analysis within Mosteiros Basin were not collected during
this study. Stable isotope values in Fogo precipitation
were previously reported at Cha das Caldeiras (5'%0 of
—7.0%o, 5°H of —45%o) and at Achada Fora on the west
side of Fogo (6'®0 of —4.0%o, 5°H of —30%o; Barmen et
al. 1990). Because of the small seasonal fluctuation in
average daily air temperature, it is assumed that stable
isotopes in precipitation do not vary much during the year.
This is supported by stable isotope values of groundwater
samples from the Monte Vermelho spring, which did not
vary substantially between a wet and dry season; 5'%0 and
5°H values ranged between —3.76 to —3.78%o and —18 to
—21%o, respectively, during sampling in August and
December 2005. A previous groundwater isotopic study
by Kallrén and Schreiber (1988) reported similar values in
October 1987 (5'%0 of —3.9%0, 6?H of —22%o). The
groundwater sample from FF 06 is much more depleted
(6'0 of —5.1%0, 6°H of —28%o), indicating a higher
altitude precipitation source of recharge to this well
compared to other wells. This site is located southeast of
the other wells and Monte Vermelho spring, and closer to
the high-altitude Cha das Caldeiras caldera (Fig. 3).
Although no precipitation *H samples were collected in
Mosteiros Basin, two dryland (rain-fed only) agricultural
products were analyzed from Cha das Caldeiras that
provide average seasonal values: 2005 vintage wine
(2004 growing season) and fruit juice from the 2005
growing season. These samples had *H concentrations of
3.0 and 1.0 TU, respectively (Table 2), indicating that
precipitation *H concentrations on Fogo have declined
only slightly since previous sampling in the 1980s (Akiti
1985, Barmen et al. 1990). Groundwater “H concentra-
tions in samples collected from Mosteiros Basin during
this study ranged from about 0.2 to 1.2 TU. As discussed
earlier (see section Sampling and methods), it is assumed
that values less than 0.3 TU indicate groundwater recharge
that occurred prior to the early 1950s. Groundwater from
wells FF 06, FF 21, and FF 29 all had *H concentrations
less than 0.3 TU. Groundwater from well FF 07 had a *H
concentration of 1.2 TU, indicating either uniform post-
1950s recharge or a mixture of pre- and post-1950s
recharge; well FF 22 and Monte Vermelho spring had *H
concentrations between 0.4 and 0.8 TU, likely indicating a
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mixture of pre- and post-1950s recharge. Similarly, a
sample collected from Monte Vermelho spring in 1980
had a reported *H concentration of less than 2 TU
(Barmen et al. 1990), which would be equivalent to a
decay-corrected 2005 concentration of <0.5 TU.

Elevated dissolved “He concentrations and R/R, ratios
were measured in water from all of the wells sampled in
Mosteiros (Fig. 8; Table 2), likely associated with recent
volcanic activity of the island. The *He concentrations
from these wells are as much as an order of magnitude
higher than typical concentrations measured in atmospher-
ically equilibrated groundwater. Similarly, the dissolved
*He/*He ratios of samples from these wells are as much as
8.3 R,. This is consistent with values for mantle-derived
helium. Because of its sensitivity to non-atmospheric
sources of helium, *H/°He,; dating of these samples was
not possible. The *He and *He concentrations of these and
other mantle-influenced samples, however, are very useful
for constraining the SHHe,; age of Monte Vermelho
spring and groundwater from other basins not significantly
affected by helium derived from the mantle. The relation
between R/R, and the fraction of “He derived from
atmospheric gases in groundwater samples from Mosteiros
and the other two basins is shown in Fig. 9. The samples
not affected by mantle helium sources are those having a
fraction of *He derived from the atmosphere equal to
about 1.0 and an R/R, of 1. The samples that are affected
by mantle helium plot along a linear trend of increasing R/
R, with a decreasing fraction of *He derived from the
atmosphere. The extrapolation of this straight line to a
zero fraction of atmospherically derived “He yields a y-
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intercept (*He/*He ratio) of about 1.3x107° or 9 R,, very
similar to the mean *He/*He ratio of 8.8 R, from 11 rock
samples of Santo Antdo and Fogo (Christensen et al.
2001) and values of 9.5 to 9.7 R, reported from
hydrothermal springs within the Taburiente Caldera of
La Palma, Canary Islands (Perez et al. 1994, 1996; Hilton
et al. 2000). The value of 9 R, was used, therefore, as the
end-member terrigenic *He/*He ratio in dating corrections
for those groundwater samples not significantly affected
by terrigenically derived helium. Using the terrigenic
*He/*He ratio of 9 R, for calculating *He,;,, the Monte
Vermelho spring sample collected in December 2005 has
an apparent age of 5-50 years, indicating at least some
post-1950s recharge (Table 2).

Ribeira Paul Basin

Both precipitation and groundwater stable isotope samples
were collected from Ribeira Paul Basin during this study.
Two precipitation samples collected in or near Ribeira
Paul during a 3-day rain event in late November 2005 plot
along the meteoric water line but are generally more
enriched than the groundwater samples from Ribeira Paul,
likely because of the lower altitude of the rain-collection
site compared to the groundwater sites. A third precipita-
tion sample collected during the storm is isotopically
depleted (5'%0 of —4.62%o, 5°H of —32.1%0) but also
shows a shift off the meteoric water line, possibly caused
by evaporation occurring between the rain event and
sample processing. Groundwater stable isotope samples
collected from two wells, five springs, and eight spring-
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fed streams (collected during the dry season and assumed
to represent groundwater discharge) in Ribeira Paul Basin
generally plot along the global meteoric water line
(Fig. 7). The most-depleted groundwater values (6'*0 of
—4.93%o, &*H of —29.1%0) were measured at Tabulera
spring, the highest-altitude site within the basin (Fig. 4).

The least depleted groundwater values (5'*0 of —3.19%,
8”H of —13.7%o) were measured at well FA 57, lower in
the basin. The eight spring-fed stream samples had
isotopic compositions similar to the wells and springs in
the basin, with 5'®0 and 6?H values of —3.5 to —4.5%o and
—17.4 to —25.5%., respectively.
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Two precipitation *H samples were collected in and
near Ribeira Paul Basin during the rain event of late
November 2005. These samples had *H concentrations of
1.1-1.4 TU (Table 2). Groundwater *H concentrations of
samples collected in the basin ranged from 0.2 to 2.1 TU.
Tabulera spring was the only groundwater site in Ribeira
Paul having *H concentrations less than 0.3 TU, indicating
that groundwater recharge supplying this spring occurred
prior to the early 1950s. The other springs and wells in
Ribeira Paul Basin had *H concentrations ranging from
0.5 to 2.1 TU, indicating at least some fraction of modern
recharge.

The *H/’Hey;, ages at five springs and one well in
Ribeira Paul Basin are consistent with the *H concen-
trations and indicate that groundwater is a mixture of pre-
and post-1950s recharge. Water collected from Tabulera
spring had an apparent age of more than 50 years,
indicating recharge prior to the 1950s. Water collected
from springs Dragueiro No. 1, NA 21, Passagem,
Seladinha, and well FA 93 all have apparent ages of less
than 50 years (Table 2). Compared with Mosteiros Basin,
there is less influence of mantle-derived helium on
groundwater in Ribeira Paul Basin, with only one well
(FA 57) having *He slightly above atmospheric equilibra-
tion and a *He/*He ratio of about 2.6 R, (Figs. 8 and 9;
Table 2). Because of this terrigenic “He, *H/°He;, dating
at this site was not possible. The recharge source to the
only other well in Ribeira Paul Basin (FA 93) is assumed
to be surface water from the adjacent stream, derived from
recent precipitation. The sample had no *Hey;, and a °H
concentration of 1.3 TU, within the range of current *H
concentrations in precipitation. Because this young water
comes from a shallow well (21-m depth) adjacent to the
stream, it indicates the potential for anthropogenic
contamination from upstream sources such as nitrates or
pathogenic bacteria. The measured specific conductance
of water from this well also was higher than in any other
location in Ribeira Paul Basin.

Ribeira Faja Basin

While only one precipitation sample was collected for
stable isotope analysis within Ribeira Faja Basin (5'%0 of
—0.6%0, 6°H of —5.0%0), stable isotope ratios for Sao
Nicolau precipitation were previously reported for the ten
largest precipitation events of 1981 (5'*0 of —1.2 to
—4.8%0, 5°H of —2 to —30%o; Barmen et al. 1990).
Groundwater stable isotope samples collected from the
Galleria Faja tunnel and well FN 39 all plot along the
meteoric water line within a narrow range (5'%0 of —3.84
to —4.04%o, 8°H of —19.4 to —21.6%o), indicating a similar
source of precipitation recharging the aquifer for these two
locations (Fig. 7). The stable isotope ratios of groundwater
from Ribeira Faja Basin are generally more depleted than
the other two basins, even though the average altitude of
the basin is much lower than that of both the Mosteiros
and Ribeira Paul Basins (Table 2). This indicates either
that the majority of recharge in the Ribeira Faja Basin is
from higher-altitude precipitation or the atmospheric
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patterns result in more isotopically depleted air masses
entering the basin.

Groundwater *H concentrations from samples collected
in Ribeira Faja Basin were all < 0.3 TU, indicative of
groundwater recharge occurring prior to the early 1950s.
The two helium samples collected in Galleria Faja indicate
mantle influence, with *He/*He ratios greater than 3.0 R,
(Fig. 8; Table 2). Because of this terrigenic helium source,
HY He,;; dating of the Galleria Faja samples was not
possible. Water from well FN 39, however, does not
appear to be influenced by mantle helium; the estimated
3He,,;, concentration of 0 to 8 TU results in an apparent
age of greater than 50 years.

Discussion

Recharge sources, flow paths, and residence times
Oxygen, hydrogen, and helium isotopes, along with field
parameters from the Cape Verde basins investigated
during this study provide valuable insight with respect to
sources of recharge, infiltration mechanisms, flow paths,
and residence times. Stable isotope concentrations of
precipitation and groundwater generally plot on or near
the global meteoric water line defined by Craig (1961).
The deuterium excess value, d, defined by Dansgaard
(1964) as being equal to 5°H —8(5'*0), ranges from 8 to
13 with a mean value of 10.6 (#=28). Only four stable
isotope precipitation samples were collected during this
study; ten samples were previously collected on Sao
Nicolau (Barmen et al. 1990; Fig. 7). While these 14
samples are not sufficient to define an altitude gradient,
other studies of tropical rain found altitude 5'®0 gradients
of —1 to —3%o/km (Gonfiantini et al. 2001). Akiti (1985)
collected five precipitation stable isotope samples on the
nearby island of Santiago, which showed an amount effect
(increased isotopic depletion with larger rain events).
Precipitation samples from the Sahel region of Nigeria (at
a latitude of 13°N, similar to Cape Verde) also showed a
5'80 amount effect associated with monsoon rains, which
was more clearly discernable than other seasonal and
temperature effects (Goni et al. 2001). Compared to the
large variation found in precipitation samples (5'%0 of —1
to —5%o), groundwater samples are more isotopically
depleted (50 of —3 to —5%o). Groundwater 5°H values
range from —3.7 to —5.1%o for Mosteiros Basin, —3.0 to
—4.9%o0 for Ribeira Paul Basin, and —3.8 to —4.0%0 for
Ribeira Faja Basin (Table 2). While some of the
precipitation samples show evidence of evaporation, none
of the groundwater samples indicate an evaporative shift.
This suggests that most infiltration and recharge occurs
rapidly and in place (i.e., at higher altitudes) rather than as
downstream focused infiltration of runoff.

H values of less than 0.3 TU at seven wells and
springs in the three Cape Verde study basins indicate pre-
bomb era recharge and groundwater residence times of
more than 50 years; >H values up to 2 TU at the other nine
sites suggest at least some recent recharge. SH/Hey;,
dating was used to refine groundwater residence times or
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verify the existence of older water at seven of these sites.
As previously discussed, *H/*He dating was not possible
ilt six sites because of large concentrations of terrigenic
He.

The combination of low *H concentrations (less than 1
TU except for well FF 07) and isotopically depleted stable
isotopic signatures of groundwater in Mosteiros Basin
generally indicate high-elevation recharge and long flow
paths/residence times. In contrast, a larger range of 5'*0
and 5°H values, higher *H concentrations (0.5 to 2.1 TU),
and younger *H/*He;, ages of groundwater from Ribeira
Paul Basin indicate a predominance of post-1950s
recharge (except for Tabulera spring) and shorter flow
paths/residence times. Similar to Mosteiros, the ground-
water sites sampled in Ribeira Faja Basin have low *H
concentrations (<0.3 TU), pre-1950s *H/°Hey;; ages and
relatively depleted 5'®0 and &°H values, indicative of
higher elevation recharge and long flow paths/residence
times.

The islands of Cape Verde are located along a
volcanically active hot spot. Measured field parameters
and environmental tracers, however, show that deep
geothermal circulation is not an important process, in
contrast to other active oceanic hot spots like New
Zealand (Kiithn and Stéfen 2005), Iceland (Sigvaldason
1966) or the nearby Canary Islands (Albert-Beltran et al.
1990; Valentin et al. 1990). Groundwater stable isotopes
from Cape Verde generally plot on or near the global
meteoric water line with a &6'*0/6”H slope of about
8 (Fig. 7), in contrast to a slope of about 3 (characteristic
of evaporation at near-boiling temperatures) commonly
associated with geothermal systems (Criss 1995). Mea-
sured groundwater pH values are near-neutral to slightly
alkaline, ranging from 6.8 to 8.3 (Table 1), whereas
geothermal waters associated with other hot spots typical-
ly have low pH (Wood 2006). Groundwater temperatures
range from about 19 to 24°C, similar to mean annual air
temperatures rather than the characteristic warmer temper-
atures associated with deep geothermal circulation. During
sampling there was no observed bubbling (often an
indicator of CO, outgassing). Measured in situ total
dissolved-gas pressures for groundwater in all three
watersheds varied from 700 to 770 mm Hg and generally
were similar to atmospheric pressures at each site
(Table 1). Total dissolved-gas pressures much higher than
atmospheric pressure may be indicative of high Pcqo,
(partial pressure of CO,) associated with geothermal fluids
(Chiodini et al. 1995). For a geothermal field in Italy,
Dallai et al. (2005) report high No/*Ar ratios of 474,197,
indicating the presence of radiogenic *°Ar and excess N,.
In contrast, all No/*°Ar ratios from the three Cape Verde
watersheds range from about 37 to 45 (Table 2).

Susceptibility to contamination and artificial
recharge potential

Because of the future potential for groundwater develop-
ment in Cape Verde, there are concerns regarding aquifer
susceptibility to anthropogenic contamination and saltwa-
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ter intrusion with increased well withdrawals. Additional
surface impoundments along ephemeral washes to artifi-
cially enhance groundwater recharge are also being
planned. While additional site-specific studies are needed
to adequately address these issues, the environmental
tracers utilized in this study provide information that can
be used to make some generalized interpretations.

In Mosteiros Basin, the majority of water supply for
agriculture and population centers comes from wells and
springs along the northeastern coastal plain (Fig. 3). In
contrast, the majority of recharge likely occurs higher in
the basin and has relatively long flow paths and residence
times. There likely is a low potential, therefore, for aquifer
water-quality degradation from contamination by septic
effluent or agricultural chemicals applied on the coastal
plain. A more pressing concern is the potential for salt-
water intrusion with increased groundwater extraction
because of the proximity of the existing wells to the
ocean. A thin lens of fresh groundwater in the Mosteiros
coastal plain overlies brackish water, as indicated by an
abrupt transition from freshwater (specific-conductance
values of about 2,000 puS/cm) to brackish water (> 15,000
uS/cm) at only a few meters depth below the water table
in well FF 07. This risk was illustrated during a 24-
h pumping test at well FF 21, during which the specific-
conductance values increased from 870 (Table 1) to about
1,500 uS/cm (Heilweil et al. 2006). Groundwater age and
stable isotope values indicate that most of the groundwater
currently being pumped in Mosteiros Basin is derived
from recharge that entered the aquifer more than 50 years
ago and in the upper parts of the watershed. This suggests
that it may take decades or more for artificial recharge
from sites in the upper basin to beneficially impact the
coastal plain aquifer where the agricultural projects are
implemented. Artificial recharge at lower altitudes nearer
the production wells may produce quicker results, but may
also increase susceptibility to contamination via flushing
of agricultural chemicals or septic effluent. Further
evaluation of vertical permeability and potential confining
layers, therefore, is necessary to determine if such local
artificial recharge along the coastal plain is a viable
option.

SH/He i ages and stable isotope values of groundwa-
ter from Ribeira Paul Basin indicate a wide variation in
recharge sources, groundwater flow paths, and groundwa-
ter residence times. The majority of current and planned
groundwater development in the basin is from abundant
springs discharging from the mid- and higher-altitude
parts of the basin (Fig. 4), in the same general area where
environmental tracers indicate the majority of recharge
likely occurs. Both the abundance of young (post-1950s)
groundwater and the location of agriculture and popula-
tion centers in the upland part of the basin indicate a
potential threat from agricultural chemicals or septic
effluent that could degrade water quality within the
aquifer. The specific conductance of groundwater mea-
sured in Ribeira Paul Basin varied from about 200 to
700 pS/cm, displaying a general increase with decreas-
ing altitude and towards the ocean. This increase in
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solutes towards the lower end of the basin may be
caused by irrigation/wastewater return flow, recharge
from higher-salinity precipitation and sea spray closer
to the ocean, or increased water/rock interaction via
longer flow paths and slower residence times. Because of
Ribeira Paul’s abundant springs, there is little current or
planned additional pumping from wells near the ocean;
thus salt-water intrusion is currently not a concern.
Groundwater ages in Ribeira Paul Basin range from
pre-1950s to modern, indicating both short and long flow
paths. Both the abundance of springs and the existence
of some short flow paths and younger groundwater ages
in Ribeira Paul Basin indicate that beneficial effects from
artificial recharge may occur more quickly than in the
other two basins.

Ribeira Faja Basin has the lowest altitude, driest
conditions, and most limited water resources of the three
basins. The only measurable groundwater discharge is
from the Galleria tunnel (Fig. 5), at higher elevation than
most of the agricultural development and population
centers. The combination of the upgradient location of
the Galleria springs and their relatively old (pre-1950s)
waters indicates that there is a relatively low potential for
groundwater contamination of this primary water supply
from agricultural chemicals or septic effluent. No ground-
water pumping is currently occurring in Ribeira Faja
Basin, and groundwater specific conductance is generally
low, increasing from about 400 uS/cm at Monte Gordo
spring to 500 uS/cm at Lombo Pelado spring and well FN
39 nearer the ocean. The small amount of estimated
groundwater recharge to this basin indicates that salt-water
intrusion may be a concern if future production wells are
located close to the coast. *H/°He dating and stable
isotope concentrations indicate that recharge to the
Galleria springs occurred more than 50 years ago and
possibly at higher altitudes in the watershed. The
analysis of environmental tracers and hydraulic proper-
ties indicates that if artificial recharge impoundments are
located in the upland part of the aquifer, they may
enhance discharge from the Galleria springs. However,
the effect of such recharge structures would depend on
the success of locating these structures upgradient of and
along groundwater flow paths intersected by these
springs.

Conclusions

Oxygen, hydrogen, and helium isotopes were utilized for
developing conceptual hydrogeologic models and evalu-
ating groundwater conditions of volcanic island aquifers
in Cape Verde, West Africa. Because these watersheds
have sparse groundwater sampling points, the synthesis of
this environmental tracer information greatly improved the
understanding of these aquifer systems. Stable isotopes
(6'%0, 5°H) support the predominance of high-altitude
precipitation and recharge, consistent with the much
higher rainfall and exposed permeable basalts of the
highlands. In contrast to some other volcanic islands, the
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combination of stable isotope ratios close to the global
meteoric water line, near-neutral pH, low total dissolved
gas pressures, low N,/*’Ar ratios, and cool temperatures
of groundwater in these three watersheds do not indicate
the prevalence of geothermal circulation. High *He and
*He/*He ratios of water from some wells and springs,
however, suggest a mantle source of helium in ground-
water, either through degassing or diffusion from the
basaltic aquifer matrix. While these high helium concen-
trations preclude SH/’Hey;, dating at those sites, the
*He/*He ratios indicate a terrigenic end-member of about
9 R, that was utilized for constraining groundwater
residence times at other sampling points. This isotopic
technique may be widely applicable for groundwater
dating in other active volcanic settings. Tritium and
*H/’Hey; dating (where possible) suggest long ground-
water residence times (>50 years) in Faja Basin, whereas
Mosteiros Basin and Ribeira Paul Basin contain both
young and old groundwater flow paths and residence
times. In Ribeira Faja Basin, the upland location of the
Galleria springs and their relatively old waters indicates
that there is a relatively low potential for groundwater
contamination of the primary water supply from septic
effluent or agricultural activities.

The combination of field measurements and environ-
mental tracer data indicate variations in both susceptibility
to contamination from anthropogenic sources or saltwater
intrusion and artificial recharge potential. In Mosteiros
Basin, the predominance of groundwater recharge in the
upper part of the watershed and discharge at lower
elevations likely indicates that there is currently a low
potential for aquifer water-quality degradation from
surface contamination in the coastal plain. There is,
however, a high potential for saltwater intrusion with
increased groundwater extraction. In Ribeira Paul Basin,
the upland location of agriculture and population centers
indicates a potential threat from surface contamination.
Because of limited groundwater pumping along the coast,
saltwater intrusion in Ribeira Fajad Basin is not an
immediate concern; however, the lower recharge rates in
this basin suggest that saltwater intrusion may be a future
concern if production wells are located close to the coast.
While field and environmental tracer methods for evalu-
ating recharge sources and groundwater residence times
have certain limitations, they provide useful information
for improving the conceptual understanding of groundwa-
ter systems and practical information for sustainable water
management solutions, particularly where sampling points
are limited.
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