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Abstract: In Arivaca, Arizona, groundwater isotope measurements (stable O and H, tritium, and carbon-14)
were made in conjunction with water level measurements and climate data. Recharge is predominantly
young (post-1950) and is mainly from summer monsoon precipitation. Following a five-month period of
unusually low 880 and &2H in precipitation in 2014-2015, corresponding shift in groundwater 'O and
0?H was observed only at a site with recently built gabions. Water levels near the basin outlet increase in
summer following periods of high storm frequency. Water levels also rebound in winter, possibly because
of cessation of transpiration. The young groundwater is vulnerable to climate change, e.g., to protracted
periods with summers that are drier or hotter than normal. Rapid assessment of groundwater and its
connection to climate can provide valuable information to local water managers and citizens for whom
more expensive studies are not feasible. Such assessments, based on relatively inexpensive isotope
analyses and groundwater level data collected by volunteers, engage the community in management of its
water resources. In Arivaca, the community responded to the results of the assessment with heightened
interest in managing their water for sustainability and the construction of gabions to increase recharge from
stormwater.
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rought is a common feature in the arid
Dwestem U.S. (Ni et al. 2002; Hirschboeck

and Meko 2005; Weiss et al. 2009; Griffin
et al. 2013), and has been exacerbated in recent
years by the effect of warming temperatures on
evapotranspiration demand. Between 2012 and
2014, California experienced large precipitation
deficits that were not uncommon in the historical
record but when combined with temperature
produced the most severe three-year drought in the
last 1200 years (Griffin and Anchukaitis 2014). Like
California, other states in the western U.S. have
also recently experienced severe multiyear warm
droughts (Cook et al. 2004; MacDonald 2010). By
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some estimates, Arizona has been in a prolonged
drought since 2000 (Arizona Department of Water
Resources 2019a, 2019b; Westwide Drought
Tracker 2019). The severity of summer drought
has been increasing in recent decades (Goodrich et.
al 2004; Morino 2008), while winter precipitation
has shown a general decrease since the late 1990s
(e.g., Eastoe and Dettman 2016). With projections
of continued warming (United States Global
Climate Research Program 2017), the higher
temperatures and periodic rainfall deficits will
be a main challenge to the management of water
resources (Milly et al. 2008; Udall and Overpeck
2017).
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The impacts of climate on surface water are
well documented. Research has demonstrated
the effects of evaporation of water stored in
reservoirs (Friedrich et al. 2018), the widespread
declines in streamflows (Udall and Overpeck
2017), and shifting streamflow seasonality caused
by changes in snowpack conditions (Stewart
et al. 2005). Equivalent studies on the impact
of climate on groundwater have lagged behind
(Earman and Dettinger 2011; Green et al. 2011)
despite direct influence of seasonal precipitation
and evapotranspiration on groundwater recharge.
Understanding the complex interplay between
climate and recharge is important to assessing the
vulnerability of an aquifer to climate variability.

Across portions of the southwest U.S. there are
two main modes of rainfall: 1) frontal systems
during winter months, and 2) convective storms
during the summer monsoon, largely between
July and September (Sheppard et al. 2002).
Monsoon rains generate most streamflow in
the Sonoran Desert of Arizona (Constantz et al.
2007), while groundwater recharge can occur
from both summer and winter precipitation,
although proportions can vary between basins
(Eastoe and Towne 2018). Precipitation is often
less than evapotranspirative demand, preventing
infiltration beyond the root zone (Hogan et al.
2004). Large areas of basin floors provide little
to no recharge to underlying aquifers; in such
basins, most recharge is likely to be focused in
ephemeral channels where flow may occur only
several hours per year (Uhlman 2005; Stonestrom
et al. 2007; Glenn et al. 2015). Basin-floor
recharge could, however, be significant during
extended periods of high precipitation and low
evapotranspiration in the fall and winter seasons
(Coes and Pool 2007).

Arizona is strongly dependent on groundwater
for water supply. Moreover, carbon-14 (*C) age
dates of groundwater in major aquifers in Arizona
have revealed a wide range of residence times
(e.g., Smalley 1983; Eastoe et al. 2004; Baillie
et al. 2007; Hopkins et al. 2014). Ages of more
than 10,000 years before present can be explained
either as indicating older water left after younger
water has been over-pumped or as recording the
last significant recharge in aquifers that were
filled in the late Pleistocene, when climate was
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colder and wetter (Phillips et al. 1986; Artiola and
Uhlman 2009).

Younger aquifer systems (recharged since
1950) are more vulnerable to drought than aquifers
holding mainly fossil water, but this vulnerability
could be partially offset by a change in water
management strategy, such as construction of
gabions to detain and infiltrate stormwater.
Detailed, expensive research studies of local
groundwater are mostly unavailable to small, rural
communities. Rapid assessments of groundwater
character and its connection to climate can provide
valuable information to local water managers
and citizens’ groups. These assessments, built
on relatively inexpensive isotope analyses and
groundwater level data collected by volunteers,
have the advantage of encouraging citizens to
participate in water management.

The rural community of Arivaca is dependent
on groundwater in a small alluvial basin (Figure 1).
This report presents the results of an initial, rapid
assessment of the Arivaca Basinin 2009, augmented
by a second round of sampling in 2015. The first
phase of assessment was envisioned as a low-cost
investigation of the basin aquifer, encompassing:
1) planning with community members, including
initiation of water level and climate monitoring,
and 2) field sampling over a period of one to two
months, followed immediately by laboratory work.
The second assessment phase was an unanticipated
addition to original plans following a fortuitous
observation. Long-term measurement of oxygen
and hydrogen isotopes in Tucson rain indicated a
five-month period of rain, late August 2014 to early
February 2015, of extreme isotope composition
(Eastoe 2016) providing an unusual opportunity
for the identification of recent recharge. Results of
these campaigns are combined with overlapping
observations of climate and water levels collected
in other contexts over different time frames. The
principal aims of the study were 1) establishing
recenttrendsin local climate and groundwater levels
through measurements undertaken by Arivaca
residents; 2) determining aquifer vulnerability
and recharge seasonality by application of isotope
measurements; and 3) augmenting local knowledge
of water resources in a low-cost study, with a view
to enabling community participation in sustainable
water management.
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Study Area

Geography

The rural community of Arivaca, with
a population of around 1,000, is located
approximately 80 kilometers southwest of Tucson,
Arizona (Figure 1). Arivaca lies within the Tucson
Active Management Area (AMA), one of five
AMAs established by the State of Arizona under
the 1980 Groundwater Management Act (Arizona
Department of Water Resources 2019c). The
Tucson AMA covers 10,013 square kilometers
in southern Arizona and encompasses extensive
basin-fill aquifers in the Santa Cruz River Basin.
The Tucson AMA has a statutory goal of achieving
‘Safe-yield’ by 2025 and maintaining it thereafter
(Arizona State Legislature 2019). ‘Safe-yield’
requires that average annual pumping not exceed
natural or artificial recharge in the AMA as a whole.
The Arivaca Basin lies within the boundaries of
the AMA but is not in direct hydraulic connection
with the larger basins (Pima Association of
Governments 2006).

Climate

The climate in Arivaca is characterized by mild
winters and hot summers. July is the hottest month.

The region has a bimodal annual distribution
of precipitation. More than half falls during the
monsoon season between June and September, and
most of the remaining precipitation occurs in the
winter between November and March (Figure 2).
The two to three months prior to the monsoon are
the driest season.

The monsoon rains tap moisture from the tropical
Pacific Ocean and the Gulf of Mexico (Michaud
et al. 1995; Adams and Comrie 1997; Diem and
Brown 2006). Monsoon storms commonly yield
short, intense rain events of limited spatial extent.
Arivaca is located on the western fringe of the core
area of the monsoon and receives slightly more
precipitation than areas to its north and less than
Nogales to the southeast (Figure 3). Winter rains
are the product of regional frontal storms, generally
lower in intensity and more widespread than
monsoon storms. In some years, tropical cyclonic
storms from the Pacific Ocean bring precipitation
between September and November; a single such
event can account for a high percentage of annual
precipitation.

Hydrogeology

The following description of the groundwater
basin at Arivaca is based on a report of Pima
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Figure 1. Location map, showing locations of wells sampled for this study, hydrograph wells, and weather stations.
Inset map shows locations of Tucson Active Management Area (AMA) and five observation stations: Tucson, Anvil
Ranch (AR), Marana (M), Tumacacori (TI), and Nogales (N).
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Association of Governments (2006). The isolated
aquifer system of the Arivaca groundwater basin
extends over 39 km? and supports more than 200
wells in addition to perennial streamflow, lush
riparian habitat, and a cienega (wetland) with
diverse terrestrial and aquatic ecosystems. The
basin is a graben within Mesozoic and Cenozoic
crystalline rocks that compose a horst of the Basin-
and-Range province. Unconsolidated Holocene
alluvium beneath the larger washes (streambeds
that are usually dry) overlies Tertiary to Quaternary
semi-consolidated conglomerate and sandstone up
to 200 m thick in the southeast part of the basin.
These sediments form the unconfined regional

aquifer of the Arivaca Basin. Groundwater flow is
generally from the basin edges towards a discharge
area in the cienega located where Arivaca
Creek crosses a sill of shale. From the cienega,
groundwater leaves the basin to the west, along
Arivaca Creek (Figure 1).

Watercourses are ephemeral except for Arivaca
Creek within the cienega. Arivaca Lake, an
artificial impoundment built on Cedar Creek to the
southeast of the study area in the 1970s, discharges
water infrequently when the reservoir overflows.
Modeling combined with water level data shows a
general decline of about 1 m in groundwater levels
since the 1970s, the largest declines being north of
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Figure 2. Average monthly precipitation in Arivaca, 1956-2018 (Western Regional

Climate Center 2019).
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Figure 3. Comparison of average monthly precipitation in Arivaca with that
of surrounding stations at Tucson, Anvil Ranch, Tumacacori, and Nogales.
Month names are abbreviated JFMAMIJJASOND, January to December.
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the cienega. The decline has occurred concurrently
with a decrease in base flow in Arivaca Creek,
putting the riparian ecosystem of the cienega at
risk (Pima Association of Governments 2006).

Usefulness of Isotope Data

Research using multiple isotope parameters has
contributed to the understanding of groundwater
origins, flow paths, and residence times in the
alluvial basins of southern Arizona (Eastoe et al.
2004; Baillie et al. 2007; Hopkins et al. 2014;
Gungle et al. 2016; Eastoe and Towne 2018). These
studies have used stable isotopes of hydrogen (H),
oxygen (O), and sulfur (S), along with tritium
and "C in determining groundwater origins and
residence times.

In Tucson, Eastoe et al. (2011) showed that the
average level of cosmogenic tritium in rainwater
is about 5.3 trittum units (TU; 1 TU = 1 atom of
tritium per 10'® atoms of hydrogen). Similar levels
have been observed in short-term datasets from
other stations in southern Arizona (Eastoe et al.
2011). The half-life of tritium is 12.32 years (Lucas
and Unterweger 2000); thus, pre-bomb tritium has
now decayed to less than the level of detection in
the University of Arizona laboratory, 0.6 - 0.7 TU.
Bomb tritium peaked in 1963-1964 at about 1,000
TU (annual average) and is still present in aquifers
recharged with rainwater since about 1955.

The half-life of “C is 5,730 years (Godwin
1962), so that '*C measurements enable estimation
of water ages up to about 20,000 years. Pre-bomb
levels of C were near 100 percent modern carbon
(pMC), and at the culmination of the atmospheric
testing bomb peak (1963-1964), levels near 180
pMC were reached (Burchuladze et al. 1989). “C
can be measured in dissolved inorganic carbon
(DIC) species in groundwater. The carbon comes
from two sources: carbon dioxide (CO,) gas in
soil or near-surface sediment through which the
recharging water passes, and rock calcite. Soil
gas has '“C content near that of plant matter in
equilibrium with the atmosphere. In southern
Arizona, plant matter *C content had fallen to
about 102 pMC by 2002 (Eastoe unpublished
data). Accurate age dating using *C commonly
requires correction for the addition of rock carbon
containing no "“C (see Methods).
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Data Sources and Methods
Water Sample Sites

After reviewing well-log data (Arizona
Department of Water Resources 2019d), a list of
priority wells, mainly private domestic wells, was
identified and access to the wells was requested
from community members. Selection criteria
included representative spatial distribution and
depth, along with feasibility of access. Well depths
ranged between 36 and 87 m below land surface.
Seven wells were sampled during our initial
assessment in 2009 and nine were sampled in late
2015. A surface-water sample was collected from
Arivaca Lake in 2015. Sampling sites are shown in
Figure 1. Measurements of stable isotopes (O, H,
and C) and radioactive isotopes (tritium and '“C)
were carried out.

The 2015 sampling provided a unique
opportunity to identify recent recharge. Isotope
data for Tucson rain during the period August 25,
2014 to January 31, 2015 contained unusually low
amount-weighted mean values of 'O and 6°H
(Eastoe 2016). During this period, 311 mm of rain
fell at Arivaca Post Office. The unusual precipitation
was, in part, associated with hurricanes Marie,
Norbert, Odile, and Simon. Groundwater reflecting
this isotope signature would indicate recharge from
these cyclonic storms.

Field Hydrological Data

Monthly water use, depth to groundwater, and
volunteer metering data have been collected and
maintained by Pima County and the community
for several years (Fonseca 2008), but pumping
data from across the study area were insufficient
to address the effect of pumping on water levels.

Daily depth-to-groundwater data were obtained
from Arivaca volunteers using an automated Level
Troll data logger to monitor five groundwater wells
made available by local residents; results from two
wells (sites shown in Figure 1) are given here.
Volunteer citizen scientist measurements began
in March 2007 and terminated in late 2014. Wells
RC-3 and W1 were chosen to analyze connections
between climate and groundwater because they are
farthest from known high-production wells.

Precipitation data were obtained from
two sites in Arivaca (Figure 1): the National
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Weather Service (NWS) Cooperative Observer
Program (Coop) station 1E (National Ocean and
Atmosphere Administration 2019) for the period
August 1, 2005 to February 28, 2010, and a
Rainlog observation site for 2014-2015 (Rainlog
2019). Monthly precipitation data were obtained
from Western Regional Climate Center (2019) for
the Arivaca 1E station and four Coop stations near
Arivaca: The University of Arizona in Tucson,
Anvil Ranch, Tumacocori National Monument,
and Nogales.

While these records represent the best available
high-resolution precipitation data for the Arivaca
area, they are not without blemishes. The
Arivaca Coop station did not record temperature
measurements, and weekend precipitation was
recorded on the following Monday. To compensate,
average monthly temperatures for Arivaca were
obtained from interpolated data generated by the
Parameter-elevation Regressions on Independent
Slopes Model (PRISM) from nearby monitoring
stations. PRISM generates climate data for a 4 x
4 km grid covering the continental United States
(Westmap 2019).

Evapotranspiration (ET) data — which are used
to measure changes in ET— were obtained from
the closest station (AZMET 2019) in Marana,
Arizona, 96 km northwest of Arivaca.

Isotope Analytical Methods

Isotope measurements were undertaken at the
Environmental Isotope Laboratory, University
of Arizona. Stable O, H, and C isotopes were
measured by isotope ratio mass spectrometry. The
results are expressed using d-notation, e.g.:

52]_1:( R(sample)
R(standard)

where R = ?H/'H and the standard is Vienna
Standard Mean Ocean Water (VSMOW). The
definitions of 80 and 6"C are analogous,
with standards VSMOW for O, and VPDB for
C. Tritium and "C were measured by liquid
scintillation counting. Results are expressed as
TU and pMC, respectively. Details of preparation
techniques, instrumentation, analytical precision,
and calibration may be found at University of
Arizona Geosciences (2019).

- 1)* 1000 %o
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Correction of Carbon-14 Data

The raw data were corrected using 6°C
measurements of DIC, as outlined by Clark and
Fritz (1997). Additional information required for
the correction calculation included 1) an average
value of 8"C in rock calcite, assumed to be -1%o
as in Tucson Basin sediments (Eastoe unpublished
data), and 2) an average 6"C value for soil CO,,
assumed to be -19.9%o, representing decay of
organic matter of which 25% originated as C, and
75% as C, plant material.

Statistics

Linear regressions of time-series data were
calculated using Excel software.

Results

Climatology

Arivaca received an average of 467 mm of
precipitation per year between 1956 and 2018.
July and August experience the most precipitation,
averaging 105-107 mm per month (Figure 2).

Seasonal precipitation has exhibited large
interannual variability since 1955, particularly
during the June - September period (Figure 4). Over
this period, the data suggest increasing precipitation
for the months July through September, but neither
of the trends in Figure 4 is significant at >95%
confidence level (p < 0.05). Seasonal temperatures
show slight warming trends between 1955 and
2018. Winter temperatures have increased about
0.14°C per decade and summer (monsoon season)
temperatures increased about 0.13°C per decade.
The changes over time, although small, are
statistically significant (Figure 5).

Evapotranspiration is greatest between May
and September and least between December and
February. Evapotranspiration measured between
2007 and 2010 at Marana exceeded average
Arivaca precipitation (1955-2018) in all but three
months (Figure 6).

Climate Change

Over coming decades, temperatures are
projected to increase across the southwest U.S.,
while precipitation is expected to decrease. Rainfall
predictions have large uncertainties, but most
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presented as averages for the summer monsoon (June-
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down-scaling from global models has converged
with relatively high confidence on a drying trend
over Arizona during winter and spring (Seager et
al. 2007; United States Global Change Research
Program 2009, 2017) as the winter jet stream
retreats northward (Lu et al. 2007). Precipitation
projections for summer and fall are less clear
because the North American monsoon and tropical
cyclonic weather systems have not yet been
sufficiently characterized (United States Global
Climate Research Program 2017). The current
drought had not led to perceptible long-term
decline in summer (June-September) precipitation
by 2018 (Figure 4).

Temperature increases are predicted during all
seasons and are expected to be greatest during the

JOURNAL OF CONTEMPORARY WATER RESEARCH & EDUCATION

summer season. Summer increases may exceed 2
to 3 °C by 2050, driving higher evapotranspiration
rates and lower recharge rates, especially in areas
like Arivaca where most recharge appears to occur
during the summer monsoon season (see below).

Groundwater Hydrographs

Groundwater, as measured by citizen scientist
volunteers, fluctuated from 1.5 to 10 m below land
surface during the period of study (Conway, pers.
comm. 2019). Results presented here are for site
RC3 (in streambed alluvium at the basin outlet;
Figure 1), where groundwater levels increased
during two of three monsoon seasons and all three
winter seasons over the original study period
(Figure 7A). In the summer of 2007, for example,
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Figure 6. Relationship of water levels at site RC3 to summer and winter rains
(measured in Arivaca) and evapotranspiration (measured at Marana, Figure 1)

over three years.

several storms in July caused groundwater to rise
about 1.5 m. The general pattern during the study
period was groundwater rebound during both rainy
seasons and decline during the drier spring and
fall. A detailed comparison of groundwater levels
in 2007 and 2008 at RC3 with individual monsoon
rain events (Figure 7A) showed that groundwater
levels rose only after at least 75 to 100 mm of rain
had fallen within a 15-day period (an arbitrary
choice of period, but one that appears to encompass
groups of heavy rains in the examples given). In
2009, the monsoon was delayed and no comparable
change in groundwater level was observed.

For the 2014 monsoon and subsequent tropical
cyclonic rain, the hydrograph is from well W1 in
the cienega, close to the basin outlet (Conway,
pers. comm. 2019), where groundwater levels rose
sharply early in the monsoon, fell during a period
of tropical cyclonic rain, and rebounded once again
in the winter (Figure 7B). Rainfall data in Figure 7
are from Rainlog (2019).

Stable O and H Isotopes

Isotope data are listed in Table 1 and plotted in
Figure 8 alongside amount-weighted means for
seasonal precipitation based on data for the Tucson
Basin (Eastoe and Dettman 2016). The means are
adjusted to 1,150 masl, the average elevation of
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Arivaca Basin, using isotope altitude gradients
from Wright (2001). Following Eastoe and Dettman
(2016), summer in this context is considered to be
June to October, and winter, November to May. The
precipitation data are represented in three ways: 1)
long-term (1982-2012) seasonal means defining
a local meteoric water line (LMWL) (Eastoe and
Dettman 2016); 2) long-term means for summer
and winter including only the wettest 30% of
months in each season - this choice reflecting the
patterns of isotope data in neighboring alluvial
basins in which most groundwater isotope data fall
on a modified LMWL (Eastoe and Towne 2018),
shown as LMWL (wettest 30%) in Figure 8; and
3) amount-weighted means for individual seasons
as labeled on Figure 8, with summer 2014 divided
into monsoonal (July to mid-August) and tropical
cyclonic (mid-August to October) sub-seasons.
The means for the tropical cyclonic sub-season and
the following winter are identical. Mean values of
0"%0 and &°H from mid-August 2014 to February
2015 were about -11.8 and -88%o, respectively,
significantly lower than the long-term winter
means (Figure 8).

The 2009 groundwater data plot in a single
group near the summer mean for either the LMWL
or LMWL (wettest 30%) (Figure 8). In 2015, most
groundwater data plotted in a field to the right of
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levels at site W1 to monsoon, tropical cyclonic, and winter-frontal rain events in 2014-2015. Black bars represent
individual precipitation events >4 mm. Green and white shading indicates months.

the 2009 data; four of the well samples in 2009
had changed measurably in 6*0O and &*H (Table
1). Groundwater sampled in 2015 plots near the
monsoon-2014 mean. The shift in values of 30O
and 6*H between 2009 and 2015 corresponds to the
difference in seasonal means for the monsoon in
2008 and 2014. The data for PW9 plot apart from
the main data group of 2015, in the direction of the
winter (2014-2015) and tropical cyclonic (2014)
means. The sample taken from Arivaca Lake in
2015 has 6"O and &°H values of -4.0 and -46%o,
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respectively, and is highly evaporated. Assuming
an evaporation trend of slope 4, typical for
southern Arizona (Eastoe and Towne 2018), this
water originated as precipitation with a bulk 3O
value near -10%o.

Tritium

Most of the samples contained 0.8 to 1.2 TU (5.3
TU was measured at PW5 and < 0.5 TU at PW3).
The measurements can be compared with the long-
term weighted mean tritium content, 5.3 TU, in
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Table 1. Isotope Data.

Uhlman, Eastoe, Guido, Crimmins, Purkey-Deller, and Eden

Site Type 8"0 oD 610 oD o”C  Tritium C-14 C-14 Age
(%o0) (%o0) (%o0) (%o0) (%)  (TU)  (MC)  (pMC  (years)
corrected”)
2009 2009 2015 2015 2009 2009 2009
cC GW 7.1 -52 -7.0 -52 -8.6 1.2 66.3 115 post-bomb
PWI1® GW =73 -49 -6.9 -50 7.1 1.1 51.2 111 post-bomb
Pw2: GW -71.5 -50 -7.1 -52 -9.4 1 57.0 90 850
PW3® GW -6.9 -50 -6.9 -53 -4.7 <0.5 74.1 264¢ invalid
PW4 GW -6.9 -50 -6.6 -52 =73 0.9 53.5 112 post-bomb
PW5 GW -7.5 -51 -8.6 5.3 99.6 173 post-bomb
PWo6 GW -7.2 -50 -7.1 -52 7.1 0.8 49.4 107 post-bomb
PW7 GW -6.7 -51
PW8 GW -6.5 -45
PW9 GW -8.4 -60
Arivaca Lake SW -4.0 -46

Note: PW = private well; GW = groundwater; SW = surface water

*Wells that changed in isotope compsition from 2009 to 2015.

"Corrected using a carbon ratio of C,:C, = 3:1 in soil gas; and 3"°C = -1%o in sedimentary carbonate.
‘Invalid result; higher than peak bomb pulse in atmosphere.

Tucson rain. Tritium in Tucson precipitation since
1992 had decayed to 1.8 TU or higher by 2009, and
Tucson precipitation that fell between 1970 and
1992 had decayed to about 1.8 TU by 2009 (Eastoe
et al. 2011). The Arivaca samples, therefore, are
most likely mixtures of post-1955 recharge with
pre-1955 recharge, except at PW3, where pre-
1955 recharge predominated, and at PW5, which
is adjacent to Cedar Creek and appears to have
received recharge of meteoric water that underwent
little radioactive decay since infiltration; if bulk
infiltration in this case contained 5.3 TU, the
precipitation in question fell since about 2007.

Carbon-14

The "“C content in groundwater ranges from 49
to 100 pMC (Table 1). Corresponding corrected
values range from 90 to 173 pMC. The corrected
14C content at PW3, 264 pMC, is invalid, indicating
incorrect assumptions in the correction method in
that case. The corrected '“C data are approximate
but suggest groundwater only a few decades old.

UCOWR

The corrected *C ages are broadly similar to the
tritium ages; both are consistent with mixtures of
pre-bomb (TU below detection at sampling, 95 to
100 pMC) with post-bomb (TU > 1.8 at sampling,
pMC > 100) recharge.

Discussion
Hydrographs

In addition to total precipitation, the season,
magnitude, frequency, and duration of precipitation
events all seem to influence the character of the
groundwater response. In southern Arizona, such
factors are reflected in the isotope composition of
groundwater, which results from recharge during
wetter months (Eastoe and Towne 2018).

The 2007 and 2008 monsoon seasons produced
water level rises at site RC3, while well water
levels declined in the 2009 monsoon (Figure 7A).
In 2007, groundwater rose after 109 mm of rain
had fallen in a 15-day period; in 2008, groundwater
began rising after 86 mm had fallen in a 15-day
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Figure 8. Plot of 6*H vs. §'%0, showing: 1) data for Arivaca groundwater (GW) sampled in 2009 and 2015 - detail in
the inset; 2) long-term seasonal amount-weighted averages for rain at 1150 masl, based on all data from Tucson Basin,
1981-2012 (Eastoe and Dettman 2016) with altitude correction (Eastoe et al. 2004) - linked by a local meteoric water
line (LMWL); 3) long-term seasonal amount-weighted averages for rain at 1150 masl, based on data for the wettest
30% of months from Tucson Basin, 1981-2012 (Eastoe and Dettman 2016; Eastoe and Towne 2018) with altitude
correction (Eastoe et al. 2004) - linked by a modified local meteoric water line, (Modified LMWL wettest 30%); 4)
single-season amount-weighted means for the monsoon (July-Aug.) 2014, tropical cyclonic rain (Aug.-Oct. 2014) and
winter (Nov. 2014-Feb. 2015) - note that tropical cyclonic and winter points are identical; and 5) surface water from
Arivaca Lake sampled in 2015, with a proposed evaporation trend of slope 4. GMWL = global meteoric water line.
W = winter; S = summer.

period. These observations suggest that storm
intensity and frequency are important factors, and
under favorable conditions create a saturated soil
or streambed horizon that can effectively transmit

Isotope Data

The 60O and &°H data suggest that summer
precipitation strongly dominates recharge in
Arivaca Basin. June through October precipitation

water from the surface to the water table. Because
rainfall frequency was higher in 2008 than in
2007, less total rainfall was needed in 2008 before
recharge occurred (Figure 7A). After protracted
dry weather, as when precipitation was delayed
during the 2009 monsoon season, initial rainwater
is unable to infiltrate to the aquifer through dry
soil or through ephemeral streambeds in which
evapotranspiration may intercept recharge. The
2014 monsoon produced a water level rise at W1,
but a comparable amount and frequency of rain
from tropical cyclonic systems did not, perhaps
because the saturated soils allowed for runoff
(Figure 7B).

JOURNAL OF CONTEMPORARY WATER RESEARCH & EDUCATION

accounts for about 66% of annual precipitation
(Figure 2). The isotope data indicate a summer
contribution of 75% or more to recharge, relative
to the LMWL for all precipitation data, or the
modified LMWL for the wettest 30% months,
or individual seasonal mean data (Figure 8).
The difference between the main groups of 80O
and &’H groundwater data for 2009 and 2015
suggests a rapid response to changes in monsoon
precipitation isotopes, but not to tropical cyclone
or winter rain. Only one site, PW9, a well 46 m
deep situated in a small wash in which the owner
had installed several gabions, showed a large shift
towards the more negative 3'*0 and &°H values of
tropical cyclone isotope precipitation.
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The isotope data indicate very young
groundwater in Arivaca Basin. The *C and tritium
data are consistent with bulk groundwater ages
of decades rather than years as suggested by the
rapid shift in 8'80 and &°H data between 2009
and 2015. The apparent inconsistency may reflect
the combination of waters of different age in our
samples or a strong recharge event just prior to the
2015 sampling but not prior to the 2009 sampling.

Relationship of Isotope and Hydrograph Data

The hydrograph observations, indicating both
summer and winter rebound of groundwater,
appear to differ from the stable isotope data, which
indicate mainly summer recharge. The hydrograph
wells are located at the basin outlet or near the
basin axis (Figure 1) where riparian vegetation is
well-developed along Arivaca and Cedar Creeks.
In these areas, summer recharge may predominate,
as indicated by isotope data. Transpiration also
potentially controls water levels, however, when
transpiration ceases in winter months, water levels
may rebound with or without winter recharge, in
response to the removal of vegetation demand
for water. Isotope data, not available in this study
for any of the hydrograph wells, might elucidate
winter rebound of water levels.

Community Involvement

While detailed studies of water budgets are
beyond the funding capability of small communities
like Arivaca, rapid assessment of groundwater
character and connection to climate has the potential
to offer valuable information to local residents.
In the present case, a relatively small isotope
study (constrained by limited funding) coupled
with climate data and volunteer measurements of
water levels has produced a significant increase in
local understanding of water resources. A major
advantage of this strategy is that it engages local
participants in the research from the beginning.
Making use of community volunteers can facilitate
data collection and augment the limited research
resources and, perhaps most important, can
catalyze community action. Anecdotal evidence
suggests that those community members who
participated in the research through volunteering
their well, collecting well data, and attending
information meetings became better informed
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about their water resources and the management
of water in general. They also appear to have
developed positive attitudes toward managing for
sustainability and a greater sense of their capacity
to manage their water.

Notably, at least one landowner (well PW9)
installed gabions across his property following a
workshop on surface water harvesting in the early
2000s. The owner built the gabions in order to
slow surface water flow and enhance groundwater
recharge. Well PW9 was not sampled in 2009. The
2015 resampling detected the isotope signature
of August 2014 to February 2015 rain at this site,
indicating enhanced recharge that had not occurred
in areas without gabions, and demonstrating the
potential for enhancing recharge elsewhere in the
basin.

Access to private wells was critical to this study.
Such access is commonly difficult to obtain in
small, rural communities. This study demonstrates
the benefits to well-owners of making groundwater
samples available for analysis.

Regional Implications

The findings of this study suggest that low-cost
assessments can produce useful results in small
communities that rely on groundwater in semiarid
to arid regions. A similar exercise in Cascabel,
Arizona, 120 km northeast of Arivaca, led to an
improved comprehension of groundwater ages and
recognition of the warning signs of groundwater
depletion in response to drought (Eastoe and Clark
2018). A global synthesis of the findings from 140
recharge study areas in semiarid and arid regions
found that recharge may be enhanced through
management of land use activities (Scanlon et al.
2006). Land use practices, such as the installation of
gabions for storm-water management will enhance
groundwater recharge. In addition, recognition that
local aquifers are replenished annually in normal
years can lead to management strategies that enable
individuals to balance withdrawals with deposits.

Recommendations

Monitoring data (i.e., well level and precipitation
data) collected by citizens of Arivaca were critical
in assessing local conditions, as well as filling in
gaps in state and federal monitoring networks.
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Maintenance of the volunteer monitoring system
will further the understanding of the vulnerability
of the Arivaca aquifer system to climate variability.
Other rural communities in Arizona would
profit equally from similar citizen involvement.
Researchers and communities undertaking future
aquifer assessments of this kind may learn from
the present example. The data presented here are
from a variety of sources, and do not in all cases
match in time. Similar studies would profit from
better coordination of data collection, for instance
in measuring time-series of isotope data from
hydrograph wells.

Conclusions

Groundwater in the Arivaca aquifer is young,
with residence times of decades or less. Summer
recharge predominates. Recharge is controlled
not only by season, but also by the frequency
and size of rain events. Winter rebound of
groundwater appears to be linked to seasonal
decrease in evapotranspiration. The aquifer system
is vulnerable to extended drought and delays in the
onset of summer rains, or to a warming climate
that leads to increased summer evapotranspiration.
Implementation of storm-water management
options to capture water for groundwater recharge
has been shown to be an effective management
option.
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