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Abstract Geochemistry and environmental tracers were used
to understand groundwater resources, recharge processes, and
potential sources of contamination in the Rio Actopan Basin,
Veracruz State, Mexico. Total dissolved solids are lower in
wells and springs located in the basin uplands compared with
those closer to the coast, likely associated with rock/water
interaction. Geochemical results also indicate some saltwater
intrusion near the coast and increased nitrate near urban cen-
ters. Stable isotopes show that precipitation is the source of
recharge to the groundwater system. Interestingly, some high-
elevation springs are more isotopically enriched than average
annual precipitation at higher elevations, indicating preferen-
tial recharge during the drier but cooler winter months when
evapotranspiration is reduced. In contrast, groundwater below
1,200 m elevation is more isotopically depleted than average
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precipitation, indicating recharge occurring at much higher
elevation than the sampling site. Relatively cool recharge tem-
peratures, derived from noble gas measurements at four sites
(11-20 °C), also suggest higher elevation recharge.
Environmental tracers indicate that groundwater residence
time in the basin ranges from 12,000 years to modern. While
this large range shows varying groundwater flowpaths and
travel times, ages using different tracer methods (]4C,
*H/*He, CFCs) were generally consistent. Comparing multi-
ple tracers such as CFC-12 with CFC-113 indicates piston-
flow to some discharge points, yet binary mixing of young
and older groundwater at other points. In summary, ground-
water within the Rio Actopan Basin watershed is relatively
young (Holocene) and the majority of recharge occurs in the
basin uplands and moves towards the coast.

Keywords Groundwater flow - Radiocarbon - Noble gases -
Groundwater age - Mexico

Introduction

The availability of groundwater resources for human use de-
pends not only on the quantity and quality of water in resi-
dence at any given time, but also on the rate that water replen-
ishes an aquifer (Healy et al. 2007). Dating of groundwater
using environmental tracers can be used for both evaluating
the rate at which the groundwater is replenished and to better
understand flow and transport processes (Cook and Bohlke
2000). In mountainous terrain, the use of noble-gas thermom-
etry can provide additional constraints on recharge zone ele-
vation (Aeschbach-Hertig et al. 1999; Manning and Solomon
2003; Gardner and Heilweil 2014). Most groundwater sam-
ples from both springs and production wells with long
screened intervals represent mixtures of multiple flow paths.
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The combination of tracers reflecting different timescales is
both a powerful and necessary approach when studying resi-
dence times of groundwater following varying pathways and
having a wide range of travel times (Plummer et al. 1993;
Newman at al. 2010). Combining the measurements of two
or more different tracers with very different dating ranges can
make the presence of such mixtures obvious by showing dis-
crepant ages (IAEA 2013). This has been particularly useful in
studies for evaluating binary mixtures of recent (<60 years)
and older (>1,000 years) groundwater in fractured or karstic
bedrock aquifers (Yager et al. 2013; Heilweil et al. 2014).

The Rio Actopan Basin extends over 2,000 km? in the
central part of the Veracruz State, Mexico. The center of the
basin is located 19°32'5.11" latitude north and 96°41'39.89"
longitude west; between 2,110,000 and 2,180,000 UTM lati-
tude N (Fig. 1). Its shape is elongated in an orientation north-
west to southeast (approximately 90 km long) and narrower
from northeast to southwest (approximately 20 km wide). It is
bounded on the east by the Gulf of Mexico and to the west by
the Sierra Madre Oriental. The topographic relief is variable
and characterized by two main areas: a lower-elevation lower-
gradient sector along the coast, and a higher-elevation steeper
sector situated in the Sierra Madre Oriental Mountains (Tejeda
et al. 1989). The altitudinal gradient is extremely large in this
short distance, rising from sea level at the Port of Veracruz to
4,220 m above sea level (masl) at the peak of the extinct Cofre
de Perote volcano in less than 70 km. As expected, the stable-
isotope (6°H, 6'®0) gradient and precipitation patterns in the
study area are greatly influenced by these topographic features
(Pérez Quezadas et al. 2015).

Due to the relative abundance of surface water in the Rio
Actopan Basin, previous studies on groundwater dynamics
and (or) water quality aspects in the study area have been
limited. A CONAGUA (2002) study found that the unconsol-
idated alluvial aquifer located in the coastal area in the eastern
part of the basin was partially recharged by the Actopan River,
as indicated by observed streamflow losses at the hydrograph-
ic stations of Idolos, Actopan and Naranjillo. A study of sev-
eral springs in the vicinity of the Emiliano Zapata municipality
showed that the occurrence of springs is controlled by the
lithological contrast of the different geological units (Salas-
Ortega 2010).

The objective of this study was to identify recharge zones,
directions of groundwater flow, and groundwater ages (transit
time) in the Rio Actopan Basin using water chemistry and
environmental tracers. Such information would provide a bet-
ter understanding of the processes controlling regional
groundwater occurrence, pathways, and interactions with sur-
face water. In particular, the data collection and interpretation
in this study were focused on testing the hypotheses that (1)
the groundwater within the watershed is relatively young, in-
dicating an active flow system in highly permeable aquifers
driven by large hydraulic gradients; and (2) the majority of
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recharge to the groundwater system occurs in the upland parts
of the watershed and moves towards the coast.

Study area
Climate and precipitation

The climate within the study area varies from “tropical wet-
and-dry” (average annual temperature > 18 °C and more than
150 mm precipitation during the summer months) at the Port
of Veracruz to “humid subtropical” (average temperature >
10 °C during the warmest months and more than 1,200 mm
of rain during the wet season) in the Sierra Madre Oriental
mountains (Geo-Mexico 2014). The maximum monthly air
temperature occurs during May and June. Mean annual air
temperature at 3,100 masl is 9.6 °C; at 1,400 masl is 18.3 °C
and at sea level is 25.6 °C (Hernandez Lopez 2012). The
seasonal variation of temperature at three weather stations is
4 °C at 3,000 masl, 8 °C at 1,400 masl, and 6 °C at sea level.
The primary controls on the local climate within the study area
are both topography and the atmospheric circulation systems
prevailing during the different seasons (Mosifio and Garcia
1973). These factors result in the occurrence of a rainy season
during summer and autumn. Although the study area is locat-
ed within the tropics, the precipitation regime is also affected
by mid-latitude phenomena such as extratropical cyclones
(Jones et al. 2003). About 80 % of total annual rainfall occurs
between June and October. It is also interesting to note that the
monthly amount of precipitation during the rainy season is
similar for both high- and low-elevation stations
(Tembladeras and Port of Veracruz, respectively). While
rainfall during the months of July and August exceeds
300 mm at both these stations, precipitation during the same
months at Xalapa is less than 200 mm. It is theorized that a
local vertical circulation pattern caused by a barometric
pressure anomaly causes a microclimate that brings drier air
to the Xalapa area during the summer months (Pérez
Quezadas et al. 2015).

There is also a large inter-annual variability in total rainfall
within the study area. Total annual rainfall varied from 1,206
to 2,076 mm at the station in Global Network of Isotopes in
Precipitation (GNIP), during 1962—1988. This station was lo-
cated at coordinates 19°12'00" latitude N and 96°07'48" lon-
gitude west in Port of Veracruz. This variation in the precipi-
tation is associated with global phenomena such as El Nifo -
Southern Oscillation (ENSO; Rasmusson and Wallace 1983),
and La Nifia (the negative phase), resulting in excess rain in
some parts of the state of Veracruz during the summer
(Magaiia et al. 2003). The Pacific Decadal Oscillation (PDO;
Mantua et al. 1997), in its negative phase, can also induce
excessive rain in southern portion of the state of Veracruz
(Méndez Gonzalez et al. 2010). Lastly, the Atlantic
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Fig. 1 Simplified geological map and cross-section (A—A’) of the Rio Actopan Basin, indicating the location of the groundwater sampling sites.
Cross-section B—B' is shown in Fig. 5

Multidecadal Oscillation (AMO; Sutton and Hodson 2005) Goldsmith et al. (2011) used environmental isotopes to
can increase the frequency of hurricanes, causing excessive  carry out a water balance study in the tropical forest of the
rainfall in the state of Veracruz (Vazquez 2007). central part of the state of Veracruz. They found a marked
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seasonality variation in the isotopic composition of precipita-
tion of about 130 %o for 6°H and 18 %o for §'%0, with more
isotopically depleted precipitation during the rainy season.
This observation is consistent with the historical isotope re-
cords of the Port of Veracruz GNIP station, which was oper-
ated from 1962 to 1987. Recently, Pérez Quezadas et al.
(2015) found an §'0 isotopic gradient in precipitation within
the Rio Actopan Basin of —2.1 %o km ' from the sea level to
about 4,200 masl. That study also identified an inverse rela-
tionship between monthly precipitation amount and 5'%0,
with rainfall during the wet summer season (June—October)
depleted by up to —5 %o compared with rainfall during the dry
winter season, based on historical (1962—1988) data from the
Port of Veracruz.

Geology of the Rio Actopan Basin

The geological framework of the Rio Actopan Basin has been
recently delineated by the Servicio Geologico Mexicano
(2007a, b; 2010). The oldest rocks cropping out in the basin
are of Mesozoic and Tertiary age, overlain by alkaline volca-
nic rocks of the Miocene (Campo Volcanico Palma Sola),
followed by volcanic rocks of the Pliocene, and the more
recent Quaternary magmatic rocks of the Trans-Mexican
Volcanic Belt (Fig. 1).

The pre-volcanic basement of the area is formed by
limestones and other carbonate rocks of the Upper
Mesozoic (Cretaceous), locally known as the Guzmantla
Fm (Viniegra-Osorio 1965). These formations have been
assigned to the Turonian age and were deposited in a con-
tinental platform depositional environment. In the southern
part of the study area, marly rocks, lutites and carbona-
ceous mudstones have been reported and dated as Late
Cretaceous Campanian-Maastrichtian (Servicio Geoldgico
Mexicano 2010).

In the northern part of the basin, the dominant geological
feature is Palma Sola volcanic field, which is part of the
Western Alkaline Province. In this region, andesitic rocks of
the middle Miocene are overlain by pyroclastic flows that
have been dated by Negendank et al. (1985) and Lopez-
Infanzoén (1991) as Miocene. The northwestern part of the
basin is dominated by upper Pliocene to early Pleistocene
andesite and andesitic tuffs. Outcrops of these andesitic tuffs
have a typical thickness of several tens of meters and are
located at elevations ranging from 1,000 to 3,000 masl. In
the center of the basin, (northeast of the city of Xalapa) there
are outcrops of late Pliocene rhyolitic ignimbrite (Morales-
Barrera 2009). This is overlain by Pliocene and Pleistocene
andesitic-andesite tuffs, which outcrop further north.

A major feature of the Quaternary deposits in the Rio
Actopan Basin is an extensive formation of massive, re-
crystallized Pleistocene travertine. This formation is dis-
cordantly positioned over the Cretaceous limestones. In
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the west and central parts of the basin, the most prominent
and geologically recent feature is the monogenetic volca-
nic field of Xalapa, which is formed by 59 volcanic struc-
tures extending over 2,400 km? (F ig. 1). Holocene alluvi-
al deposits and colluvial sediments along the main river
channels are the most recent formations in the basin
(Rodriguez et al. 2010).

Hydrogeological setting

Synthesizing published geological information, five main
hydrogeologic units are proposed for the Rio Actopan Basin
groundwater system: (1) Quaternary alluvial deposits up to
about 300 m in thickness (CONAGUA 2002), (2)
Quaternary volcanics (including the volcanic field of
Xalapa, with variable thickness up to tens of meters;
Rodriguez et al. 2010), (3) Pliocene ignimbrites about 80 m
in thickness (Morales-Barrera 2009), (4) Pliocene and
Pleistocene andesitic tuffs and andesites up to about 500 m
in thickness (Gémez 2002), and (5) a unit composed of both
Pleistocene travertine (several meters in thickness) and
Cretaceous limestone (more than 500 m in thickness;
Santamaria-Orozco et al. 1990).

Most groundwater extraction occurs in the coastal area,
usually from wells with total depths less than 150 m.
These high-yielding wells are screened in the unconfined
Quaternary alluvial aquifer comprised of gravels and
sands; nearest the coast, these deposits also contain clays.
The transmissivity of this unit ranges from 1 to 95 x 10°
m?/s (CONAGUA 2002). In contrast to wells located pri-
marily at lower elevations, most of the spring discharge
emanates higher up in the basin from the Quaternary vol-
canics, which have high permeability resulting from both
fractures and lava-flow structures. These springs have
flow rates of up to several m>/s. In the center of the basin,
especially in areas with abundant andesitic tuffs, some
springs likely discharge from perched aquifers. The
Pliocene ignimbrites are less fractured, resulting in
springs with smaller flow rates, often less than 5 L/s.
The deepest well in the basin (V29, 200 m depth) is lo-
cated in this formation. No springs with significant flow
rates have been identified in the areas dominated by the
Pliocene and Pleistocene andesitic formations. Major
springs V28 and V20 (discharging up to 1 m’/s), along
with well V54, are located in the combined Pleistocene
travertine and Cretaceous limestone formations (Table 1).
The limestone has differing amounts of karstification,
caused by variable fracturing and dissolution features.

Major tectonic structures (fault lineaments) within the Rio
Actopan Basin are aligned along the SE-NW direction
(Fig. 2). Many springs are located either along these structures
or in areas of steep hydraulic gradients, usually discharging
into rivers and streams. In some cases, major springs are
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Table1  Site information for groundwater sampling during 2013 in the
Rio Actopan Basin, Veracruz, Mexico. Analysis Types: C/I indicates
chemistry and stable isotope (5°H, 5'%0) results presented in Table S1
of the ESM; 7/C indicates tritium (3H) and carbon isotope (14C, 613C)

results presented in Table S2 of the ESM; CFC indicates CFC-11, CFC-
12, and CFC-113 results also presented in Table S2 of the ESM; NG
indicates noble gas (He, Ne, Ar, Kr, Xe) results presented in Table S3
of the ESM

Site Site Site name Hydrogeologic Date Latitude Longitude Elevation Analysis
No. type unit of discharge (dd/mm/ (masl) types
yyyy)
Vo5 Spring Paso de San Juan Pliocene Ignimbrites 05/07/2013 19°35' 96°52' 950 C/1, T/C
27.0" 39.9"
Vo8 Spring El Descabezadero Quaternary Volcanics 04/25/2013 19°32' 96°41' 366 C/1, T/C,
04.4" 40.4" CFC
V09 Spring El Nacimiento Quaternary Volcanics 04/23/2013 19°35' 96°47' 822 C/1, T/C,
Almolonga 02.0" 08.0" CFC,NG
V10 Spring Tepetlan Pliocene/Pleistocene 05/07/2013 19°40' 96°47' 1,246 Cn
Andesite-Andesite 45.9" 34.7"
Tuff
Vi2 Spring Topiltepec Pliocene/Pleistocene 05/08/2013 19°39' 96°40' 700 Cn
Andesite-Andesite 56.8" 05.7"
Tuff
Vi4 Spring La Cafiada Pliocene/Pleistocene 05/08/2013 19°42' 96°43' 1,450 Cn
Xomotla Andesite-Andesite 20.9" 39.9"
Tuff
V15 Spring El Castillo Quaternary Volcanics 04/23/2013 19°32' 96°52' 1,150 C/1, T/C,
42.7" 13.7" CFC,NG
V18 Spring Loma de Rogel Pliocene Ignimbrites 05/07/2013 19°33’ 96°48' 809 C/1, TIC
01.7" 02.1"
V20 Spring Pocitos Cumbre Cretaceous Limestone 05/09/2013 19°23' 96°38' 310 Cn
06.8" 46.0"
V28 Spring Balneario Cretaceous Limestone 04/24/2013 19°19’ 96°37' 195 C/1, T/C,
Carrizal 14.5" 44.7" CFC,
V51 Spring Tengonapa 24 Pliocene/Pleistocene 04/25/2013 19°39’ 96°59’ 1,688 C/, T/C,
de Junio Andesite-Andesite 53.3" 24.5" CFC,NG
Tuff
V52 Spring El Encinal Quaternary Volcanics 05/06/2013 19°35' 97°03' 2,613 Cn
13.2" 58.5"
V53 Spring El Arellano Pliocene/Pleistocene 05/10/2013 19°41' 96°59' 2,213 Ccn
Andesite-Andesite 53.2" 36.1"
Tuff
V55 Spring Vaquerias I Quaternary Volcanics 05/14/2013 19°28’ 96°49' 978 Ca
04.6" 04.7"
V56 Spring Tangerina Quaternary Volcanics 05/11/2013 19°34' 96°54' 1,439 Cn
40.7" 58.7"
V19 Well Dos Rios Pliocene Ignimbrites 04/23/2013 19°29’ 96°48’ 980 C/L, T/C,
08.2" 06.4" CFC
V33 Well Espanata Judios Quaternary Alluvial 04/24/2013 19°29' 96°27' 71 C/1, T/C
01.4" 58.6"
V36 Well San Rafael Quaternary Alluvial 04/24/2013 19°24 96°20' 10 C/, T/IC,
52.0" 23.6" CFC,NG
V37 Well Cardel 1 Quaternary Alluvial 04/24/2013 19°22' 96°20' 10 C/1, TIC
01.9” 19.7"
V54 Well Buena Vista Cretaceous Limestone 05/13/2013 19°22' 96°34' 274 C/1, T/IC
59.4" 32.9"

located in the headwaters of smaller catchments, contributing
to the formation of perennial stream flow. The predominant
groundwater flow direction in the Quaternary alluvial aquifer
near the coast is from west to east, as shown by the potentio-
metric contours of Fig. 2. These contours are based on water-
level data provided by the Comision Nacional del Agua.

Methods

Hydrochemical and stable isotope contents were determined
from a number of samples collected from springs, wells, rivers
and sea water as part of an initial reconnaissance study during
2012. Based on the results of the previous study, 15 springs
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and 5 wells were selected for hydrochemistry and stable iso-
topes (Table 1). From this group, a subset of seven springs and
five wells were selected for analysis of tritium (*H), carbon-14
(**C) and carbon-13 (**C), and a subset of five springs and
two wells were selected for chlorofluorocarbon (CFC) analy-
sis (CFC-11, CFC-12, CFC-113 and noble gases (He, Ne, Ar,
Kr, Xe), but the noble-gas samples from three sites were con-
taminated. The selection criterion was based on sampling
groundwater discharging from different hydrogeological
units. In addition, 14 precipitation samples were collected
during 2007 and 2008 for *H analysis.

Water samples were directly collected from the springs and
wells at the first access point (before the addition of chlorine).
These waters are commonly used for domestic supply and
agricultural uses; the wells are typically pumped on a daily
basis. Although the springs are perennial, the flow rate usually
decreases up to 50 % during the dry season. Peristaltic pumps
were used for the collection of spring samples. Samples for
cation analyses were filtered using 0.45-um filters and
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acidified with concentrated HNO5. Temperature, pH, alkalin-
ity and electrical conductivity were measured at all sampling
points using standard field methods.

Chemical analyses were carried out at the Laboratorio de
Quimica Ambiental, Universidad Nacional Auténoma de
Mexico (UNAM), by ICP-OES for cations and ion chroma-
tography for anions. 5'%0 and 5°H isotopic ratios, expressed
as per mil deviations versus VSMOW, were determined at the
Laboratorio de Espectrometria de Isdtopos Estables del
Instituto de Geologia, UNAM, using a Gas Bench II coupled
to a mass spectrometer stable isotope Thermo Finnigan MAT
253. Final §'®0 and &°H results were obtained after normali-
zation in the VSMOW- SLAP scale, following the procedure
outlined by Coplen (1988) and Wegner and Brand (2001).
Radiocarbon and §'°C analyses of total dissolved inorganic
carbon (TDIC) were carried out at the Groningen University,
Centre for Isotope Research (The Netherlands), by accelerator
mass spectrometry (AMS). Measurement accuracy by AMS is
typically in the range of 0.2—0.5 percent modern carbon
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(pmC) for '*C and about +1.0 %o for 5'>C. Tritium analyses
were carried out by HYDROSY'S, Hungary, and the Isotope
Hydrology Laboratory of the International Atomic Energy
Agency (IHL-IAEA), Vienna (Austria), using electrolytic en-
richment and a low-level liquid scintillation analyser, with a
detection limit of 0.1 trititum units (TU) and uncertainty of =
0.1-0.2 TU.

Analysis of dissolved noble gases from water samples was
done at IHL-TAEA using dedicated static mass spectrometers
for the determination of noble gas concentration and isotope
abundances of noble gases dissolved in groundwater samples.
Samples were collected in the field using standard 80-cm
long x 1-cm diameter copper tube samplers. CFCs were col-
lected in specifically designed brown glass bottles and also
analyzed at [HL-IAEA in triplicate samples by a dedicated
gas chromatographic system.

Results
Field parameters and major-ion chemistry

Table S1 of the electronic supplementary material (ESM)
summarizes the results of field parameters and major-ion
chemistry from samples collected from wells and springs in
April and May 2013. Water temperature in springs ranged
from 13 to 38 °C. The coolest temperature was measured in
Spring V52, located at an elevation of 2,613 masl. The
warmest temperature was measured in the thermal spring
V28, located at 200 masl, indicating the existence of deep
groundwater circulation. Most wells in the coastal plain had
temperatures ranging from 23 to 30 °C, similar to the long-
term mean annual air temperature in the area. Five hydrogeo-
chemical samples have charge balances above 10 % which
could be due to (1) analytical errors in the concentration de-
termination or (2) ionic species having significant concentra-
tion levels that were not included in the analysis (Freeze and
Cherry 1979).

The lowest specific conductance (SC) values are found in
springs located at higher elevations (e.g. 52 uS/cm at V52)
and the highest value (1,550 uS/cm) is from the thermal spring
V28 closer to the coast, likely indicative of the degree of rock/
water interaction due to varying flowpaths and geology. SC in
the wells in the coastal plain ranges from 142 uS/cm in V19
located 10 km southeast of Xalapa to 890 uS/cm in V36,
located at a short distance from the Actopan River and the
coast. A similar trend is observed with chloride, ranging from
less than 2 mg/L at high-elevation springs such as V51, V52,
and V53 to 51 mg/L at V28. CI concentrations in wells range
from 2.6 mg/L in V19 (southeast of Xalapa) to 138 mg/L in
V36 (along the coast). Nitrate concentrations in water from
most wells and springs are below the 10 mg/L drinking-water
standard, but two springs (V15 and V54) and one well (V37)
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exceed this with concentrations up to 44 mg/L; all three loca-
tions are near or downgradient of urban centers.

Piper and Stiff diagrams (Fig. 3) show that most ground-
waters are classified as bicarbonate type (Na, K, Mg, or Ca),
except thermal spring V28, which can be classified as
calcium-sulfate type, and well V36, which has a sodium-
chloride component. Spring V28 emanates from an outcrop-
ping limestone formation, but likely represents discharge from
the deep regional groundwater flow based on its high temper-
ature and sulphate concentration (700 mg/L). Well V36, locat-
ed near the coast, seems to be a mixture of both calcium-
bicarbonate and sodium-chloride types, perhaps indicating
saltwater intrusion.

Stable isotopes

Stable-isotope analyses of springs and wells sampled in 2013
indicate a meteoric source of groundwater within the Rio
Actopan Basin. Figure 4b (5'%0 versus 6°H) illustrates that
these samples plot along both the global meteoric water line
(GMWL), 6°’H =8 5'%0 + 10 (Craig 1961) and the local me-
teoric water line (LMWL), 5°H=7.44 §'%0 +7.3 (Pérez
Quezadas etal. 2015). The 5'®0 values of the 15 springs range
from —7.1 to —9.6 %o; 5*H values range from —45.3 to
—64.4 %o (Table S1 of the ESM). The isotopic values are more
enriched for the five wells in the coastal plain, ranging from
—5.5 to —7.3 %o for 5'°0 and —36.5 to —48.5 %o for 5°H
(Table S1 of the ESM).

Figure 4 shows the relation between §'%0 and elevation of
the site sampled, which is generally consistent with a previ-
ously published isotopic elevation gradient for precipitation in
the Rio Actopan Basin (Pérez Quezadas et al. 2015). All of the
springs above 1,400 masl, however, are slightly enriched com-
pared with precipitation. This indicates some preferential re-
charge of isotopically enriched precipitation that is character-
istic of the drier winter months, perhaps because of reduced
evapotranspiration during this cooler period. Conversely,
many of the springs and wells at elevations below 1,200 masl
are slightly depleted compared with precipitation; this may be
explained by recharge to these sites occurring at higher eleva-
tions in the watershed.

Carbon-14

Measured "*C from 12 springs and wells ranged from about
12 to 96 pmC; 5'°C ranged from —3 to —19 %o VPDB
(Table S2 of the ESM). Figure 5 shows '“C (along with triti-
um) at several springs and wells along a NW-SE cross-sec-
tion. Typical values are greater than 80 pmC in the upper part
of the basin (spring V51) and less than 20 pmC in the coastal
plain (well V54 and spring V28, both located in limestone
formations). The Fontes and Garnier (1979) model was used
to calculate the age using both '*C and §'*C. This is a hybrid
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of the Ingerson and Pearson (1964) model and Tamers (1975)
model, combining both chemical and isotopic data to correct
for exchange reaction effects on '“C activity. It considers a
two-stage evolution of recharge waters, using 5'*C to account
for isotopic exchange with CO, in the unsaturated zone and
isotopic exchange with carbonate rocks in the saturated zone.
A chemical mass balance is performed similar to Tamers, with
a provision for base exchange, to define the mass of carbon
dissolved from inorganic sources (Plummer et al. 1994).

It is assumed that the corrected initial '*C of infiltrating
precipitation was 100 pmC (no bomb-pulse water) be-
cause measured values were less than or equal to 96
pmC, even for those having modern (post 1950s recharge)
concentration of other environment tracers. Regarding
isotopic exchange in the saturated zone, no published in-
formation was available for 6'°C of aquifer carbonates
within the study area. A range of values from —2.0 to
+2.0 % was tested, with values of +1.5 %o producing "*C
corrected ages most consistent with high tritium concentration
(>0.5 TU) and the presence of CFCs at four springs (V15, V09,
V51, and VO08). For isotopic exchange in the vadose zone, soil
zone 8'°C,., was estimated by assuming that the predominant
natural vegetation in the upland areas contributing to all of the
springs and two higher elevation wells (V54 and V19)

is primarily C3 plants (respiring more isotopically
depleted 5'*C o, with end-member values ranging from about
—17 to =30 %o). The §"*C,, of the four young springs was
individually adjusted within a range of about —17 to —30 %o
until the corrected '*C ages were modern (less than 100 years).
Then the average 5"3C value for these four sites (—19.4 %) was
used for three other springs (V28, V05, V18) and the two
higher elevation wells (V19, V54), which all have low tritium
(<0.3 TU). Similar to the group of springs with modern water,
the group of lower elevation wells (V33, V36 and V37) all have
high tritium (>0.5 TU) and, therefore, individual 5">C values
for each site were determined so that the corrected '*C ages
were modern (less than 100 years). The resulting “calibrated”
5'3C values were less depleted for these three wells (—11.7 to
—15.7 %o), consistent with the dominance of C4 plants
(6"Ccon of =10 to —16 %) such as sugar cane in agricultural
areas in the lower part of the watershed. With these assump-
tions, corrected piston-flow '*C ages of the three springs
and two wells with low trittum (<0.3 TU) are all Holocene
(about 5,000 years for spring V28, about 3,000 years for
spring VO05; about 500 years for spring V18; about 11,000
years for well V19; and about 7,000 years for well V54).

Tritium

Measured *H from 12 springs and wells ranged from about 0
to 1.9 TU (Table S2 of the ESM; Fig. 5). *H from precipitation
samples collected in 2007 and 2008 ranged from 1.4 to 2.5
TU, with a mean value of 1.8 TU (n=14). Comparison of
groundwater concentration with corrected '*C age (Fig. 6)
shows that the *H results are consistent with '*C results, with
two distinct groups: (1) older waters having '“C ages of about
3,000—11,000 years (sites V05, V19, V28, V54) with *H
values of less than 0.3 TU; and (2) younger waters having
14C ages of 30-500 years (sites V08, V09, V15, V18, V33,
V36, V37, V51) with *H values of 1.9-0.5 TU.

Noble gases

Noble gas concentrations from three springs and one
well (Table S3 of the ESM) were analyzed to evaluate
recharge conditions, estimate excess air, and for dating

Fig. 5 Cross section along a B NW B'SE
NW-SE line showing the tritium
. P Elevation
and radiocarbon activities,
.. R (masl)
expressed as tritium units (7U)
. . 2000
and pmC, respectively. See Fig. 1 B’;STU
for location of the cross-section 1500 82.1 pmC
Vo
1000 0.3TU v V54 V28
753 pmC 1.5TU I 03TU 931U
500 88.9 pmC Vi9w e
02TU [
47.8 pmC ‘—H—\k
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using the trittum/helium method (*H/°He) and terrigenic
helium production (*Her). Both the unfractionated air
(UA; Stute and Schlosser 2000) and closed equilibrium
(CE; Aeschbach-Hertig et al. 1999) models were used to
fit concentrations of Ne, Ar, Kr, and Xe to theoretical
values. These models evaluate recharge temperature
governed by Henry’s Law solubility (plus excess air) of
dissolved gases entering the water table in the recharge
zone using the x? goodness of fit test with the excel-
based “CalcAge” program (provided by Dr. Kip
Solomon of the University of Utah, USA). Results of
the simpler UA model are reported for this study because
it produced good fits of less than a y* probability thresh-
old (P<5 %) of 6.0 based on 2 degrees of freedom
assuming four measured gases and the two parameters
of recharge temperature and excess air.

While stable isotopes (6'%0, 5°H) indicate the source ele-
vation of precipitation, they are unable to differentiate be-
tween recharge occurring at higher elevation versus surface-
water runoff and recharge at lower elevation. Because the
solubilities of noble gases are temperature-dependent, they
can record the water temperature at which infiltration enters
the aquifer, providing additional information on the elevation
of the recharge zone. Because of the co-dependence of re-
charge elevation and recharge temperature, noble-gas re-
charge temperatures were calculated for both the elevation of
sampling site (Trmax) and the maximum possible elevation of
the water table within the watershed of 2,500 masl (Trmin)-
The maximum water-table elevation is based on the elevation
of the highest springs within the watershed. The most-
probable recharge elevation for each site was then determined
as the intersection of the (T min)/(Trmax) line with the ground-
water temperature lapse rate (Manning and Solomon 2003).
Recharge temperatures ranged from about 11-20 °C (Fig. 7;
Table S3 of the ESM). These recharge temperatures are con-
sistent with high-elevation (>1,100 m) recharge. Also, excess
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neon (ANe), an indicator of trapped air caused by water-table
fluctuations in the recharge zone, ranged from 0 to about
30 %, indicating small to moderate amounts of additional
gas dissolution during recharge.

The groundwater temperature lapse rate (about 6 °C per
km) in this study is higher than one previously reported based
on spring temperatures in the Wasatch Mountains of Utah,
USA (Manning and Solomon 2003) but lower than those re-
ported for other tropical areas, including the Cape Verde
Islands, West Africa (Heilweil et al. 2012); it is within the
range of atmospheric temperature lapse rates for the Cascade
Mountains of Washington, USA (Minder et al. 2010). While
groundwater lapse rates measured from springs do not account
for the conversion of gravitational potential energy to heat
through viscous dissipation of about 2 °C per km (Manga
and Kirchner 2004), the lapse rate for the Rio Actopan water-
shed is consistent with the mean annual air temperature at the
port of Veracruz of about 25.6 °C (Hernandez Lopez 2012).

3H/3Hetrit and 4Heter

The noble gas analyses also provided measurements of total
helium (He) and helium isotope ratios (*He/*He; Table S3 of
the ESM). Using the equilibrium (plus excess air) solubility of
the noble gases (Ne, Ar, Kr, Xe), along with measured He and
3He/*He ratio, terrigenic helium (*He,,) was calculated using
“CalcAge” for the four sites with noble-gas data. “He, accu-
mulation occurs with time as “He is produced as a byproduct
of uranium and thorium decay in the aquifer matrix. Although
this is only a qualitative indicator of groundwater ages be-
tween 10° and 10° years, older groundwater in an aquifer
having uniform “He production rates would typically have
higher “He,., than younger groundwater (Solomon 2000).
Calculations made for this study assume a terrigenic *He/*He
ratio of 2.8 x 10_8, a value commonly used for crustal helium
production during U/Th decay (Solomon 2000). While the
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actual ratio may be lower in the Rio Actopan study area be-
cause of volcanism, there are no published data to support this.
Using *He/*He ratio of 2.8 x 10~®, *He,, concentrations at the
four sites ranged from 6.7 x 107" to 4.9 x 107° ccSTP/g
(Table S3 of the ESM), relatively small values that would be
even less if a larger *He/*He ratio were used. The lower two
values from V09 and V51 (2.2x 10 ' and 6.7 x 10"
cc(STP)/g, respectively) are insignificant (essentially zero).
All four sites are assumed to contain primarily young water
based on their corrected '*C ages of only 30 to 60 years. Sites
having older '*C ages in the Rio Actopan Basin such as at
V19, V28, and V54, may contain higher amounts of terrigenic
helium, but were not sampled for noble gases during this study.

Chlorofluorocarbons

Using the estimated recharge temperature, elevation, and excess
air calculated from noble gases, measured chlorofluorocarbon
(CFC) concentrations were converted to equivalent atmospheric
concentrations (pptv) for age determination using the US
Geological Survey (USGS) Reston Groundwater Dating Lab’s
CFC age calculator (Excel). The excess air used for four sites
with noble gases (V09, V15, V36, V51) ranged from 0.02 to
2.6 cc/kg. The average value of 1 cc/kg was used for the other
three sites without noble gases (V08, V19, V28). Calculated
piston-flow ages were not very sensitive to the amount of excess
air. For example, at the three sites without noble-gas derived
excess air, an order of magnitude increase (to 10 cc/kg) changed
the age by less than 0.5 years. Piston-flow years range from pre-
1950s to the late 1980s (Table S2 of the ESM). The tracer-tracer
plot of CFC-12 versus CFC-113 (Fig. 8) confirms piston-flow
recharge conditions for springs V08 and V09, which were likely
recharged in the late 1980s. Slightly older piston-flow ages for
V08 and V09 determined from CFC-11, and for V15

Temperature (°C)

determined from CFC-113 may be due to preferential bacterial
anaerobic sulfate-reducing biodegradation of CFC-11 and CFC-
113 (Plummer and Busenberg 2000). The tracer-tracer plot in-
dicates that well V36 and spring V051 contain mixtures of
young and older water. Assuming a binary mixing model, V36
contains about 25 % modern water recharged between 1985 and
1995 and 75 % recharge occurring more than 50 years ago. V51
contains about 80 % recent recharge (2013) and 20 % recharge
occurring more than 50 years old. Young corrected '*C ages for
both V36 and V51 (Table S2 of the ESM) indicates that the
“old” groundwater component at these sites is less than
hundreds of years old. The tracer-tracer plot shows that both
V19 and V28 have primarily pre-modern water. This is
consistent with older *C ages (about 12,000 and 5,000 years,
respectively) and low tritium (0.2 TU) for these sites.

Discussion: comparison of *H/*He and CFC ages

For the sites such as V36 and V51 containing binary mixtures
of younger and older groundwater, the *H/°He age should
theoretically be similar to the age of the young component
determined by CFCs and younger than the CFC piston-flow
age. This is because the *H/°He age is determined by the
amount of parent (*H) relative to its daughter (*He), the prod-
uct of radioactive decay. This ratio remains unchanged even
when diluted by older tritium-free water. In contrast, an
“apparent” piston-flow CFC age would get older when diluted
by older CFC-free water. This is true for spring V51, with a
*H/*He age of 4-2+0.5 years and young component of the
binary CFC12/113 mixing model recharged within 1 year of
sampling, compared with piston-flow CFC ages of 25—
28 years. But this is not true for well V36, which has a
>H/*He age of 39 years (recharge in 1974) which is similar
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to the piston-flow CFC age of 33-42 years, yet older than the
young component age of 18-28 years for the binary mix based
on CFC-12 and CFC-113. It is likely, therefore, that some
tritiogenic *He was lost, either due to degassing at the spring
orifice or during the sampling process. Such gas loss may also
explain the discrepancies for springs V09 and V15, both hav-
ing piston-flow recharge rather than binary mixtures with
younger “H/°He ages (10 and 4 years, respectively) than the
piston-flow CFC-12 ages (mid-1980s recharge).

Conclusions

In order to better understand groundwater resources and
groundwater quality within the Rio Actopan Basin, samples
from 20 sites were collected for major-ion chemistry and sta-
ble isotopes. Carbon-14, trittum, chlorofluorocarbons, and no-
ble gases were analyzed at selected sub-groups of these sites.
Major-ion chemistry indicates that both salinity and water
temperature generally increases in the lower part of the basin.
Total dissolved solids in springs ranged from < 40 mg/L in the
upper part of the watershed to >1,000 mg/L near the coast.
Assuming most recharge occurs in the upper part of the basin,
this increase likely indicates increased rock/water interaction
associated with longer groundwater flowpaths. The geology
within the basin (a mixture of volcanics, carbonates, and un-
consolidated alluvial deposits) also controls the chemical sig-
nature of groundwater, resulting in calcium-bicarbonate, cal-
cium-sulfate, and sodium-bicarbonate type waters. One well
located near the coast has a mixture of both calcium-
bicarbonate and sodium-chloride types, perhaps indicating
some saltwater intrusion. Also, while most wells and springs
have nitrate concentrations below the 10 mg/L drinking-water
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standard, two springs and one well near or downgradient of
urban centers have concentrations between 2044 mg/L.

Stable isotopes plot along a local meteoric water line pre-
viously defined by rainwater samples, indicating that recharge
comes from precipitation falling at various elevations within
the basin. All of the springs above 1,400 masl are slightly
enriched compared with precipitation, indicating preferential
recharge during the drier winter months. Many sites below
1,200 masl are slightly isotopically depleted, indicating their
recharge occurs at higher elevations in the watershed. This is
supported by cooler noble-gas recharge temperatures, which
indicate that most of the recharge to the groundwater system
occurs in the higher-elevation upland part of the basin.

The ages of groundwater in the Rio Actopan Basin gener-
ally are Holocene to modern, indicating active groundwater
recharge and relatively rapid movement through permeable
aquifers. The wide range in ages (1 to >10,000 years) deter-
mined from environmental tracers indicates a variety of
groundwater flowpaths and travel times within the watershed.
While mixtures containing such old groundwater are unex-
pected in such a wet tropical setting, similar mixtures contain-
ing old groundwater (>1,000 years) were found in a tropical
lowland rain forest in Costa Rica (Solomon et al. 2010).

Groundwater ages in the Rio Actopan Basin derived from
different tracers were generally consistent. For example, all
the groundwater older than about 500 years based on '*C
has low tritium (<0.5 TU), whereas all of the younger ground-
water has tritium between 0.5 and 2 TU. Similarly, ages de-
termined with *H/°He are generally consistent with piston-
flow CFC ages, but because the sampling sites included both
springs and production wells with long screened intervals
(rather than monitoring wells with short screen intervals),
some groundwater samples are mixtures of two or more flow
paths. This is supported by a CFC-12 versus CFC-113 tracer-
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tracer plot, with some samples located along a piston-flow
line, while others are along binary mixing lines of young
and older groundwater. In conclusion, the data collection
and interpretation confirmed the study’s hypothesis that the
groundwater system within the Rio Actopan Basin is relative-
ly active, with the majority of recharge to the groundwater
system occurring in the upland parts of the watershed and
moving towards the coast.
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