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[1] Through a combined noble gas and stable isotope study carried out in the Galapagos

Islands of Santa Cruz and San Cristobal, we demonstrate the utility of atmospheric noble
gases in identifying recharge areas and timing of recharge in fractured, basaltic systems.
Timing of recharge obtained through noble gas temperatures (NGTs) for all samples is
corroborated by stable isotopes. Except for one sample, combined NGTs and stable isotope
analyses point to recharge during the hot season for all low-altitude (<420 m) spring
samples from San Cristobal and all basal aquifer samples in Santa Cruz. Stable isotope
comparisons also indicate that San Cristobal springs located at high altitudes (>420 m
above sea level) are recharged during both the ‘‘garúa’’ and hot seasons. Preservation of
seasonality independently recorded by NGTs and stable isotopes is further reinforced by
estimated young water ages. Samples located at high-altitude display systematic deviations
of dissolved noble gases from expected air saturated water values and lead to inconsistent
recharge altitudes and temperatures using standard NGT models. Existing degassing models
are unable to account for the observed noble gas pattern for most samples. We explore
various mechanisms to assess their potential at reproducing the observed noble gas
signature. In particular, the potential impact of fog droplets during the cooler ‘‘garúa’’
season on dissolved noble gas concentrations in groundwater and the effect of mixing highaltitude (1500 m) rainwater with low-altitude (400 m) fog droplets is explored. This
mixing hypothesis is capable of explaining Ne and Xe concentrations for most high-altitude
samples.
Citation: Warrier, R. B., M. C. Castro, and C. M. Hall (2012), Recharge and source-water insights from the Galapagos Islands using
noble gases and stable isotopes, Water Resour. Res., 48, W03508, doi:10.1029/2011WR010954.

1.

Introduction

[2] Among the numerous applications of noble gas geochemistry, the study of noble gases (He, Ne, Ar, Kr, and
Xe) dissolved in groundwater can enhance our understanding of surface and groundwater dynamics by providing us
with indications about ﬂow paths, connectivity between
aquifers, and water residence times [e.g., Andrews and Lee,
1979; Andrews et al., 1982; Bottomley et al., 1984; Torgersen and Ivey, 1985; Stute et al., 1992; Castro et al.,
1998a, 1998b; Bethke et al., 1999; Castro et al., 2005,
2007]. In addition, because Ne, Ar, Kr, and Xe are conservative tracers and their concentrations in the recharge areas
of groundwater systems are typically considered to be simply a function of temperature (T), pressure (P) (altitude of
recharge area), salinity (S), and excess air (A), noble gas
temperatures (NGTs) have commonly been regarded as a
potentially robust indicator of past climate [e.g., Stute and
Schlosser, 1993; Kipfer et al., 2002; Sun et al., 2010].
[3] For over four decades, noble gas studies in groundwater have been carried out extensively in sedimentary
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systems. However, to this day, few studies have been conducted in volcanic, fractured groundwater ﬂow systems.
These include the Cascades Volcanic Arc [James et al.,
2000; Saar et al., 2005], Yellowstone [Mazor and
Fournier, 1973; Mazor, 1977; Kennedy et al., 1985, 1988;
Lowenstern and Hurwitz, 2008; Gardner et al., 2010],
Cape Verde Islands [Heilweil et al., 2009], the Azores archipelago [Jean-Baptiste et al., 2009], and the Reunion
[Marty et al., 1993]. So far, however, none of these studies
has taken advantage of information provided by NGTs.
Unlike the islands of Santa Cruz and San Cristobal in
the Galapagos, in which no volcanic and/or hydrothermal
activity is present, most of these volcanic systems are
extremely active and thus, are not comparable to our study
area. Volcanic systems and equatorial and tropical basaltic
islands in particular, typically have complex internal structures and challenging access, are often poorly characterized
with respect to groundwater resources and frequently suffer
from freshwater scarcity and/or groundwater contamination
problems. The Galapagos Archipelago, a UNESCO World
Heritage site, famous for its unique fauna and ﬂora, is one
example of such a region, and has historically been
regarded as an inhospitable land due to a lack of this vital
resource [e.g., d’Ozouville, 2007]. Development of a comprehensive long-term freshwater exploitation and management plan will ensure preservation of natural habitats while
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providing the required potable water needs for the island’s
inhabitants. Such an exploitation and management plan
requires an in depth and overall understanding of the
hydrogeology of these islands [e.g., Adelinet et al., 2008;
d’Ozouville et al., 2008a; d’Ozouville et al., 2008b; Auken
et al., 2009]. Two critical aspects to achieving such a goal
are the identiﬁcation of recharge areas as well as the timing
of recharge, currently unknown in these systems.
[4] Noble gases have previously been used to provide
constraints on recharge locations and/or timing of recharge
in different systems [e.g., Aeschbach-Hertig et al., 1999;
Manning and Solomon, 2003]. Because many basaltic
islands present a steep altitude gradient and thus, a steep
temperature gradient, in addition to having a climate characterized by two distinct seasons with markedly distinct average temperature and precipitation values, the atmospheric
component of Ne, Ar, Kr, and Xe is expected to provide
constraints on both recharge locations and timing of
recharge in these systems. This last decade has seen a surge
of studies dedicated to improving NGT estimation techniques as well as studies aimed at better understanding the
behavior of noble gases in the unsaturated zone and at the
water table/soil air interface in sedimentary systems
[Mercury et al., 2003, 2004, Peeters et al., 2002, Hall
et al., 2005; Castro et al., 2007; Aeschbach-Hertig et al.,
2008; Cey et al., 2008; Sun et al., 2008; Cey et al., 2009;
Sun et al., 2010]. All these recent studies have led to an in
depth level of understanding of physical processes in sedimentary systems capable of affecting the atmospheric component of noble gases and thus, estimated NGTs, far
greater than previously achieved. Similar studies in basaltic
areas, however, have not yet been carried out.
[5] Here, through a combined noble gas and stable isotope study carried out in the Galapagos Islands of Santa
Cruz and San Cristobal, we demonstrate the utility of
atmospheric noble gases at identifying recharge areas and
timing of recharge in basaltic systems, while providing speciﬁc answers with respect to recharge location, timing of
recharge and groundwater residence times in these islands.
Simultaneously, we highlight the need to conduct further in
depth noble gas studies in fractured and basaltic regions in
particular, to enhance our understanding of processes capable of impacting NGTs in these systems and, in particular,
capable of leading to the unexpected relative Ar excess and
simultaneous depletion of Ne, Kr, and Xe observed in a
number of our samples.

2. Geological, Hydrogeological, and Climate
Regional Settings
[6] The Galapagos Islands, located on the equator in the
eastern Paciﬁc Ocean, about 1000 km off the coast of Ecuador (Figures 1a and 1b) emerge from a shallow submarine
platform which forms the western part of the East-West
trending Carnegie Ridge on the Nazca plate [e.g., Geist
et al., 1988; White et al., 1993]. Santa Cruz and San Cristobal (Figure 1b), two of the oldest islands (1.3 Ma and
2.35 Ma, respectively) [Geist et al., 1986; White et al.
1993], are located in the central and eastern most portion of
the archipelago. Although White et al. [1993] comment
that Santa Cruz and San Cristobal can both be considered
(theoretically) active, so far as we know, neither has erupted
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Figure 1. (a) Location of Galapagos Islands off the coast
of Ecuador ; (b) location of Santa Cruz and San Cristobal
islands and the main inhabited towns; (c) Santa Cruz Island
elevation from SRTM (Shuttle Radar Topography Mission)
[d’Ozouville et al., 2008b] data and sampled locations
are indicated; (d) San Cristobal Island elevation from
SRTM data and location of spring sample (southern windward slope) are indicated. Springs are distinguished as high
(>420 m) versus low altitude (<420 m).
in the past 10,000 years. Also, neither has an active geothermal system, and the youngest basalts on both are very primitive, making a shallow magma body unlikely [Geist et al.,
1986]. In practice, both islands can be considered inactive
(L. Siebert and T. Simkin, Volcanoes of the world: An illustrated catalog of holocene volcanoes and their eruptions,
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available online at http://www.volcano.si.edu/world, 2002;
D. J. Geist, personal communication, 2011).
[7] Studies of Santa Cruz and San Cristobal hydrogeological systems have recently intensiﬁed, with generation
of digital elevation models, ﬁeld based hydrological instrumentation, as well as extensive coverage by helicopterborne electromagnetic prospecting [d’Ozouville, 2007;
d’Ozouville et al., 2008a; d’Ozouville et al., 2008b; Auken
et al., 2009]. These studies identiﬁed : (1) a basal aquifer,
which appears to be continuous, surrounds the islands and
penetrates at least 9 km inland; and (2) perched aquifers on
the southern, windward portion of both islands. Unlike San
Cristobal, direct access to the basal aquifer in Santa Cruz is
possible through ‘‘grietas’’ (open fractures) in the vicinity
of the coastline. The latter basal aquifer was also intercepted at a depth of 160 m near Bellavista [Proctor and
Redfern International Limited, 2003] (Figure 1c) and is
now locally exploited. Only one perennial spring is known
in Santa Cruz ; it is the outlet of a small perched aquifer
located in a volcanic cone at Santa Rosa. An extensive
(50 km2) continuous hidden perched aquifer with no visible
outcrops was also identiﬁed in Santa Cruz, while a series of
discontinuous perched aquifers leading to multiple water
spring alignments and the presence of perennial streams
was identiﬁed in San Cristobal (Figure 1d) [d’Ozouville,
2007; d’Ozouville et al., 2008a]. The presence of a
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perennial hydrographic system is unique to San Cristobal.
A perennial lake located in the crater of a volcanic cone, El
Junco, is also found in San Cristobal at 690 m of elevation.
[8] Climate in the Galapagos Islands is characterized by
a cool ‘‘garúa’’ season from June to December, and a rainy,
hot season from January to May (Figure 2a) [Trueman and
d’Ozouville, 2010]. Average ‘‘garúa’’ temperatures are
22.6 6 3.4 C (see http://www.darwinfoundation.org/data
zone/darwin_weather) and 23.5 6 3.4 C (Figure 2; see
http://www7.ncdc.noaa.gov/CDO/cdo) at sea level in Santa
Cruz and San Cristobal, respectively. During the ‘‘garúa’’
season, a stable, inversion cloud layer is present between
300 m and the summit of the islands (870 and 730 m,
respectively, for Santa Cruz and San Cristobal) [d’Ozouville,
2007]. This stable inversion layer brings moisture laden
mist to the upper portion of the islands. The hot, rainy season is characterized by short and intense episodes of precipitation (Figure 2a). Average temperatures during this
season are 25.9 6 2.0 C at sea level and 24.9 6 1.5 C at
180 m in Santa Cruz (see http://www.darwinfoundation.
org/datazone/darwin_weather) and 26.5 6 2.7 C at sea
level in San Cristobal (Figure 2; see http://www7.ncdc.
noaa.gov/CDO/cdo). These distinct seasonal temperature
variations yield an average annual temperature of 24.0 6
3.9 C (see http://www.darwinfoundation.org/datazone/dar
win_weather) and 24.8 6 4.3 C (see http://www7.ncdc.

Figure 2. Meteorological information for Santa Cruz and San Cristobal (a) Monthly mean temperature
and precipitation measurements from land weather stations located at Puerto Ayora (0 m asl) and Bellavista (180 m asl) in Santa Cruz, as well as Puerto Baquerizo Moreno (0 m asl), in San Cristobal.
Monthly mean temperatures are indicated and averaged over extended time periods for each station as
available. Monthly average precipitations obtained for Puerto Ayora and Bellavista for the same time period are indicated as bars. Monthly average precipitation at sea level (solid gray bars) in Santa Cruz is
less than that observed at Bellavista (solid white bars, 180 m) throughout the year. (b) Measured % contribution of precipitation during each season in 1969 at different altitudes in Santa Cruz. Percent contribution from the hot season (January–May) is indicated by gray bars while contribution from the ‘‘garúa’’
season (June–December) is indicated by white bars. Percent contribution from the ‘‘garúa’’ season
increases with altitude increase.
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noaa.gov/CDO/cdo) at sea level in Santa Cruz and San
Cristobal, respectively.
[9] In addition to seasonal variations in temperature and
precipitation, temperature and precipitation also vary as
a function of altitude. While annual average temperatures
vary with a gradient of 0.8 C/100 m [d’Ozouville, 2007] in
Santa Cruz, average annual rainfall increases with altitude
increase (see, e.g., Figure 2a). Precipitation-altitude patterns
also indicate a greater contribution of ‘‘garúa’’ precipitation
to the total annual precipitation with increasing altitude
(Figure 2b). Indeed, while precipitation during the ‘‘garúa’’
season represents only 17% of total annual precipitation at
an elevation of 6 m above sea level (asl), it accounts for up
to 46% of total annual precipitation at an elevation of 600 m
asl [Kramer and Black, 1970]. In addition, preliminary estimations point to a nonnegligible component of fog contribution to groundwater recharge during the ‘‘garúa’’ season at
high altitude [Dominguez et al., 2011]. A similar distribution
of rainfall with altitude is observed in Santa Cruz [d’Ozouville et al., 2008b]. While annual and monthly average temperatures and precipitations reﬂect available data over
multiple years, large temperature and precipitation variations
do occur from year to year. Such variations are particularly
marked between El Nino and La Nina events [d’Ozouville
et al., 2008a] and need to be considered and discussed for
comparison purposes.

3.

Sampling and Analytic Methods

[10] 29 water samples were collected for analysis of
noble gases at 16 different locations in Santa Cruz and San
Cristobal in October 2007, on the windward (southward),
inhabited portion of the islands (Figures 1c and 1d). These
include six samples collected in Santa Cruz at four locations
(Figure 1c), ﬁve samples in the basal aquifer, three near
Puerto Ayora at sea level, and two near Bellavista, in addition to one sample collected from the spring of Santa Rosa.
In addition, 23 samples were collected in San Cristobal at
12 locations (Figure 1d) of which 21 samples are from
springs located in the El Chino, Cerro Gato, La Toma, El
Platano and the Tres Palos watershed areas (200–570 m),
and two samples are from the El Junco lake (690 m).
[11] All samples were analyzed for He, Ne, Ar, Kr and
Xe in the Noble Gas Laboratory at the University of Michigan. Sampling and analytical procedures are brieﬂy
described below and can be found in more detail in the
work of Ma et al. [2004], Saar et al. [2005], and Castro
et al. [2009]. Water samples were also collected from each
of the 16 sampling sites (Figures 1c and 1d) for measurement of dD and d18O in the Stable Isotope Laboratory at
the University of Michigan following procedures described
elsewhere [Ma et al., 2004].
[12] Water samples for noble gas analyses were collected
in copper tubes (i.e., standard refrigeration grade 3/800
Cu tubing) and water was allowed to ﬂow through for
10 min. While the water ﬂushed through the system, absence of gas bubbles that could potentially contaminate or
phase fractionate the samples was checked through a transparent plastic tube mounted at the end of the copper tube.
Copper tubes were then sealed by stainless steel pinch-off
clamps [Weiss, 1968]. The copper tubes were subsequently
attached to a vacuum extraction system and noble gases
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were quantitatively extracted for inletting into a MAP-215
mass spectrometer. Noble gases were transported using
water vapor as a carrier gas through two constrictions in
the vacuum system, puriﬁed, and sequentially allowed to
enter a MAP-215 mass spectrometer using a cryo-separator.
The complete measurement procedure comprises measurement of He, Ne, Ar, Kr, and Xe concentrations, and their
respective isotopic ratios, with standard errors for concentration measurements of 1.5, 1.3, 1.3, 1.5 and 2.2%, respectively. Noble gas concentrations are based on masses 4, 20,
36, 84 and 132 for He, Ne, Ar, Kr and Xe, respectively.

4.

Results and Discussion

4.1. Noble Gas Patterns
[13] Sample names, location, altitude, water temperatures
and electrical conductivity are provided in Table 1. Measured noble gas concentrations together with He and Ar isotopic ratios are given in Table 2. Noble gas concentrations
in air saturated water (ASW) in equilibrium with the atmosphere for a temperature of 20 C and altitudes of 0 and
421 m, are also indicated for comparison. 421 m corresponds
to the average altitude of all spring samples. Figure 3 shows
all samples normalized to ASW at average sampling elevations of 0 m (basal aquifer) and 421 m (springs) for an average temperature of 20 C. This temperature value falls close
to the range (61) of annual average temperature values
at both sea level and 421 m in both islands. Annual average
temperature values at 421 m were extrapolated from measured annual average temperatures at sea level in San
Cristobal using the annual average temperature gradient of
0.8 C/100 m.
[14] Results show excess He and Ar concentrations in
many samples from both the basal aquifer and springs with
respect to ASW (Figure 3). He excesses in all basal aquifer
samples range from 7 to 49% that of ASW, while He
excesses of up to 22% are observed for most of the spring
samples. The origin of these He excesses are constrained
through measured R/Ra values (Table 2, where R is the
measured 3He/4He ratio, and Ra is the atmospheric 3He/4He
ratio of 1.384  106) [Clarke et al., 1976] and discussed
below. Measured R/Ra for all spring samples vary between
0.095 6 0.036 and 1.156 6 0.082 while R/Ra for all basal
aquifer samples vary between 1.176 6 0.033 and 3.146 6
0.075, respectively. In particular, measured R/Ra in as
many as 13 out of 24 spring samples fall within 61 error
of the atmospheric value (R/Ra ¼ 1), while the remaining
11 spring samples fall within 62 error of the atmospheric
value. Because R/Ra displays, for all spring samples, a
value close to that of the atmospheric value (R/Ra  1), the
presence of a signiﬁcant magmatic He component (R/Ra
8 6 1) [Farley and Neroda, 1998] can be ruled out. Indeed,
the slight He excesses observed in springs (0%–22%) can
be readily explained by the addition of tritiogenic 3He
resulting from the  decay of natural and bomb 3H [see
e.g., Schlosser et al., 1988, 1989]. Excess of tritiogenic 3He
in spring samples together with measured tritium concentrations in precipitation allows estimation of groundwater
residence times for these springs (cf. section 6). By contrast, R/Ra for all basal aquifer samples (Santa Cruz) are
signiﬁcantly higher than the atmospheric value (>62)
and point to the presence of a signiﬁcant mantle component.
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Table 1. Sample Numbers, Location, Altitude, Measured Water Temperature and Electrical Conductivity for All Samples
Latitude
GWS.84 (South)

Longitude
GWS.84 (West)

sz1-1a
sz2-1a
sz2-2a
sz3-1a
sz3-2a
sz4-1

0.738
0.7462

90.302
90.3194

00

00

0.641

90.403

sc1-1
sc1-2
sc2-1
sc2-2
sc3-1
sc3-2
sc4-1
sc4-2
sc5-1
sc5-2
sc6-1
sc6-2
sc8-1
sc9-1
sc9-2
sc10-1
sc10-2
sc11-1
sc11-2
sc12-1
sc12-2
sc13-1
sc13-2

0.9002

89.4919

00

00

00

00

Sample No.

Altitude
m (asl)

Electrical Conductivity
mS cm1 at 25 C

Water
Temperature ( C)

0
0
0
160
160
500

8810
4140
4140
2550
2550
129

22.8
16

San Cristobal
519
519
519
519
690
690
427
427
447
447
463
463
229
229
229
417
417
572
572
295
295
382
382

96
96
131
131
30
30
50
50
35
35
57
57
86
91
91
38
38
39
39
144
144
75
75

18.2

Santa Cruz
00

00

0.704

90.326

00

00

0.896

89.48

00

00

0.9172

89.5158

00

00

0.9154

89.514

00

00

0.9142

89.5089

00

00

0.9241
0.9238

89.4848
89.4898

00

00

0.9025

89.4904

00

00

0.9012

89.505

00

00

0.9048

89.4586

00

00

0.9181

89.5174

00

00

00

22.5
00

18.7

00

18.4
00

19
00

21.6
00

20.4
00

18.8
00

21.4
21.7
00

20.3
00

21.2
00

18.8
00

21.8
00

a
Basal aquifer; With the exception of Lake El Junco (sc3-1, 3-2) and samples collected in the basal aquifer all other samples correspond to springs from
perched aquifers.

He component separation analyses of the Santa Cruz basal
aquifer samples (not shown) [see e.g., Castro et al., 2000,
Castro, 2004] indicates mantle He contributions between
20% and 70% with respect to total He excesses. The
presence of a signiﬁcant mantle He component in the basal
aquifer and its simultaneous absence in springs from
perched aquifers suggests that springs represent shallow
groundwater with short residence times (cf. section 6) that
are shielded by the inﬂux of external mantle He by the
deeper basal aquifer. Mantle He excesses in the basal aquifer samples will be discussed in detail elsewhere. Excess Ar
concentrations of up to 14% (measurement precision is
1.3%) with respect to ASW are observed in spring samples.
Measured 38Ar/36Ar and 40Ar/36Ar ratios (Table 2) for all
samples (including basal aquifer samples) vary between
0.1882 6 0.0041 and 0.1948 6 0.0033 and 291.1 6 0.94
and 297 6 1.18, respectively. Ar isotopic ratios for all
spring and basal aquifer samples are indistinguishable from
ASW (38Ar/36Ar ¼ 0.1880; 40Ar/36Ar ¼ 295.5) and indicate that the observed Ar excesses are of atmospheric origin. The presence of Ar excesses is discussed in detail
below (section 7). While excesses are observed in He for
most of the samples and Ar for many of the samples, the opposite is true for Ne, Kr, and Xe concentrations with most
of the samples displaying a strong depletion with respect to
ASW (Figure 3). While maximum observed Ne depletion
with respect to ASW in springs and basal aquifer samples
are 18% and 15%, respectively, a much stronger depletion

of the heavier noble gases Kr and Xe is observed. Maximum Kr depletion of up to 32% and 18% and Xe depletion
of up to 32% and 21% with respect to ASW are observed
for springs and basal aquifer samples, respectively (Figure
3). While this stronger Kr and Xe depletion might be an artifact of the chosen ASW temperature, it is apparent from
Figure 3 that Ne, Kr and Xe deviations from ASW values
are systematic. Such systematic noble gas deviations from
the expected ASW values cannot be due to atmospheric
contamination during sampling or noble gas measurements.
In particular, Ne concentrations dissolved in water would
be expected to increase if air contamination had taken place
[see e.g., Kipfer et al., 2002]. In addition to the observed
systematic Ne, Kr and Xe depletion for a signiﬁcant subset
of samples, multiple samples (e.g., Sc5-1, 5-2) collected at
the same location within 0.5 h to 1 h time intervals display
varying measured noble gas concentrations. Although we
do not have at the moment a deﬁnitive explanation for these
varying concentrations, we have no reasons to believe that
these result from a sampling artifact, at least for most samples. In particular, if this were to be the case, this would
have rendered impossible the identiﬁcation of any patterns
in our samples.
4.2. Preliminary Estimate of Recharge Altitudes and
Equilibration Temperatures
[15] Concentrations of atmospheric noble gases dissolved in water record various physical parameters (e.g.,
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Table 2. Measured He, Ne, Ar, Kr and Xe Elemental Concentrations and He and Ar Isotope Ratios for All Samplesa
He 108 cm3
STP g1

Ne 107 cm3
STP g1

sz1-1
sz2-1
sz2-2
sz3-1
sz3-2
sz4-1

4.68
5.17
5.08
5.63
6.67
4.26

1.67
1.71
1.69
1.57
1.77
1.49

Santa Cruz
2.65
2.62
3.06
2.90
2.70
2.80

sc1-1
sc1-2
sc2-1
sc2-2
sc3-1
sc3-2
sc4-1
sc4-2
sc5-1
sc5-2
sc6-1
sc6-2
sc8-1
sc9-1
sc9-2
sc10-1
sc10-2
sc11-1
sc11-2
sc12-1
sc12-2
sc13-1
sc13-2
ASW at 20 C, 0M NaCl,
0% excess air, 0 m altitude
ASW at 20 C, 0 M NaCl,
0% excess air, 421 m altitude

4.49
4.53
3.93
4.60
4.38
4.42
4.45
4.22
5.18
4.72
4.47
3.84
4.52
4.92
5.03
4.25
4.68
4.60
4.82
4.47
4.59
4.57
4.48
4.48
4.26

Sample No.

Ar 104 cm3
STP g1

Kr 108 cm3
STP g1

Xe 109 cm3
STP g1

R/Ra
(61)b

(38Ar/36Ar)
(61)

(40Ar/36Ar)
(61)

5.88
5.72
6.02
6.46
6.49
6.42

8.04
7.57
8.33
8.69
7.97
8.58

1.18 (0.03)
1.86 (0.05)
1.85 (0.06)
3.15 (0.08)
3.02 (0.09)
0.95 (0.04)

0.1858 (0.0028)
0.1879 (0.0021)
0.1877 (0.0049)
0.1835 (0.0033)
0.1882 (0.0024)
0.1920 (0.0044)

294.5 (1.75)
295.2 (0.86)
292.0 (1.04)
296.8 (0.96)
296.9 (0.96)
296.5 (1.36)

1.65
1.63
1.49
1.61
1.59
1.55
1.63
1.53
1.72
1.58
1.51
1.48
1.67
1.81
1.86
1.66
1.62
1.74
1.67
1.45
1.74
1.66
1.67
1.85

San Cristobal
3.21
6.80
3.38
6.89
2.60
5.76
3.13
6.86
2.81
6.09
2.83
4.93
2.62
5.49
2.90
6.30
2.87
5.57
2.78
5.56
2.62
5.46
2.20
4.50
2.86
5.69
2.97
5.99
2.87
5.89
3.05
6.38
2.99
6.34
2.80
5.82
2.96
7.04
3.11
7.06
3.01
6.32
2.85
5.98
3.07
5.72
3.12
6.98

9.13
9.52
8.12
9.53
8.37
6.35
7.30
8.27
7.40
7.65
7.29
6.17
7.46
8.27
8.24
8.41
8.89
7.87
8.66
9.55
8.51
8.09
7.61
9.57

1.02 (0.02)
1.03 (0.02)
1.01 (0.03)
0.97 (0.03)
0.97 (0.02)
0.99 (0.02)
1.04 (0.03)
1.01 (0.03)
0.96 (0.03)
1.13 (0.08)
1.05 (0.10)
1.02 (0.02)
0.99 (0.02)
0.98 (0.01)
0.98 (0.03)
0.98 (0.02)
1.16 (0.08)
1.00 (0.02)
1.09 (0.07)
1.00 (0.03)
1.01 (0.02)
1.01 (0.03)
1.00 (0.03)

0.1905 (0.0038)
0.1849 (0.0008)
0.1898 (0.0037)
0.1892 (0.0017)
0.1876 (0.0031)
0.1845 (0.0015)
0.1875 (0.0015)
0.1903 (0.0040)
0.1868 (0.0023)
0.1850 (0.0024)
0.1921 (0.0038)
0.1935 (0.0025)
0.1948 (0.0033)
0.1927 (0.0033)
0.1857 (0.0016)
0.1850 (0.0016)
0.1901 (0.0049)
0.1869 (0.0016)
0.1833 (0.0027)
0.1822 (0.0041)
0.1855 (0.0024)
0.1864 (0.0032)
0.1855 (0.0024)
0.1880

293.8 (0.99)
291.8 (1.81)
295.6 (1.15)
296.2 (1.38)
294.8 (1.53)
291.1 (0.94)
293.8 (0.76)
295.5 (1.11)
294.4 (0.62)
293.4 (1.11)
292.6 (2.40)
296.1 (0.84)
294.5 (0.91)
294.5 (0.97)
295.6 (0.74)
295.5 (0.84)
293.5 (0.98)
296.8 (1.49)
294.2 (1.03)
297.0 (1.18)
296.5 (0.80)
295.0 (1.07)
293.3 (0.70)
295.5

1.76

2.96

9.09

6.63

a

Measurement errors of noble gas concentrations are 61.5%, 61.3%, 61.3%, 61.5%, 62.2% for He, Ne, Ar, Kr and Xe, respectively.
Helium isotope ratios, R ¼ 3He/4He, are normalized by the atmospheric value of Ra ¼ 1.384  106.

b

Figure 3. Measured noble gas concentrations relative to
ASW at 20 C for all spring and basal aquifer samples from
Santa Cruz and San Cristobal. Average altitude of 421 and
0 m asl. is assumed for all spring and basal aquifer samples,
respectively. Noble gas concentrations with no addition or
loss of dissolved gases as compared to ASW are indicated
by a solid black line.

temperature, excess air, altitude, salinity) at which ﬁnal
equilibration takes place. While concentrations of all
atmospheric noble gases dissolved in water decrease with
temperature increase, their sensitivity to temperature
increases with increasing atomic mass [Mazor, 1972].
Thus, while Xe concentrations are the most sensitive to
temperature of equilibration, Ne concentrations are the
least. Hence, Ne concentrations normalized to Xe concentrations (Ne/Xe) will be independent of recharge altitude
and mostly sensitive to temperature of equilibration. On the
other hand, 1/Xe will depend on both temperature and
recharge altitude of equilibration. Indeed, an increase in
recharge altitude proportionally decreases concentrations
of all dissolved noble gases due to a decrease in partial
pressures of noble gases in the atmosphere.
[16] Such a plot of 1/Xe versus Ne/Xe can be used to
estimate an initial range of altitude and temperature of
equilibration for all our Galapagos water samples by comparing measured Ne and Xe concentrations along with loci
of calculated expected values for ASW (Figure 4). Such a
simpliﬁed comparison with ASW does not account for the
addition of the excess air (A) component resulting from
dissolution of small air bubbles due to rapid water table
ﬂuctuations [Heaton and Vogel, 1981]. Because the presence of Ne in water is particularly indicative of the addition

6 of 19

W03508

WARRIER ET AL.: RECHARGE AND SOURCE-WATER INSIGHTS FROM THE GALAPAGOS ISLANDS

W03508

this manuscript (cf. section 7). Below we discuss results for
all noble gas samples that display recharge altitudes and
temperatures consistent with those in place in the islands,
and show how NGTs and stable isotopes can be used to
provide constraints both on recharge location and timing of
recharge. These samples are referred to as ‘‘consistent’’
samples. Both consistent and inconsistent samples are
clearly indicated in Figure 4. In addition, by using R/Ra
ratios for all spring samples together with tritium measurements in precipitation, we place constraints on groundwater
residence times for the perched aquifers of both islands
(cf. section 6).

5. Constraining Recharge Areas and
Timing of Recharge

Figure 4. Preliminary estimate of recharge altitude and
temperature by comparing measured 1/Xe versus Ne/Xe for
all consistent and inconsistent San Cristobal and Santa
Cruz samples with theoretical ASW values. Y axis is a
function of temperature and pressure (altitude) and X axis
depends only on temperature. Solid lines indicate ASW
values at altitudes between 0–3000 m and solid markers
indicate temperatures between 0–35 C. Addition of excess
air moves samples in the direction indicated.
or loss of excess air [Herzberg and Mazor, 1979], any addition of excess air will move samples to the right hand side
of the diagram as indicated in Figure 4, while any excess
air loss will move samples in the opposite direction.
[17] Figure 4 shows all samples together with 1/Xe and
Ne/Xe calculated for ASW at altitudes varying between
0 and 3000 m and temperatures varying between 0 and
35 C. With the exception of one sample from San Cristobal
(Sc12–1), which points to a recharge altitude >2000 m and
a temperature of 10 C, comparison between measured data
and calculated ASW values suggests that recharge altitudes
of all samples from both Santa Cruz and San Cristobal vary
from 0 m to 2000 m for temperatures varying between
15 C and 30 C. It is thus apparent that many samples,
more speciﬁcally 16 samples, are recording equilibration
recharge altitudes and temperature conditions that are not
consistent with conditions on the ground. In sections 5, 6,
and 7, these 16 samples are referred to as ‘‘inconsistent’’.
In particular, some of these recharge altitudes are far
greater than the summits of both Santa Cruz (870 m) and
San Cristobal (730 m), and some of the temperatures are
too low to be observed within the islands during either the
‘‘garúa’’ or the hot season. The unexpected observed relative Ar excess as well as depletion of Ne, Kr and Xe in
inconsistent Galapagos samples points to unique equilibration processes that do not conform to key assumptions of
the noble gas thermometer and NGT calculations [e.g., Ballentine and Hall, 1999; Aeschbach-Hertig et al., 2000].
These mechanisms and, in particular, samples that display
these unexpected noble gas patterns, are discussed later in

5.1. Noble Gas Temperatures
[18] Noble gas temperatures (NGTs) derived from
groundwater are generally assumed to reﬂect the mean annual air temperature (MAAT) and pressure conditions at
the base of the aerated zone [Stute and Sonntag, 1992].
While this assumption has been veriﬁed through ﬁeld
experiments in sedimentary systems [Klump et al., 2007],
this might not be the case in mountain groundwater ﬂow
systems [Manning and Solomon, 2003]. Because of the
presence of preferential ﬂow paths in basaltic systems (e.g.,
fractures, lava tunnels), it is plausible that recharge water in
these systems might reﬂect the temperature of the ground
surface at the precise time of inﬁltration rather than the
mean annual air temperature value as commonly assumed
in sedimentary systems. Temperatures and altitudes at the
time of recharge can be inferred using a standard unfractionated air (UA) model [Stute and Schlosser, 1993]. While
the UA model provides an unbiased estimate of recharge
altitude, the closed system equilibration (CE) model
[Aeschbach-Hertig et al., 2008] estimates recharge altitudes
that are biased to high values [see e.g., Sun et al., 2010].
[19] The UA model is the simplest lumped-parameter
noble gas model that quantitatively accounts for both ASW
and the presence of excess air in groundwater. Excess air is
compositionally similar to atmospheric air [Klump et al.,
2007] and is lumped into a single parameter (A), representing the total volume of excess air per volume of water.
Since the UA model assumes complete dissolution of
excess air, ﬁnal dissolved concentrations (Ci; final ) for each
noble gas i in water are given by the sum of air saturated
water (Ci;eq ) and excess air (A) as follows:
Ci; final ¼ Ci;eq ð1 þ AHi Þ;

(1)

where Hi represents the Henry’s constant for noble gas i.
Measured ﬁnal dissolved concentrations of all four noble
gases (Ne, Ar, Kr and Xe) are inverted for NGTs and constrained excess air (A  0) assuming a particular recharge
altitude value [cf., Ballentine and Hall, 1999]. While
inverse problems that simultaneously estimate NGTs,
excess air and recharge altitude using only measured Ne,
Ar, Kr and Xe are ill posed, unique values for NGTs and
excess air are obtained if recharge altitudes are known
[Manning and Solomon, 2003].
[20] UA model NGTs were calculated for all consistent
water samples assuming various recharge altitudes, varying
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from sampling/spring altitude, which represents the minimal possible recharge altitude, up to 1000 m (Figures 5a
and 5b) for successive 50 m increments (cf. auxiliary material).1 Because a nonnegative constraint is imposed on
excess air, NGTs were derived only from those recharge
altitudes that yielded zero or positive excess air values.
Hence, a minimum recharge altitude for each sample was
derived as the sampling altitude with nonnegative excess
air or lowest altitude beyond the sampling altitude with
zero excess air. Figure 5 shows the results of all consistent
samples calculated NGTs for individual water samples as a
function of altitude compared with all possible altitude and
temperature values within both islands. NGTs for individual water samples were ﬁrst compared with extreme temperature-altitude relationships in Santa Cruz (Figure 5a)
and San Cristobal (Figure 5b) as described in Appendix A.
[21] Comparison between calculated sample NGTs and
corresponding altitudes with extreme temperature-altitude
transects in these islands clearly show that four Santa Cruz
samples (sz1-1, 2-1, 2-2, 3-2) and nine San Cristobal samples (sc4-1, 5-1, 8-1, 9-1, 9-2, 11-1, 12-2, 13-1, 13-2) point to
recharge occurring at temperatures and altitudes which are
consistent with those in place in the islands (Figures 5a and
5b). Overall, it is apparent that recharge altitudes between
160 and 870 m and temperatures between 20.05 6 2.07 C
and 27.54 6 0.47 C are found for Santa Cruz basal aquifer
samples (Figure 5a) while recharge altitudes between 229 and
730 m and temperatures of 19.95 6 1.13 C and 26.36 6
0.66 C are found for San Cristobal spring samples (Figure
5b), suggesting that these are the altitude and temperature
range values at which recharge occurs in these two islands,
respectively. In addition, the minimum possible recharge altitude for four San Cristobal samples (Sc5-1, 9-1, 9-2, 11-1) and
one Santa Cruz sample (Sz3-2) are the same as their sampling
altitudes suggesting that some local recharge water may also
contribute to these springs and basal aquifer. Maximum possible recharge altitudes for 12 out of 13 consistent samples
from both San Cristobal and Santa Cruz correspond to the
peak altitude of the islands as shown in Figure 5. However,
sz2-1 points to a maximum recharge altitude of 750 m as corresponding NGTs beyond 750 m are greater than the extreme
maximum temperature transect (cf. Figure 5a).
[22] NGTs for consistent individual water samples are
also compared with average seasonal temperatures in Santa
Cruz and San Cristobal to constrain timing of recharge.
Shaded regions indicate average seasonal temperatures
61 (Figure 5, dark green and pink for ‘‘garúa’’ and hot
season, respectively, light green, transition between the
two). Average seasonal temperature versus altitude in Santa
Cruz was derived by extrapolating the average (1964–
2010) ‘‘garúa’’ (22.63 6 3.39 C) and hot season (25.9 6
1.98 C) temperatures in Puerto Ayora, by assuming a temperature gradient of 0.8 C/100 m. Average seasonal temperature versus altitude in San Cristobal was derived by
extrapolating the average (1985–2005) ‘‘garúa’’ (23.57 6
3.38 C) and hot season (26.53 6 2.72 C) temperature in
Puerto Bacquerizo Moreno (7.9 m asl), assuming a temperature gradient similar to that of Santa Cruz.

W03508

Figure 5. NGTs calculated assuming recharge altitudes
for samples that fall within expected temperature and altitude ranges (a) Santa Cruz NGTs compared with monthly
mean maximum and minimum temperatures during (3/1992)
and (9/2007) at Puerto Ayora and Bellavista. Shaded regions
are average (1965 to 2010) ‘‘garúa’’ and hot season tem- peratures at Puerto Ayora 61 . Maximum, minimum and
shaded average seasonal temperatures extrapolated using average gradient of 0.8 C/100 m. (b) San Cristobal NGTs
compared with monthly mean measured weather balloon
temperatures during La Nina (9/2007) for extreme minimum
and El Nino (3/1992) plus mean diurnal variation (7.15 C)
for extreme maximum temperatures. Shaded regions indicate average (1985 to 2005) ‘‘garúa’’ and hot season temperatures at Puerto Baquerizo Moreno 61 , extrapolated using
a gradient of 0.8 C/100 m.

1

Auxiliary materials are available in the HTML. doi:10.1029/
2011WR010954.
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[23] Our NGT comparison for consistent water samples
in Santa Cruz with the derived average seasonal temperature (Figure 5a) points unequivocally to dominant recharge
during the hot season. All these samples are located in the
basal aquifer. In addition, with the exception of one spring
sample (Sc12-2), all other spring samples in San Cristobal
(which display expected altitude and temperatures) point
also to recharge occurring predominantly during the hot
season (Figure 5b). It is of relevance to note that all these
spring samples are located at low altitudes (<420 m asl).
Based on these results, we can thus conclude that low-altitude perched aquifers are also dominantly recharged during
the hot season. Sc12-2, on the other hand, indicates likely
recharge during both the ‘‘garúa’’ and the hot season.
[24] As shown above, noble gases can be used as an
effective tool to identify recharge areas as well as timing of
recharge in fractured areas in general and basaltic aquifer
systems in particular. Our NGT comparison for consistent
water samples with expected altitude and temperature patterns points to recharge of all our basal aquifer samples in
Santa Cruz and all low-altitude springs (except sc12-2) in
San Cristobal predominantly during the hot season. As seen
below, NGT derived results on timing of recharge are corroborated by stable isotope analyses obtained for these
same samples.
5.2. Stable Isotopes
[25] Stable isotope analyses of all Santa Cruz samples
yield dD and d18O values between 13.5% and 8.85%,
and 3.1% and 2.13%, respectively (Table 3, Figure 6a).
Springs in San Cristobal yield dD and d18O between
11.46% and 5.96%, and 2.74% and 1.95%, respectively (Table 3, Figure 6a). While most samples lie either
on the Global Meteoric Water line (GMWL) [Craig, 1961]
or show deuterium excess [Dansgaard, 1964], Santa Cruz
basal aquifer sample sz1 and San Cristobal El Junco lake
sample sc3 in particular, lie to the far right of GMWL
(Figure 6a) and display signiﬁcant d18O excess (0.5%
and 3%, respectively) assuming an evaporation slope of

Table 3. Measured Stable Isotope Composition of Water Samples
Along With Sample Numbers
Sample No.

18

O (%)

61

dD (%)

61

sz1
sz2
sz3
sz4

2.13
2.55
2.60
3.10

Santa Cruz
0.06
0.09
0.06
0.06

8.85
10.06
10.57
13.50

0.52
0.41
0.67
1.03

sc1
sc2
sc3
sc4
sc5
sc6
sc8
sc9
sc10
sc11
sc12
sc13

2.31
2.10
0.89
2.74
2.07
1.95
2.69
2.63
2.22
2.38
2.30
2.60

San Cristobal
0.08
0.07
0.07
0.08
0.06
0.06
0.07
0.09
0.06
0.06
0.07
0.06

7.13
6.81
6.54
11.46
6.04
6.40
8.71
8.76
5.96
7.72
7.91
9.70

0.62
0.71
0.69
0.52
0.71
0.73
0.90
0.50
0.96
0.88
1.04
0.90

Figure 6. (a) Measured dD and d18O values of all water
samples from San Cristobal (triangles) and Santa Cruz
(circles) compared with the global meteoric water line
[Craig, 1961]. Samples with possible evaporation effects
are indicated by dashed lines. d18O excess values are calculated assuming an evaporation slope of 4.5. (b) Stable isotope ratios of all water samples compared with volumeweighted mean (1995–2004) monthly values for rainfall at
Bellavista (diamonds). Mean monthly values from hot season (yellow diamonds) are less enriched than those from
the ‘‘garúa’’ season (green diamonds). Ellipses indicate
high- and low-altitude sample clusters. High-altitude
(>420 m) samples are more enriched than low-altitude
samples and are indicated.
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4.5. Such d18O excess is likely the result of kinetic fractionation during evaporation [Dansgaard, 1964]. As a result,
both sz1 and lake El Junco are thus excluded from the discussion below. In the discussion that follows, all other water
samples from both San Cristobal and Santa Cruz are compared with volume-weighted monthly mean rainfall isotopic
composition in order to constrain timing of recharge.
[26] Volume-weighted mean monthly values of stable
isotopic composition in rainfall were obtained from the
closest available isotope monitoring station (International
Atomic Energy Agency/World Meteorological Organization, Global Network of Isotopes in Precipitation., The
GNIP Database, available at http://www.iaea.org/water,
2006), located in Bellavista, Santa Cruz, at an elevation of
194 m between 1995 and 2004 (Figure 6b, diamonds).
Because peak altitudes of both islands are not very high and
the progress of the trade-wind generated rainout process of
atmospheric vapor, which induces the altitude effect, is
halted at the base of the stable inversion layer at an elevation of 300 m, mean monthly rainfall isotopic composition
during the ‘‘garúa’’ season was not corrected for the altitude
effect [Gonﬁantini et al., 2001]. With the exception of October, all other mean monthly isotopic composition (Figure
6b) lie next to the global meteoric water line (GMWL)
[Craig, 1961]. Mean monthly October isotopic composition
deviates to the right of the GMWL, and displays an excess
in d18O of 0.94% which might be an indication of lowerhumidity conditions generally observed during this month
[Dansgaard, 1964; Gonﬁantini et al., 2001].
[27] Except for the mean monthly isotopic concentrations of transition months between both seasons, January
and December, between the ‘‘garúa’’ and the hot season,
and June, transition from hot to the ‘‘garúa’’ season, all
other mean monthly rainfall values for both the ‘‘garúa’’
(July–November) and the hot season (February–May) display very distinct, marked signatures as compared to the
annual mean value of precipitation (Figure 6b). While
December and June show signiﬁcant depletion in stable isotopic composition compared to precipitation during the
‘‘garúa’’ season, January shows signiﬁcant enrichment
compared to storm rain samples from the hot season.
Excluding the transition months, precipitation during the
hot season is more depleted than the annual mean value of
precipitation while precipitation during the ‘‘garúa’’ season
is more enriched than the annual mean value of precipitation (Figure 6b). Similar isotope observations of precipitation during the hot season compared to the dry season have
been reported in a number of tropical regions [Scholl et al.,
1996; Gonﬁantini et al., 2001; Scholl et al., 2002] and
have been attributed to the amount effect [Dansgaard,
1964]. This distinct seasonality in isotopic composition of
rainfall between the ‘‘garúa’’ and the hot season months as
compared to the annual mean is used to identify the timing
of recharge for all water samples.
[28] All our water samples fall well within the monthly average rainfall isotopic end members, April (dD ¼ 5.15%,
d18O ¼ 30.6%) for the hot season, and September
(dD ¼ 1.19%, d18O ¼ 0.3%) for the ‘‘garúa’’ season
(Figure 6b). Speciﬁcally, Santa Cruz samples (sz2, 3, 4)
fall within the domain of depleted precipitation during the
hot season indicating likely recharge during this season.
These stable isotope comparisons reafﬁrm our NGT results
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for basal aquifer samples from Santa Cruz that recharge
occurs predominantly during the hot season. Similarly, four
spring samples from San Cristobal (sc4, 8, 9, 13) also lie
closer to the more depleted rain water samples from intense
precipitation events during the hot season. Of relevance is
the fact that all these spring samples which lie closer to the
hot season isotopic signature, belong to the same subset of
low-altitude spring samples observed using NGTs (Figure
6b). Similar to observations based on NGTs, isotopic compositions of low-altitude spring samples also indicate that
recharge might predominantly occur during the hot season.
In contrast, seven (sc1, 2, 5, 6, 10, 11, 12) spring samples
(Table 3) are more enriched than rain water samples from
the hot season. These spring samples lie between the subset
of enriched ‘‘garúa’’ rainfall samples and the depleted hot
season rainfall samples indicating that recharge during both
seasons might potentially be important for these springs.
More importantly, all seven of these enriched samples
(except sc12) are also located at high altitudes (>420 m).
[29] Results obtained using NGTs and stable isotope
analyses thus lead to a common conclusion, i.e., samples
predominantly recharged during the hot season are found at
lower altitudes (<420 m asl), while samples pointing to
recharge during both seasons appear to be located at higher
altitudes (>420 m asl). This suggests that the composition
of recharge water at different altitudes follows the distribution of rainfall rather closely as shown in Figure 2b. These
results are in agreement with previous ﬁndings based on the
distribution of effective rainfall (Figure 2b) [d’Ozouville
et al., 2008a], which show that precipitation during the
‘‘garúa’’ season is more prevalent at higher altitudes (cf.
section 2).
[30] It is interesting to note that the high-altitude samples, which point to recharge during both seasons using stable isotopes are precisely those displaying inconsistent
recharge altitudes and temperatures using noble gases. In
section 7, we explore various mechanisms to explain the
unexpected relative Ar enrichment and Ne, Kr and Xe
depletion observed in 16 inconsistent samples out of a total
of 29 water samples, which lead to inconsistent recharge
altitudes and temperatures using standard NGT models.
Below, through measured He isotopic ratios in springs together with tritium measurements in precipitation we place
constrains in the groundwater residence times. These are
fairly young and further reinforce the notion that NGTs do
indeed record seasonality in fractured systems rather than
the MAAT commonly assumed in sedimentary systems.
Thoma et al. [2011] have recently come to a similar
conclusion.

6.

Tritium/3He Groundwater Residence Times

[31] Our combined NGTs and stable isotope analyses independently record seasonal climatic signals for all samples from San Cristobal and Santa Cruz. Among other
factors, preservation of seasonal climatic signals is dependent on the presence of a shallow water table and short
groundwater residence times [e.g., Stute and Schlosser,
1993; Thoma et al., 2011]. Below, we provide a ﬁrst-order
estimate of groundwater residence times for all spring samples based on the presence of marginal He excesses in
springs (cf. section 4.1) derived from  decay of natural
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and bomb 3H and verify that all springs indeed display
young groundwater ages. Estimation of groundwater residence times for the basal aquifer samples based on tritiogenic He are not possible due to a signiﬁcant presence of
mantle He which complicates the tritiogenic versus mantle
3
He separation (cf. section 4.1) [see also Schlosser, 1989].
[32] Tritiogenic 3He concentrations for each spring are calculated from measured R/Ra ratios (Table 2) and measured
4
He concentrations (4Hem, Table 4) following Schlosser et al.
[1988], assuming 4He concentrations in equilibrium with the
atmosphere (ASW). 4He concentrations in equilibrium with
the atmosphere corresponding to a wide range of possible
temperatures and altitudes on both islands were used to estimate tritiogenic 3He concentrations and subsequently tritium
ages in each spring sample (cf. auxiliary material). Because
tritiogenic 3He concentrations and derived tritium ages for all
spring samples are insensitive to the chosen equilibrium conditions (cf. auxiliary material), below, we discuss only results
obtained by assuming 4He equilibrium at maximum possible
altitudes and their corresponding MAATs.
[33] Table 4 shows the results of calculated tritiogenic 3He
in tritium units (TU; 1 TU ¼ 2.5  1015 cm3 STP g1 3He)
for each spring sample along with its error (61). Tritiogenic 3He errors were calculated using a propagation of
errors from estimated analytical error estimates. Results
show that, within error, the amount of tritiogenic 3He (in TU)
required to account for the marginal 3He excesses observed
in many spring samples (cf. section 4.1) varies between 0
TU and 4.45 6 2.13 TU (Table 4). The calculated amount of
3
He excess for each spring sample is then compared with
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available historical records of 3H in local precipitation. 3H in
precipitation was measured continuously between 1995 and
2007 at Bellavista, Santa Cruz (Figure 7; International
Atomic Energy Agency/World Meteorological Organization,
online, 2006). The 3H record for precipitation at Bellavista
shows a background 3H of 1.02 TU with two 3H peaks corresponding to 7.66 6 0.41 TU in 10/1999, which only lasted
for a month, and a subsequent peak in 02/2004 with a maximum of 14.55 6 1.4 TU, which lasted the entire year, yielding an annual average 3H value in 2004 of 10.11 6 3.07 TU.
Excess 3He added to the groundwater by the decay of each of
the above three 3H maximum values (7.66 6 0.41 TU, 14.55
6 1.4 TU and 10.11 6 3.07 TU) until the sampling date (October, 2007) can be estimated based on its half-life of 12.43
years (Figure 8a). It should be noted that the amount of 3He
available from the decay between 10/1999 and 10/2007
(green line, Figure 8a) would yield the highest 3He availability because of the combined addition of 3He from the decay
of 3H maximum in 10/1999 and 2004. Comparison of the
amount of estimated tritiogenic 3He (blue triangles, Figure
8a) with the amount of tritiogenic 3He available from decay
of 3H in precipitation (green, red and blue lines, Figure 8a)
shows that within errors, both the amount of tritiogenic 3He
available in 10/2007 from decay of 3H between 10/1999 and
10/2007 (green line, Figure 8) as well as between 02/2004
and 10/2007 (red line, Figure 8a) are sufﬁcient to account for
the estimated tritiogenic 3He for all spring samples. It is relevant to note that decay of 3H between the 2004 annual average of 10.11 6 3.07 TU and 10/2007 can account for the
tritiogenic 3He for all samples except sc5-2 and sc10-1 and

Table 4. Tritiogenic 3He Required for He Excesses in All Springs Along With 3H/3He Ages for Different Assumed 3H Maximums
3

Sample

Hem 108 cm3
STP g1

61 1010 cm3
STP g1

sc1-1
sc1-2
sc2-1
sc2-2
sc3-1
sc3-2
sc4-2
sc5-2
sc6-1
sc6-2
sc10-1
sc10-2
sc11-2
sc12-1
sc4-1
sc5-1
sc8-1
sc9-1
sc9-2
sc11-1
sc12-2
sc13-1
sc13-2
sz4-1

4.49
4.53
3.93
4.60
4.38
4.42
4.22
4.72
4.47
3.84
4.25
4.68
4.82
4.47
4.45
5.18
4.52
4.92
5.03
4.60
4.59
4.57
4.48
4.26

6.74
6.79
5.89
6.90
6.57
6.63
6.34
7.08
6.71
5.75
6.38
7.01
7.24
6.71
6.67
7.76
6.78
7.38
7.55
6.91
6.89
6.85
6.72
6.39

4

H/3He Ages

3
He/
He  106

61  106

3
Herequired
(61) (TU)

02/2004
(Years 6 1)a

mean 2004
(Years 6 1)b

10/1999
(Years 6 1)c

1.409
1.430
1.398
1.338
1.348
1.363
1.402
1.563
1.453
1.406
1.349
1.600
1.506
1.390
1.442
1.323
1.372
1.356
1.349
1.381
1.398
1.402
1.384
1.320

0.032
0.033
0.044
0.039
0.030
0.029
0.037
0.104
0.137
0.032
0.025
0.113
0.096
0.035
0.036
0.044
0.033
0.018
0.042
0.030
0.030
0.040
0.044
0.050

0.84 (0.57)
1.22 (0.61)
0.61 (0.70)
0.46 (0.72)
0.24 (0.54)
0.02 (0.52)
0.69 (0.63)
3.78 (1.97)
1.63 (2.46)
0.73 (0.49)
0.20 (0.43)
4.45 (2.13)
2.75 (1.85)
0.49 (0.62)
1.43 (0.64)
0.88 (0.92)
0.16 (0.60)
0.16 (0.36)
0.31 (0.84)
0.34 (0.56)
0.64 (0.56)
0.72 (0.74)
0.39 (0.80)
0.71 (0.85)

1.21 (0.81)
1.74 (0.84)
0.89 (1.00)
0.69 (1.12)
0.37 (0.82)
0.03 (0.77)
1.01 (0.90)
4.91 (2.30)
2.29 (3.25)
1.06 (0.70)
0.31 (0.65)
5.66 (2.40)
3.70 (2.29)
0.72 (0.90)
2.02 (0.89)
1.36 (1.50)
0.24 (0.89)
0.24 (0.54)
0.47 (1.29)
0.50 (0.82)
0.94 (0.80)
1.04 (1.05)
0.57 (1.16)
1.09 (1.36)

1.69 (1.14)
2.41 (1.18)
1.24 (1.39)
0.99 (1.61)
0.52 (1.17)
0.04 (1.09)
1.41 (1.26)

3.16 (4.39)
1.48 (0.98)

7.55 (3.13)
5.03 (3.04)
1.00 (1.25)
2.79 (1.24)
1.96 (2.20)
0.34 (1.25)
0.34 (0.77)
0.67 (1.85)
0.70 (1.15)
1.31 (1.12)
1.46 (1.45)
0.80 (1.62)
1.56 (1.98)

2.66 (1.82)
3.75 (1.90)
1.96 (2.20)
1.63 (2.72)
0.86 (1.94)
0.07 (1.76)
2.23 (2.00)
9.72 (4.40)
4.86 (6.52)
2.34 (1.58)
0.71 (1.53)
11.01 (4.52)
7.56 (4.47)
1.60 (1.99)
4.32 (2.01)
3.28 (3.90)
0.55 (2.01)
0.55 (1.26)
1.09 (3.07)
1.12 (1.83)
2.08 (1.79)
2.30 (2.29)
1.28 (2.56)
2.59 (3.45)

4

a3

H/3He age calculated assuming 3H peak of 14.55 6 1.4 TU in 02/2004.
H/3He age calculated assuming mean of 3H peak in 2004 of 10.11 6 3.07 TU.
c3 3
H/ He age calculated assuming 3H peak of 7.66 6 0.41 TU in 10/1999.
b3
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Figure 7. Historical record of tritium measurements in precipitation (International Atomic Energy
Agency/World Meteorological Organization, online, 2006) between 1995 and 2007 at Bellavista, Santa
Cruz. Background tritium measurement of 1.02 TU along with two identiﬁable 3H peaks corresponding
to 7.66 6 0.41 TU in 10/1999, which only lasted for a month, and a subsequent peak in 02/2004 with a
maximum of 14.55 6 1.4 TU, which lasted the entire year is observed. Tritium measurements in 2004
yield an annual average of 10.11 6 3.07 TU.
tritium ages are not estimated for those samples. Apparent
tritium ages were calculated following:
t¼



½3 He
12:43
;
 ln 1 þ 3
½ H
ln 2

(2)

where, t is tritium age in years, [3He] is the calculated amount
of tritiogenic 3He in spring samples and [3H] is the measured

tritium concentration of groundwater. Although no tritium
measurements are available for our groundwater samples,
as a ﬁrst-order approximation, it is assumed that present tritium concentrations in our spring samples result from the
decay of one of the above 3H maximums. Such an assumption is expected to yield an upper limit to tritium ages for all
springs because the presence of additional tritium from previous unrecorded maximums, if any, would yield younger
ages according to equation (2). Because the calculation of

Figure 8. Tritium/3He analysis of all springs from San Cristobal and Santa Cruz (a) Comparison of
3
He excess for all springs with 3He available from precipitation assuming decay of 3H peaks on 10/1999,
02/2004 and mean 2004 (b) Tritium/3He ages derived from 3He excess for each spring and assuming tritium concentration in groundwater resulting from the decay of 3H maximums on 10/1999, 02/2004 and
mean 2004.
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tritium ages is based on the assumption that 3H maximums
can account for the measured amount of tritiogenic 3He in
all samples, tritium ages were not calculated for samples
sc5-2 and sc10-1 using the annual average maximum 3H
peak in 2004 (Table 4). For all other springs, tritium ages
were calculated assuming a tritium concentration in groundwater that results from the decay of each of the three 3H
maximums, thus yielding a range of tritium ages for each
sample.
[34] Table 4 shows tritium ages calculated for all spring
samples assuming 3H maximums in 10/1999, 02/2004 as
well as the 2004 3H annual average. Our results show that
maximum tritium ages are obtained for all spring samples
assuming the 10/1999 3H maximum while minimum tritium ages are obtained for all spring samples assuming the
02/2004 3H maximum (Figure 8b). However, irrespective
of assumed 3H maximums, all springs yield groundwater
ages that are very young. Within error, tritium ages for all
springs vary between 0 and 11 6 4.5 years with a mean
age of 2.03 years (corresponding to the 10/1999 maximum). In particular, all consistent spring samples correspond to a mean age 0.75 6 7.25 years (corresponding to
10/1999 maximum) while the remaining inconsistent
springs correspond to a mean age of 2.8 6 12.4 years.
However, poor age uncertainties associated with all spring
samples presently do not allow for a deﬁnitive age resolution between consistent and inconsistent springs.
[35] Although derived tritium ages for all springs represents a ﬁrst-order approximation, it is apparent that all
spring samples, irrespective of assumption and measured
tritium values used, are very young with short groundwater
residence times. Short groundwater residence times associated with these springs corroborates results from NGTs and
stable isotopes, which independently suggest preservation
of seasonal climatic signals. As discussed earlier, high-altitude samples display unique noble gas patterns (cf. section
4.1) and yield inconsistent recharge altitudes and temperatures using noble gases (cf. section 4.2), while simultaneously pointing to recharge during both the ‘‘garúa’’ and hot
season using stable isotopes (cf. section 5.2). Below, we
explore various mechanisms to explain the unexpected
noble gas patterns, particularly, relative Ar enrichment and
Ne, Kr and Xe depletion observed in all inconsistent
samples.

7. Potential Gas Loss Mechanisms in Fractured
Environments
[36] Samples that display inconsistent recharge altitudes
and temperatures with respect to those in place in Santa
Cruz and San Cristobal using standard noble gas models
[e.g., Stute and Schlosser, 1993; Ballentine and Hall,
1999; Aeschbach-Hertig et al., 1999] also show systematic
deviations of dissolved noble gases from expected ASW
values. Figures 9a and 9b show the observed noble gas patterns for all 16 inconsistent samples normalized to ASW at
average sampling elevations and temperatures in place in
both islands (cf., section 4.1). For 11 out of the 16 samples,
a common pattern emerges in which Ar excess relative to
all other gases is observed (Figure 9a). The remaining ﬁve
samples display varying signatures without similar trends
(Figure 9b). In particular, sample sc6-2 (Figure 9b) shows
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Figure 9. Measured Ne, Ar, Kr and Xe patterns for 16
inconsistent water samples normalized to air saturated
water (ASW) at sea level and 421 m for all basal aquifer
and spring samples, respectively. All samples were also
normalized to average temperature of 20 C (a) Samples
with a unique excess of nonradiogenic Ar relative to the
concentrations of Ne, Kr and Xe. (b) Samples with systematic depletion (triangle) and excess (square) of lighter noble
gases as compared to the heavier noble gases. Samples
with a Kr ‘‘bump’’ are also shown (circles).

an excess of the lighter noble gases Ne and Ar relative to
the heavier noble gases Kr and Xe, a pattern similar to that
predicted by standard noble gas models that account for the
addition of excess air [Aeschbach-Hertig et al., 2008]. By
contrast, all other four samples show a pronounced loss of
Ne over all other noble gases. In addition, samples sc11-2,
sc12-1 and sz4-1 display also an excess of Kr relative to all
other gases.
[37] Below we explore various mechanisms to assess
their potential at reproducing the observed noble gas patterns, and, in particular, the observed relative Ar excess.
Speciﬁcally, we test the extent of noble gas loss through
existing degassing models, in addition to assessing the
potential impact of fog droplets (‘‘garúa’’ dew) on dissolved noble gas concentrations in groundwater and the
effect of mixing between noble gas depleted rainwater
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formed in the atmosphere at high-altitude (1500 m) and
low-altitude (>400 m) fog droplets. Such degassing models
have never been tested in fractured, basaltic environments
and the effect of mixing high-altitude rainwater with lowaltitude fog droplets is an entirely untested process.
7.1. Modeling Loss of Dissolved Noble Gases Through
Existing Degassing Models
[38] Groundwater degassing by partitioning of dissolved
noble gases into an initially noble gas-free bubble has
recently been observed in a number of environments
including an ultra deep mine [Lippmann et al., 2003], a
hydrocarbon contaminated site [Amos et al., 2005] and agricultural areas [Visser et al., 2007; Cey et al., 2008]. Existing degassing models describe the partitioning mechanisms
involved in loss of dissolved noble gases as either a solubility equilibrium process (e.g., closed equilibration (CE)
model of Aeschbach-Hertig et al. [2008]; 1-step degassing
(SD) model of Brennwald et al. [2003]), or as a diffusion
dominated process (e.g., partial re-equilibration (PR) model
of Stute [1989]; partial degassing (PD) model of Stute
et al. [1995]). Here, we use inverse ﬁtting procedures by
Ballentine and Hall [1999] to ﬁt NGTs, excess air and
appropriate degassing parameters from measured noble gas
concentrations for each of the 16 inconsistent samples at
their sampling altitudes using the CE, SD, PR and PD models. Any particular model is assumed to explain the
observed data set only if the 2 test between modeled and
measured concentrations yields a probability p > 0.01 [see
e.g., Aeschbach-Hertig et al., 2008].
[39] Results of inverse ﬁtting NGTs, excess air and fractionation parameter (F) for the CE model as well as NGTs
and degassing volume, B for the SD model are provided in
the auxiliary material. While only three (sc2-1, sz3-1 and
sz4-1) out of the 16 samples satisfy the established 2 test
probability (p > 0.01; 2 (1) ¼ 6.63) using the CE model,
three samples from San Cristobal (sc2-1, sc3-1, sc6-2) and
two samples from Santa Cruz (sz3-1, sz4-1) satisfy the 2
test probability (p > 0.01; 2 (2) < 9.21) for the SD model.
Three out of ﬁve samples that can be ﬁt using the SD model
(sc2-1, sc6-2, sz4-1) display either a greater depletion of the
lighter noble gases relative to the heavier ones (sc2-1, sz4-1)
or a greater depletion of the heavier noble gases relative to
the lighter ones (sc6-2). Both patterns have previously been
shown to be predicted by the CE model [Aeschbach-Hertig
et al., 2008]. However, solubility controlled models fail
to achieve the established probability criteria (p > 0.01) for
most inconsistent samples.
[40] Inverse ﬁtting dissolved noble gas concentrations
using the PR model show that only four out of 16 samples
(sc3-1, sc3-2, sc5-2, sc10-2) converge to a global minimum
with the non-negative excess air constraint in place. For
samples that converge, best-ﬁt 2 values result in poor ﬁts
(2 (1) > 6.63). The PR model has been shown to require
large amounts of initial dissolved excess air [Kipfer et al.,
2002], which is lacking in all our inconsistent samples and
might thus explain the poor ﬁts obtained. Inverse ﬁtting
using the alternate diffusion-based PD model shows that
none of the 16 samples converge to a global minimum.
Lack of convergence of these samples to a global minimum
does not necessarily negate diffusion as the underlying process. Instead, it highlights the numerical instability of noble
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gas models with one degree of freedom [see e.g., Ballentine
and Hall, 1999].
[41] Existing solubility and diffusion controlled degassing models tested in this study are only able to account
for a small subset of all inconsistent samples. Both solubility and diffusion based degassing models favor the loss
of lighter noble gases such as He and Ne over the heavier
noble gases Kr and Xe. While diffusion based degassing
models naturally favor the loss of Ne over Xe due to its
higher diffusion coefﬁcient, solubility based degassing
models favor the loss of Ne over Xe due to Xe’s greater
solubility. Therefore, both solubility and diffusive degassing models are more likely to ﬁt samples that display a
progressive depletion of lighter noble gases as compared
to the heavier ones or vice versa. By contrast, most of our
samples (Figure 9a) display a unique depletion pattern
with relative Ar excess compared to all other noble gases.
Such patterns are possibly caused by processes unique to
fractured environments, as investigated below. It is also
relevant to note that our noble gas data, unlike data from
active volcanic environments [e.g., Gardner, 2010] are
not compatible with the presence of a hydrothermal gas
phase, and thus, with the occurrence of a Rayleigh type
of degassing that might lead to the observed pattern of
our inconsistent samples. Indeed, only samples located at
high altitude, which are referred here as ‘‘inconsistent’’
could possibly point to the presence of a mantle gas
phase. However, if that were the case, all the ‘‘consistent’’
samples, which point to the presence of a closed system
and absence of a gas phase, should also display the
impact of a mantle gas phase, and this is not the case.
Indeed, all consistent samples are located at low altitude
and samples from the basal aquifer are ‘‘consistent,’’ i.e.,
their signature is that expected for a closed system and
thus, incompatible with the presence of a hydrothermal
gas phase and possible occurrence of a Rayleigh degassing hypothesis.
7.2. Dissolution of Noble Gases in Fog Droplets
[42] As many as 14 out of 16 inconsistent water samples
are located at high altitudes (>420 m) where the presence
of fog is prominent during the ‘‘garúa’’ season. Fog droplets generally form under conditions that signiﬁcantly deviate from the standard noble gas assumption of equilibration
at the unsaturated-water table interface at standard atmospheric pressure (Figure 10). Fog droplets suspended in
oversaturated air represent an anisobaric system since water
pressure within the droplet is greater than the surrounding
atmospheric pressure (Pwater > Pair) due to its curvature
[Mercury et al., 2003]. Due to this increase in water pressure within the droplet, noble gases will move from within
the droplet to the surrounding air. Consequently, if inﬁltration of droplets is too fast so as to prevent re-equilibration
of the droplets with the soil air at the water table, noble gas
composition at recharge might reﬂect the particular metastable conditions under which these droplets formed.
Although we do not expect the effect of curvature of fog
droplets to independently explain the observed noble gas
depletion pattern with relative Ar excess, a combination of
this effect with other processes and in particular mixing
with high-altitude rain is partially capable of reproducing
the observed noble gas patterns as shown below. Thus, we

14 of 19

W03508

WARRIER ET AL.: RECHARGE AND SOURCE-WATER INSIGHTS FROM THE GALAPAGOS ISLANDS

Figure 10. Comparison of noble gases within fog droplets and on a plane water surface (s, w). Water pressure
within fog droplet, Pfog,w is greater than atmospheric pressure Pair due to effect of curvature. Increased water pressure
increases dimensionless Henry’s constant, Kfog,w for noble
gases thereby decreasing dissolved noble gas concentrations within fog droplets, Cfog,w as compared to plane surface water, Cs,w
ﬁrst explore the sole effect of curvature on the dissolution
of noble gases within fog droplets.
[43] Dissolution of noble gases in fog droplets was investigated using a framework described by Mercury et al.
[2004] for positive pressure values of droplet curvature.
The increase in water pressure due to curvature of the droplet can be calculated using the Laplace equation of capillarity and the Kelvin equation [Thomson, 1871]. An increase
in water pressure, dP, decreases the solubility of the noble
gas considered through a modiﬁcation of its Henry’s constant ki. This decrease in solubility of the noble gas ‘i’ at
constant temperature ‘T’ is given by [Mercury et al.,
2004]:
ki ðT; PÞ
1
¼
ln
ki ðT; 1Þ RT

ZP

0
Vsolute
dP;

(3)

1

0
where R is the universal gas constant and Vsolute
is the volume of noble gas ‘i’ in solution [Mercury et al., 2003],
which can be calculated using thermodynamic constants in
the work of Mercury et al. [2004] (additional details for
this calculation are provided in the auxiliary material). The
effect of changing pressure on noble gas solubility was
incorporated into a UA model framework [cf. Ballentine
and Hall, 1999] to calculate NGTs and excess air (constrained by nonnegativity) for different assumed recharge
altitudes, from the sampling altitude up to 3000 m with
50 m increments, and positive water pressures corresponding to droplet sizes of 0.3, 1 and 10 microns. These droplet
sizes represent the theoretical diameter of aerosols that can
be activated to become fog droplets (see auxiliary material
for a discussion on droplet sizes) for a typical maximum
supersaturation of 0.1% observed in fog in the Galapagos
Islands [cf., Seinfeld and Pandis, 2006; Collins and Bush,

W03508

2010]. The validity of the model at a speciﬁc altitude and
droplet size is evaluated through a chi-square (2) test. The
model is assumed to explain the observed data set only if
the 2 test yields a probability p > 0.01 (2 (2) < 9.2) at
that speciﬁc altitude and droplet size [Aeschbach-Hertig
et al., 2008].
[44] Minimum recharge altitudes obtained for all 16
inconsistent samples using different droplet sizes with nonnegative excess air constraint and 2 < 9.2 are higher than
the peak altitude of the islands. However, for samples with
2 < 9.2, minimum recharge altitudes obtained through
this model were lower by up to 50 m for a 1 micron droplet
as compared to the minimum recharge altitudes obtained
using the UA model and thus, move altitudes in the
expected direction. NGTs obtained through this model,
however, are not signiﬁcantly different.
[45] Although these results are encouraging as they bring
some of our samples closer to the expected altitudes and
temperatures, it can be concluded that the magnitude of the
effect of curvature based on the chosen size of fog droplets
is, by itself, insufﬁcient to explain the observed depletion
of noble gas pattern in the inconsistent samples. Below, we
discuss in more detail our proposed hypothesis of mixing
between high-altitude rainwater and fog droplets to account
for the pattern of the 11 inconsistent samples that cannot be
explained by existing solubility and diffusion controlled
degassing models.
7.3. Effect of Mixing High-Altitude Rainwater With
Low-Altitude Fog Droplets
[46] Apparent high-recharge altitudes and cold temperatures displayed by many samples (cf. section 4.2) suggest
that the available time for rainwater to re-equilibrate with
the soil air of the islands might be insufﬁcient due to rapid
water inﬁltration through fractures commonly seen in basaltic settings. Figure 11 shows the 11 inconsistent Galapagos samples (yellow circles) along with measured noble
gases in rainfall (green circles) and theoretical (modeled)
fog concentration (blue square) plotted as F(Xe) versus
F(Ne) where F(i) ¼ ([i]/[Ar])sample/([i]/[Ar]asw), ‘‘i’’ represents any noble gas and ‘‘asw’’ is the air saturated water
value at 20 C. Such a plot of F(Xe) versus F(Ne) is commonly used to study noble gas fractionation patterns in
groundwater [e.g., Kennedy et al., 1985; Gardner et al.,
2010]. Rain samples were collected in Michigan (cf. auxiliary material) while the fog droplet concentration is the
expected theoretical concentration corresponding to a droplet size of 10 microns at 20 C (cf. section 7.2). Also shown
are theoretical values for ASW at different temperatures
(solid line) along with expected patterns for Rayleigh
degassing [Porcelli et al., 2002] at different temperatures
(dashed lines). Comparison of rainfall in Michigan and
ASW values (Figure 11) shows that noble gases in rainfall
deviate from expected ASW values. In particular, the rainwater samples show noble gas patterns similar to a Rayleigh style degassing at temperatures of approximately
16 C and 34 C, temperatures far higher than the measured
surface air temperatures of 10 C and 25 C at the time of
their respective sample collection. Similar deviations of
measured noble gas concentrations in rainfall with respect
to surface conditions were previously observed in the
Jordan Rift Valley [Mazor, 1972]. Although the nature of
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Figure 11. F(Xe) versus F(Ne) for 11 inconsistent Galapagos samples (yellow circles) along with measured rain
(green circles) and theoretical fog droplet (blue square)
concentration at 20 C and 10 micron size. Also shown are
values for air saturated water (solid line) and expected Rayleigh style degassing pattern (dashed line) at different temperatures. Rain samples indicate Rayleigh style degassing
at higher temperatures while decreasing fog droplet size is
expected to correspond to apparent increase in temperature.
this deviation remains poorly understood, it is apparent that
rainwater, independent of geographic location, is not
always in equilibrium with ground surface conditions.
[47] In addition to the deviation of rainfall from expected
ASW values, fog droplets suspended in oversaturated air
are expected to contain lower dissolved noble gases compared to ASW at similar altitudes and temperatures (section
7.2). Noble gas solubility within fog droplets decreases
with fog droplet size in a nonlinear fashion (equation (3),
section 7.2). Because of decreased noble gas solubility
within the fog droplet, noble gases point to an apparent
increase in temperature (dashed arrow line, Figure 11) and
altitude (shown below) as compared to ASW values. It is
thus apparent that both fog droplets and rainwater are not
in equilibrium with ground surface conditions and it is possible that mixing between these two components might
reproduce the noble gas pattern observed in these 11 inconsistent Galapagos samples as discussed below.
[48] Figure 12 shows 1/Xe versus Ne/Xe for 11 inconsistent Galapagos samples (yellow circles) along with rainwater equilibrated at different altitudes and temperatures
mixing with fog droplets of 0.3, 1 and 10 microns at 421m
and 20 C. Condensation altitudes and temperatures during
the hot season were obtained by analyzing radio sonde
measured dew point differences at different elevations
between 1967 and 2010 for San Cristobal (see http://www.
ncdc.noaa.gov/oa/climate/igra/). Condensation (dew point
difference <0.5 C) occurs mostly at elevations of 850 mbar
(1500 m asl) and 700 mbar (3100 m) at temperatures
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Figure 12. 1/Xe versus Ne/Xe for 11 inconsistent Galapagos samples (yellow circles) along with high-altitude
rainwater and theoretical fog concentrations (blue diamonds) for drop sizes at 0.3, 1 and 10 microns at 421 m
and 20 C. Decreasing fog drop size corresponds to an apparent increase in altitude and temperature. Zone of mixing
between high-altitude rainwater and fog droplets is indicated by the shaded region.
between 12.2 and 19.2 C and 5.8 and 10.8 C, respectively.
Mixing between rainwater that equilibrated at high altitudes
and fog droplets of various droplet sizes will produce a mixture that is different in composition from either source
(shaded region, Figure 12). As many as seven out of eleven
inconsistent samples (yellow circles) fall within this zone of
mixing and have thus, the potential to explain the observed
noble gas patterns in these samples. Three samples that fall
outside of the shaded area (excluding sc3-2 which underwent evaporation, cf. section 5.2) would require fog droplet
sizes <0.3 microns. Because currently measured fog droplet
sizes are 0.1 microns (see auxiliary material), these three
samples are not considered in the analysis below. Because
Figure 12 can evaluate only two (Ne, Xe) out of four (Ne,
Ar, Kr, Xe) measured noble gases, below, we evaluate,
through a statistical analysis, the mixing hypothesis using
all four noble gases simultaneously for the 7 inconsistent
samples located within the shaded mixing area (Figure 12),
assuming high-altitude rainfall and fog droplet end members as discussed above.
[49] High-altitude rainwater was mixed in different proportions (0–100%) with fog water of varying droplet size
(0.3, 1, 10 micron) at an average elevation of 400 m and a
mean temperature of 19.4 C extrapolated from measured
mean ‘‘garúa’’ temperature at Puerto Ayora using a gradient of 0.8 C/100 m. For each of the above combinations,
2 values were calculated as the sum of the ratio of the
squared concentration differences between measured and
hypothetical noble gas mixture for all four noble gases, divided by their respective squared measurement uncertainties. For each of the 7 inconsistent samples, a best mixing
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combination was then identiﬁed as the mixture combination with the least 2 value. Minimum 2 values thus found
for many samples after mixing were lower than those for
either end members. Minimum 2 values obtained through
this mixing hypothesis also show a signiﬁcant improvement
over the constrained CE (0 < F < 1) and UA models. However, a 2 test (p < 0.01; 2 (4) ¼ 13.28) considered simultaneously for all four noble gases for this hypothesis is
unsuccessful.
[50] Although our mixing hypothesis is capable of explaining Ne and Xe concentrations for all 7 samples (Figure 12),
our statistical analysis based simultaneously on all four noble
gases is unsuccessful. This suggests that our model parameter
estimates for either end members may not be accurate.
Among these are condensation altitudes and temperatures, as
well as initial fog equilibration conditions. Measurements of
noble gases in fog are currently nonexistent and are very
scarce in rainfall [Mazor, 1972; this study]. Such measurements together with measurement of rates of noble gas equilibration during surface runoff and within fractures should
provide better constraints on the above model parameters
and need to be carried out in future studies.
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Most inconsistent samples indicate a unique noble gas pattern with relative Ar excess together with a strong depletion
of Ne, Kr and Xe. Existing degassing models are only able
to account for the observed noble gas pattern for 5 out of
16 inconsistent samples. The impact of fog droplets
(‘‘garúa’’ dew) on dissolved noble gas concentrations in
groundwater on the highlands was explored. Although the
effect of fog droplets brings some inconsistent samples
closer to the expected altitudes and temperatures, such
mechanism, by itself, is insufﬁcient to reproduce the
observed noble gas patterns. On the other hand, the effect
of mixing high-altitude atmosphere rainwater with fog
droplets is capable of explaining Ne and Xe concentrations
for many of the inconsistent samples. However, a statistical
analysis conducted of the mixing hypothesis based simultaneously on all four noble gases is unsuccessful, and suggests that our model parameter estimates are ill
constrained. A full understanding of this unique noble gas
signature is out of the scope of this study and will be the
object of future investigations.

Appendix A
8.

Conclusions

[51] NGTs are successfully used to identify recharge
areas and timing of recharge in basal and perched aquifers
in the fractured, baslatic hydrologic systems of Santa Cruz
and San Cristobal in the Galapagos Archipelago. Speciﬁcally, recharge altitudes between 160 and 870 m and temperatures between 20.05 6 2.07 C and 27.54 6 0.47 C are
found for the basal aquifer in Santa Cruz, while recharge
altitudes between 229 and 730 m and temperatures of 19.95
6 1.13 C and 26.36 6 0.66 C are found for springs in San
Cristobal. Timing of recharge obtained through NGTs for
all samples are also corroborated by stable isotope results.
Except for one sample, combined NGT and stable isotope
analyses points to recharge during the hot season for all
low-altitude (<420 m) spring samples from San Cristobal
and all basal aquifer samples in Santa Cruz. Stable isotope
analyses also indicate that San Cristobal springs located at
high altitudes (>420 m asl) are recharged during both the
‘‘garúa’’ and hot seasons. These results suggest that the
composition of recharge water at different altitudes follows
the distribution of rainfall closely, as previously suggested
for Santa Cruz [d’Ozouville et al., 2008a]. Robust agreement on timing of recharge between NGTs and stable isotopes also suggests that seasonal variations in temperature
are likely to be preserved by noble gases dissolved in
groundwater in basaltic environments in the presence of
fractures or where soil cover is thin. Groundwater residence
times for all springs derived from measured R/Ra values
and tritium content in precipitation all yield young ages
(<11 6 4.5 years) and further reinforce the notion that
NGTs and stable isotopes in this system are indeed recording seasonality as opposed to the commonly assumed
MAAT in sedimentary systems.
[52] Samples located at high-altitude (>420 m) display
systematic deviations of dissolved noble gases from
expected ASW values and lead to equilibration recharge
altitudes and temperature conditions that are not consistent
with conditions on the ground using standard NGT models.

[53] Extreme temperature value transects were computed
by combining available weather data measured using
weather balloons and land stations during the hottest month
(March) in an El Nino (1992) year and during the coldest
month (September) in a La Nina (2007) year for each of the
islands. Weather balloons are launched at sea level daily at
6am in San Cristobal and measure air temperatures at different elevations (these compare well with minimum surface
temperature measurements observed at the land station in
Puerto Bacquerizo Moreno (7.9 m asl); see http://www7.
ncdc.noaa.gov/CDO/cdo). Because weather balloons record
only minimum temperatures, the extreme maximum temperature-altitude transect (Figure 5, red dashed line) is calculated based on maximum diurnal temperature variations
computed from available land station data. Because weather
records on diurnal temperature variation during the hottest
month (March) in the El Nino (1992) year are unavailable,
extreme maximum temperatures in San Cristobal were calculated by combining weather balloon data for March 1992
(see http://www.ncdc.noaa.gov/oa/climate/igra/) with the
mean monthly observed diurnal temperature variation
(67.15 C) for the closest available diurnal temperature data
set (March, 1993) (see http://www7.ncdc.noaa.gov/CDO/
cdo). Extreme minimum temperatures (Figure 5, blue
dashed line) in San Cristobal are those of weather balloon
temperatures (always recorded at 1200 UTC [i.e., 0600
local Galapagos time (GALT)] see http://www.ncdc.noaa.
gov/oa/climate/igra/) for the coldest month (September) in a
La Nina year (2007). Maximum and minimum temperatures
recorded for weather stations in Puerto Ayora and Bellavista
for the same extreme events (see http://www.darwinfoundation.org/datazone/darwin_weather) were used along with the
established annual temperature gradient (0.8 C/100 m)
[Auken et al., 2009] to estimate extreme maximum and minimum temperature transects in Santa Cruz.
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