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Abstract

The Independence Basin in the semi-arid Guanajuato state of central Mexico is facing serious groundwater
resources deficiency due to an increasing demand linked to a rapid population growth and agricultural
development. This problem is aggravated by an inadequate evaluation of groundwater resources in the
region. Geochemistry and isotopic tracers were used in order to investigate the groundwater flow system
and estimate the groundwater residence time. The groundwater is characterized by low salinity with some
exceptions associated to a contribution of more saline groundwater from deep formations. The
predominant reactions are CO, gas dissolution, carbonate dissolution, albite weathering, kaolinite and
chalcedony precipitation. Six principal hydrochemical zones were recognized, which provided information
on plausible recharge sources and groundwater chemical evolution. The **C concentration varies between
19 and 94 pmc. The high **C values indicating recent recharge are observed at the basin margins and a trend
to lower *C values is observed along the modern groundwater flow paths. The groundwater residence time
according to radiocarbon estimations ranges between recent and ~11 ka. The residence time distribution
matches the regional important discharge zones west in the basin center (from Dolores Hidalgo and
southwest from Doctor Mora). Hydrochemical tracers are in general agreement with the predeveloped and
current hydraulic-head configuration however show some inconsistencies with the predeveloped head in
the downgradient areas, which means that the impact by gradually increasing groundwater extraction
during the last decades is reflected on radiocarbon age distribution. Geochemical evidences imply that the

recharge input from the northern basin area is insignificant.
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1. Introduction

The Independence Valley of semi-arid central Mexico, which relies greatly on groundwater

resources, has experienced a massive population growth and agriculture expansion during
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the last decades (SAGAR, 1999). State and local agencies have shown that the pressures
imposed by growing population and socioeconomic development have resulted in declines
in groundwater levels in excess of 0.8 to 1.2 m per year during the last decade (CEASG,
1999; CEAG, 2001). The production of 2,500 deep wells in the Independence Valley
caused changes in groundwater flow direction, a continuous reduction of the number and
discharge of springs and surface waters, and a deterioration of the ecosystem conditions
(Navarro de Ledn et al., 2005). Although this aquifer system is intensively exploited, little
was known prior to this study about the flow pattern and groundwater ages. Similarly, the
origin of elevated concentrations of some minor and trace elements and the vulnerability of
the productive aquifer to pollution was unclear. This paper presents isotopic and chemical
data from recent studies to corroborate the groundwater flow concept by evaluating
radiocarbon data. These data concentrate on the upper sedimentary aquifer, because it is
considered as the major potable water supply of the Independence Basin. The conceptual
model obtained from the geochemical approach can be used to refine and calibrate the
existing groundwater flow model, by means of comparing the hydrochemical patterns with
the pathlines calculated via particle-tracking model, and the tracer residence times with the

time of travel of particles along the pathlines.

2. Study Area

General Settings

The Independence Basin, situated in the Central Mexican Altiplano, is a sedimentary basin
and covers a surface area of about 6,840 km?, with the valley-floor-elevation of 1,850-1,900
and summits of 2,850 m above sea level (masl). The basin is surrounded by mountain
ranges, which include the Sierra del Cubo to the north, the Sierra de Santa Barbara to the
northwest, the Sierra de Guanajuato to the west, the Palo Huerfano and La Joya volcanoes

to the south, the Zamorano massif to the southeast, and the Sierra de Xichu to the northwest

(Fig. 1).
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Figure 1: Location of the study area with general geologic and topographic features and
towns. “TMVB” indicates the Transmexican Volcano Belt, “MC” means Meseta

Central, and “SMOc” stands for Sierra Madre Occidental.

The climate of the Independence Basin is semiarid, although the mountainous areas are
semihumid; the mean annual precipitation measured from 1961 to 2001 at 21
meteorological stations in the study area is <400 mm in the plains and >800 mm at higher
elevations. The rainfall season is from May to October, with an average of 35 to 86
mm/month. The precipitation during the dry season from November to April is about 8 to
18 mm/month. The mean annual temperature and the mean summer temperature are 17.1
and 21.0 °C, respectively (IMTA, 1999; Mahlknecht, 2003). The actual evapotranspiration
according to the Turc method is 518 mm/yr, the potential evapotranspiration according to

Blaney-Criddle is 1,280 mm/year (Mahlknecht, 2003).

The drainage network is mainly of dendritic-type. The main surface drainage is the Rio
Laja, which extends the entire length of the basin (Fig. 1). Its headwaters are situated in the
northwestern part (near San Felipe) and the basin outflow in the south (near San Miguel de

Allende). The average runoff recorded in a station gauge at the basin outlet is 258
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Mm’/year (CNA, 1992). Surface inflow from adjacent basins can be excluded. Numerous
arroyos and ephemeral channels carry substantial water to the Rio Laja. These surface
waters and mountain-front recharge are also responsible for recharge formation during
heavy or long storm events. Rapid and direct infiltration to the basin deposits is

insignificant.

For background of the geological settings of the Independence Valley and surrounding
areas, the reader is referred to Martinez-Reyes (1992), Nieto-Samaniego et al. (1996),
Pérez-Venzor et al. (1996), Vasallo et al. (1996), Aranda-Gémez and McDowell (1997),
Cerca-Martinez et al. (2000), Eguiluz de Antuiiando et al. (2000), and Alanis-Ruiz (2002).

Aquifer Settings

The first diagnostic geohydrologic studies in the Independence Valley were carried out in
the 1970’s and 1980°s (SARH, 1972; SARH, 1986). In light of the progressive groundwater
level decline, Federal and State agencies conducted a series of studies beginning in the
early 1990’s to improve the hydrologic and geohydrologic understanding in the region
(SARH, 1992; CEASG, 1999; CEAG, 2001; CEASG, 2000a, 2000b; UGTO, 2004). Some
recent investigation results on the geohydrologic framework and hydrogeochemical
conditions were published in PhD theses and research papers (Mahlknecht, 2003; Navarro
de Ledn, 2005; Mahlknecht et al. 2004a, 2004b; Navarro de Leon et al., 2005).

The aquifer system consists of the upper unconsolidated to moderately consolidated basin-
fill deposits and the lower consolidated and fractured material (Fig. 2 and 3). The basin-fill
deposits, with a thickness of up to 400500 m, are composed of Pleistocene to Holocene
alluvial deposits, and alluvial to lacustrine sandy to silty sediments, interstratified with
volcanic conglomerates and tuffs from Pliocene. The tuff sequences represent an important
formation because most water production wells are drilled in this geological unit. On the
other hand, the lower fractured material consists mainly of ignimbrites of rhyolitic origin,
along with conglomerates (Guanajuato conglomerate) and andesites (El Cedro andesite,
Allende andesite) from Miocene-Oligocene age. The fractured aquifer material is important
due to its high fracture density and potential infiltration capacity (UGTO, 2004). This
study, however, is focused on the upper sedimentary deposits. Petrographic studies indicate

that the siliciclastic aquifer consists mainly of quartz, albite, feldspar, kaolinite, Ca-
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montmorillonite and hematite (Mahlknecht, 2003). Anorthite is found mainly in basaltic
Quaternary formations in the south (San Miguel de Allende) and northeast (San Luis de la
Paz) of the study area, whereas Ca-montmorillonite, chalcedony and kaolinite are mainly
present in downgradient aquifer zones (toward the basin’s center and the Allende dam).
According to CEASG (1999), the tuff formations are of rhyolitic composition and consist
mainly of quartz, K-feldspar, rock fragments and plagioclases. Calcite has been observed as
the primary cement in sediments. A typical phenomenon of soils in some parts of the study
area (e.g. Mineral de Pozos, Fig. 1) is the accumulation of calcium carbonate (caliche)

immediately beneath the solum.
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Figure 2: Groundwater flow concept under natural conditions and sampling sites.
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Figure 3: Simplified conceptual hydrostratigraphical section A-A’ of the Independence
aquifer (compare with Fig. 2) and hydrochemical zones (compare with Fig. 5).

3. Materials and Methods

Sample Collection and Analysis

Twenty-four samples were collected from agricultural and domestic water production wells
from April 2000 to June 2000. Sampling and analyses procedures for major and minor
chemical components are identical to those used in Mahlknecht et al. (2004b). An
additional set of 40 chemical and 38 8'*0 data (Mahlknecht, 2003), as well as 35 chemical

and 11 8'°0 data (UGTO, 2004), were used as background information.

The samples were analyzed for tritium by a liquid scintillation counter after electrolytic
enrichment at Hydroisotop GmbH Laboratory, Schweitenkirchen, Germany. The detection

limit was 0.6 Tritium Units (TU) and the analytical error varied around 0.6 TU. Oxygen-18
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analyses were measured by '®O by the Isotope Laboratory of the Institute of Geology at the
Federal Technical Institute Zurich (ETHZ), Switzerland. Additional isotopic data analyzed
by the Environmental Isotope Laboratory, University of Waterloo (UGTO, 2004) were
included for spatial analysis. Analyses for 'O are expressed in S-notation relative to
Vienna Standard Mean Ocean Water (VSMOW) standard. Radiocarbon analyses were
carried out by liquid scintillation counting using the benzene technique. Carbon-14 data are
reported as percent modern carbon with an analytical error in the order of 0.4 to 0.7 pmc.
Carbon-13 was analyzed by mass spectrometry and the >C data are expressed in 8-notation
relative to Vienna Pee Dee Belemnite (VPDB) standard. Both carbon isotope analyses were

carried out at the Arsenal Research Isotope Laboratory, Vienna, Austria.

Eight carbonate samples (sample size 10 mg) were analyzed for *C and 'O by mass
spectrometry at the Environmental Isotope Laboratory of Waterloo University. The
reported analytical error was 0.1%o. Carbon dioxide was prepared from carbonate minerals

by reaction with 100% phosphoric acid (H3POj) at 50°C.

Interpretation by Geochemical Modeling

Geochemical reaction models are used to account for the influence of carbon
hydrochemistry in the '*C dating, i.e. a piston flow model with the initial '*C activity
changed by the dissolution of “dead” carbonates in the soil zone. A speciation-solubility
code, PHREEQC (Parkhurst and Appelo, 1999), version 2.11 (2005) was used to evaluate
the equilibrium state of groundwater with respect to mineral and gaseous phases. In
addition to the mineralogical investigation, chemical and petrographic data from other
studies were compiled to reconstruct the chemical composition of rocks and soils (CEASG,
1999; Ramos-Ramirez et al., 2002; Mahlknecht, 2003; Ornelas-Soto, 2003; UGTO, 2004).
UGTO (2004) reported also cation exchange capacity and exchangeable cations (Na, Ca,
Mg, K). Morphological studies on scanning electron microscope (SEM) images were
performed by Mahlknecht (2003) to evaluate dissolution or precipitation tendencies of the
aquifer material. All these data were analyzed systematically and integrated to determine

the geochemical reactants present in the Independence Aquifer.

For the geochemical modeling procedure, the sample set was initially divided into recharge

samples and non-recharge samples. The criteria for this classification included the position
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of the well with respect to the groundwater flow system, the saturation state with respect to
carbonate mineral phases, and the carbon-14 activity. Recharge samples were determined to
be substantially undersaturated with calcite (SI <—0.7) and dolomite (SI < -2.0), and/or to
have high "C activities (>80 pmc). On the other hand, non-recharge samples include wells
from intermediate and discharge zones, which are saturated with carbonates and have lower
"C values (Table 1). Some samples are located at the limit between recharge and
intermediate areas, but due to their chemical and isotopic characteristics are accounted for
as discharge water samples. RL-9 and RL-24 represent intermediate water flow regimes
and show mixed chemical and isotopic conditions between recharge and discharge water.
RL-6, RL-31b and RL-36b are the only samples located directly inside or near the defined
discharge areas (Fig. 2). The delimitation of recharge and non-recharge wells by means of
*H and nitrate concentrations was not effective due to the low concentration and little

variability.

Table 1: Chemical and isotopic data of samples used for evaluation of residence time.

“RW’/’NRW” indicates the classification of samples into recharge and non-recharge

samples.
SAMPLE  Well depth WT depth  Position Temp pH EC Na K Mg Ca SiO, HCO;, cCI NO; SO, 5'%0 34  10gPcoz  Sicaicite Sl dolom.
D (m) (m) (°C) (uS/cm) (mmol L) (%o VSMOW)  (T.U.)

RL-1 14 12.0 NRW 16.6 7.86 542 1.92 0.36 0.49 1.04 1.03 475 043 0.04 0.09 -10.58 <0.6 -25 0.4 0.4
RL-6 60 36.1 NRW 26.6 7.22 532 152 0.28 0.94 124 095 590 0.05 0.03 0.05 -9.92 <0.6 -1.6 0.1 0.2
RL-7 200 45.8 RW 32.7 7.00 111 046 0.19 0.03 0.14 153 0.76 0.05 0.00 0.06 -9.99 0.80 -2.3 -1.8 -4.1
RL-8 100 40.0 RW 204 6.01 85 0.29 0.13 0.06 0.08 0.71 045 0.08 0.02 0.13 -12.19 2.00 -1.6 -3.4 -7.0
RL-9 150 100.7 NRW 295 7.41 412 262 047 011 035 143 246 116 0.04 0.20 -10.58 <0.6 -2.2 -0.6 -1.6
RL-11 100 61.1 NRW 211 6.75 1999 1.09 0.34 397 7.86 041 7.71 056 0.00 8.69 -11.42 <0.6 -1.2 0.1 0.0
RL-16 18 16.0 RW 223 742 505 1.38 0.29 0.15 1.46 1.22 4.43 0.14 0.00 0.17 -9.04 <0.6 -2.0 0.1 -0.6
RL-21b 100 85.7 NRW 26.7 7.28 530 1.77 045 044 133 162 533 0.06 0.03 0.05 -9.82 <0.6 -1.8 0.1 -0.2
RL-23 - 61.2 NRW 29.1 7.10 373 224 0.14 005 061 1.03 329 0.16 0.03 0.12 -10.21 <0.6 -1.8 -0.6 -2.1
RL-24 - 110.4 NRW 389 730 240 167 0.16 0.03 0.24 126 210 0.10 0.01 0.09 -9.69 <0.6 -2.1 -0.8 -2.2
RL-25 100 36.7 RW 224 6.67 174 0.49 0.15 0.10 042 1.28 150 0.07 0.01 0.06 -9.69 <0.6 -1.7 -1.5 -3.6
RL-26 - 61.1 NRW 229 758 281 1.14 0.21 0.13 057 1.04 249 0.07 0.02 0.06 -10.54 <0.6 -2.4 -0.3 -1.2
RL-27 100 34.2 NRW 304 7.40 470 1.68 0.65 0.30 1.23 1.35 3.64 0.28 0.04 0.34 -9.44 0.80 -2.0 0.1 -0.3
RL-28 200 122.8 NRW 33.7 7.24 498 2.62 057 0.26 0.78 1.63 4.12 045 0.04 0.33 -9.59 <0.6 -1.8 -0.2 -0.7
RL-31b - 112.0 NRW 36.1 7.10 422 273 0.29 0.07 0.79 155 3.70 0.250 0.020 0.260 -9.55 <0.6 -1.9 -0.3 -1.5
RL-34 50 28.0 RW 237 6.81 324 066 0.19 0.20 1.01 1.02 3.22 0.11 0.07 0.08 -11.28 1.00 -1.5 -0.7 -2.0
RL-36b 150 81.52 NRW 359 7.8 372 3.77 0.06 0.05 030 0.78 4.01 0.22 0.03 0.10 -9.89 <0.6 -2.4 0.0 -0.5
RL-37 200 114.9 NRW 287 737 601 320 1.87 0.13 0.95 1.44 450 0.53 0.04 0.52 -9.01 <0.6 -1.9 0.0 -0.8
RL-38 150 95.4 NRW 29.1 7.44 423 140 0.28 043 0.88 1.16 4.02 0.09 0.03 0.09 -10.07 <0.6 -2.0 0.0 -0.1
RL-41 100 62.5 NRW 274 747 432 096 0.21 0.65 1.18 141 3.97 0.11 0.03 0.23 -10.86 <0.6 -2.1 0.1 0.1
RL-42 - 56.3 NRW 29.7 6.99 526 0.74 0.10 056 191 0.24 487 0.11 0.00 0.35 -9.67 <0.6 -1.5 -0.1 0.5
RL-43 145 101.6 NRW 239 739 439 125 0.26 040 1.06 1.26 4.12 0.10 0.04 0.10 -10.28 <0.6 -2.0 0.0 -0.4
RL-46 100 60.8 NRW 250 7.41 600 204 0.32 0.73 0.99 1.09 450 0.74 0.06 0.28 -11.04 0.60 -2.0 0.0 -0.1

Because no pairs of initial and final water wells along a flowpath were identified and given
the hydrogeological settings, an alternative modeling approach is proposed for radiocarbon

evaluation, where each water sample (recharge and non-recharge) is evolved from pure
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water. The basic assumption is that part of the carbon-affecting reactions occur in the
unsaturated zone and part in the saturated zone. Soil CO; is introduced in the unsaturated
zone and since the CO, gas concentration in water samples is not known, it was estimated
based on thermodynamics, water chemical and physicochemical parameters. The 5% and
95% percentile of calculated CO, gas was between 1.0 to 4.0 mmol L. Taking into
consideration that the vegetation density is relatively scarce during most of the year in the

selected sampling sites, the CO, gas concentration may be less than 2.5 mmol L™

The obtained models for recharge samples were checked manually for reliability (a) by
eliminating cases with unrealistic reactions, such as models with unreliable large mass
transfers, and (b) by comparing the *C contents of CO, gas of the unsaturated zone
calculated by mass balance models with literature-derived ranges of values (Mook, 1980;
Thorstenson et al., 1983; Phillips et al. 1989; Clark and Fritz, 1997) and excluding balance
cases that did not agree with the range of reported *C values. Finally, the "*C decay

equation was applied on geochemical adjusted activity (Anq).

The inclusion of uncertainty limits for analytical chemical and isotopic data is an essential
advantage of PHREEQC over other geochemical codes such as NETPATH (Plummer et al.,
1991). The solution with data uncertainty makes PHREEQC more robust, because
NETPATH may produce large changes in mole transfers in response to small changes in
the input data (Parkhurst and Appelo, 1999). PHREEQC's algorithm that allows
uncertainty in data is useful in areas with a low density of information on geochemistry, in
heterogeneous aquifers, and in areas where potential mixtures of groundwater of different
ages exist. The strength of NETPATH is its treatment of isotopic fractionation, compared to
the purely mole balance approach of PHREEQC. Isotope fractionation, however, occurs
only when carbonates precipitate. If models dissolve only for carbonates, the PHREEQC

approach can be used alone.

4. Results and Discussion

Inorganic Chemistry

According to a survey carried out in 2000 (Mahlknecht, 2003), the mineralization of most

water samples is low, with specific conductance ranging from 85 to 967 uS/cm. A few

10
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samples located in the Mineral de Pozos area near San Luis de la Paz (Fig. 1) show higher
values, in the order of 2000 uS/cm, which is likely due to mixing with water from the deep
confined Cretaceous limestone units. The groundwater temperature along basin margins
ranges from 17 to 22°C reflecting the mean annual temperature, while groundwater from
deeper geological formations reaches a maximum in the order of 40°C. Recharge water
from the basin margins is characterized by a low pH, ranging from 6.0 to 6.5, and low DIC
on the order of 1.6 mmol L. Groundwater from downgradient zones has a pH between 6.5
and 8.8, and a DIC around 4.6 mmol L. Groundwater from the recharge zones is
predominantly of Ca-HCOj; facies, and evolving toward a Na-Ca-HCOs type water along
the groundwater flow system toward discharge areas. A few waters of Ca-SO, facies,
representing an exception, indicate mixture with groundwater from a deep confined aquifer

located in the Mineral de Pozos former mining district in the vicinity of San Luis de la Paz
(Fig. 1).

The average alkalinity (as HCO3) is in the order of 222 mg L. Large values of alkalinity
(>280 mg L") are along the northeastern part of the study area in the vicinities of San Luis
de la Paz and San Diego de la Union, and the southern San Miguel de Allende vicinity. A
tendency to lower alkalinity exists toward the western study area. In most samples,

groundwater is saturated with respect to calcite.

Stable Isotopes (*H, '®0) in Groundwater

The stable isotope content of water ("*0 and *H) varies around the median of -10.1%o and -
73.5%0, respectively, with standard deviations of 0.9%o0 and 6.4%o, respectively.
Groundwater from the eastern part of the basin agrees nicely with the regional meteoric
water line (RMWL) developed by Cortés et al. (1997) and fits to the line 8°H = 8.04-5'%0 +
11.84, while groundwater from the western part shows a distinct regression line (8°H =
8.35:8'"%0 — 16.80) resulting from a different rainout mechanism and evaporation effects

due to farming (Mahlknecht et al., 2004b).

Most groundwater in the valley floor has §'°0 values between -8 and -10%o, and
groundwater throughout the rest of the basin between -12 and -10%o (Fig. 4). The heavier
values coincide with regional discharge zones and the lighter values are characteristic for

elevated areas. The areas with the heaviest values are west of Dolores Hidalgo between Rio

11
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Laja and Arroyo El Plan, and along the western side of the Allende dam. The areas with
lightest values are observed in the vicinity of San José Iturbide, indicating a likely
mountain-front recharge from the Zamorano massif, which is the highest elevation in the
region. Other zones with light values are San Luis de la Paz and south of San Felipe.
According to this, the water in the lowlands is either lowland recharge with heavier isotopic
signature, or it is recharge from rivers fed with lighter upland precipitation that is
evaporated to heavier values in the river system. This hypothesis is in agreement with the
groundwater flow system.
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Figure 4: Distribution of 6'°0 groundwater composition in the Independence Basin.

For the water sample results presented in Table 1, the § '®O values vary between —12.2 and
—9.0%0, which indicates that the range of recharge altitudes is relatively small. The lightest
values (RL-8, RL-11, RL-34, RL-46) represent infiltration from higher elevation. No age
and depth structure is identified with regard to '*O; and based on the '*C data the §'°0 of

oldest groundwater is similar to modern groundwater indicating that both types of waters

12
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were recharged under similar climatic conditions (Table 1). Due to the low isotopic
variability of groundwater in the basin, it is difficult to analyze the sources of groundwater.

Thus, additional geochemical data are needed for interpretation.

Hydrochemical Zones and Sources of Water

Hydrochemical zones provide information on plausible recharge sources and groundwater
chemical evolution. Different hydrochemical zones were recognized and mapped in the
Independence Basin (CEASG, 1999; UGTO, 2004; Mahlknecht et al., 2004a). The
hierarchical cluster analysis approach of Mahlknecht et al. (2004a) was selected as starting
point and chemical samples from 75 sites and isotopic information from 49 sites
(Mahlknecht, 2003; UGTO, 2004) were used to obtain hydrochemical zones. The result
was the delineation of 5 zones coinciding more or less with the outlined recharge areas (R,

to Rs) and one zone in the downgradient non-recharge areas (NR) (Fig. 5).
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Figure 5: Hydrochemical zones, corresponding Stiff plots, and modern groundwater

table configuration of the Independence aquifer system.
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The average groundwater chemistry of each hydrochemical zone is presented in Table 2
and in Fig. 5 as Stiff plots. Zone R; represents mountain-front recharge along the Sierra de
Guanajuato. Zone R, located in the San Miguel de Allende area, is mountain-front
recharge from the Palo Huerfano and La Joya volcanoes and has relatively high Mg and Ca
contents. The high alkali earth content indicates the influence of andesitic rock formations
of the contiguous Transmexican Volcano Belt at the southern border of the study area.
Zone Rj; is SO4 and NOj affected and coincides with the zones of higher groundwater
withdrawals for intensive irrigation in the San Luis de la Paz municipality. Zone R4
corresponds to a recharge water type and overlaps with zone NR in the downgradient
section. Zone NR corresponds to a discharge water type and represents the major
hydrochemical zone in the basin. To the north, some groundwater are characterized by high
Na, F, HCO3, SO4, NO; and pH (zone Rs), but have similar properties as water supplies in

zone Rj.

Table 2: Mean water chemistry of hydrochemical zones (in mmol L™).

Temp pH Cond. .
N K M C SiO HCO F Cl NO SO
C) () (uSlkm) - g ta o ? 2O

R, 251 71 2849 110 024 018 062 135 259 0.02 014 0.03 0.10
R, 255 73 5383 173 031 046 133 114 501 004 018 0.05 0.20
R; 275 75 5879 327 051 033 084 117 484 013 053 018 0.37
Ry 3.7 75 4117 288 018 0.06 056 0.88 3.74 0.08 021 002 0.18
Rs 287 7.8 9509 647 037 046 121 084 703 015 122 0.06 1.02
NR 276 7.4 4956 248 047 014 090 160 413 006 029 0.03 0.30

Zone

The source of water in the zones Rj, Ry, R3, R4 and Rs is mountain-front recharge, while
zone NR receives contributions from surface water from the upper Rio Laja and arroyos as
suggested earlier by isotopic evidence from lateral inflows and from the upgradient

hydrochemical zones.
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Carbon (*3C, *C) and Tritium (3H) Isotopes

Radiocarbon data measured on DIC varies from 19 to 94 pmc. The high values representing
recharge conditions are observed in groundwater located in the southern mountain front
(San Miguel de Allende and San José Iturbide). '*C activities are lowest in the central part
of the basin (Dolores Hidalgo) and southwest from Doctor Mora. The '*C activities
generally indicate that waters of the Independence Basin have ages of thousands of years.
Tritium is detected only in 3 samples out of 24, with values varying between 0.8 and 2.0
TU (Table 1). The detection of tritium in groundwater is interpreted as an evidence that
groundwater contains a contribution of young water. The >C content of DIC varies
between -5.9 and -13.4%o. (Table 5). A trend of decreasing '*C activity associated with a
change toward heavier 3"°C values indicates that geochemical reactions are affecting the
"C concentration along the groundwater flow system. Spatially, a general tendency from
lighter to heavier values is recognized from basin’s south to the north. The measured °C

content of carbonate minerals varies between -2 and +1.5 %eo.

Supposing an initial value of -18%o for the soil CO,, the enrichment of §"°C due to calcite
dissolution assuming a 813C031Cite of 0 %o, could attains values in the order of -9%.. Values
enriched over -9%o can be explained a) by incongruent dissolution of dolomite, i.e. calcite
precipitates as dolomite dissolves, and/or b) by lower initial 8'°C values. The dissolution of
dolomite would add carbonate with 8'°C of around ~0% and could be identified by the
magnesium excess, i.e. the difference between measured magnesium and magnesium in
recharge water. From evaluation of analytical data, however, it is concluded that the
magnesium excess is relative low and could not be responsible for 8'°C values in the order
of —5.8%o. This suggests that a lower initial 8°C value for the soil CO, in the order of -
14.5%0 can explain the s13C pattern. The final 813CDIC values between -5.8 and -10%o
indicate that the initial values for the soil CO, could lie in the range of -14 to -17%o, which
corresponds to CAM vegetation or a mixture between C; (from -24 to -30%o) and C4 plants
(from -10 to -16%0) (Clark and Fritz, 1997). The current vegetation corresponds to hot open
ecosystems including cacti, grasslands and maple forests in uncultivated areas and wheat,
corn, legumes and other crops in cultivated areas. Relicts of natural vegetation located in

the Sierra de Guanajuato indicate grasslands under maple forests, which is congruent with
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the savanna-like climate described by Navarro de Leén et al. (2005) and the observed §"°C

range.

Initial **C Activity

The calculation of the radiocarbon age requires an estimation of initial "*C activity, Ao.
From the relationship between '*C and ">C for most samples (Table 5), it is expected that
the initial '*C activity corresponds to the time period before nuclear testing in the early
1950’s. The atmospheric '*C activity before 1950 shows little variation and is assumed to
be 100 pmc (Stuiver et al., 1991; Kalin, 2000). On the other hand, sample RL-16 and RL-
34 have relatively high measured '*C activities (86.4 and 84.8 pmc, respectively), as well as
enriched 8"°C values (-9.8 and -10.3%o), indicating that carbonate dissolution already took
place. This indicates that the initial '*C activity for these samples was higher than 100 pmc.
They are apparently influenced by bomb-'*C that corresponds to the time period between
1953 and 1963 where high neutron fluxes associated with the nuclear devices explosion
produced large quantities of '*C, so that by 1964 the atmospheric concentrations in the
northern hemisphere have almost doubled (Mook, 1980; Clark and Fritz 1997). As a result,
"C activities in the order of 120 pmc were observed in CO, gas samples at the top of the
unsaturated zone (Thorstenson et al., 1983). It is assumed that the initial '*C activity for
samples RL-16 and RL-34 was 120 pmc. Sample RL-16 is tritium-free but the presence of
CFC in recent measurements indicates a component of modern groundwater (UGTO,

2004).

Geochemical Reactants

Groundwater of the basin is undersaturated with respect to albite, anorthite, and chlorite;
and between undersaturated and saturated with respect to microcline. According to
petrographic investigations, albite is the most common mineral phase (>20 weight-%),
followed by orthoclase and microcline. Anorthite weathering is only of local importance
(San Miguel de Allende and San Luis de la Paz). The speciation-saturation calculations
with PHREEQC indicate that groundwater is between equilibrium and slight
supersaturation with respect to silica. Petrographic evidence shows that between 5 and 30
% of the framework is detrital SiO,. The relatively high H4SiO4 concentration in

groundwater (median = 1.0x10° mmol/L) favors the hypothesis of the presence of
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amorphous silica rather than phases like quartz or chalcedony. However, large chalcedony
deposits were observed in the outlined discharge zones (Navarro de Leon et al., 2005) (Fig.
2), suggesting volcanic reactants weathering to chalcedony. The large silica concentrations
in groundwater (>60 mg/L) indicate that less stable volcanic minerals are reactive than
tuffs, which represent the major groundwater producing zones. Calcite occurs mainly as
cement in sandstones and mudstones, and as caliche. Saturation indices of calcite are
substantially less than zero for shallow groundwater (< —3.8) near the basin margins, and
around zero for deep groundwater (between -0.7 and +1.0) in the center and north of the
basin. Mineralogical investigations give no evidence of calcite precipitation. The
supersaturation in Table 3 is possibly due to degassing processes during the sampling
process. Groundwater is undersaturated with respect to gypsum, which is consistent with its
absence in many soil samples. Pyrite, an alternative source of dissolved sulfate, is only a
negligible component of the Tertiary and Quaternary matrix and not detected in this or any
other surveys. Groundwater is oversaturated with respect to kaolinite, which is consistent
with the mineralogical occurrence of this mineral. Goethite and hematite are common
minerals in sand and mudstones and produce red- and yellow-brown colors. Petrographic
studies indicate that hematite is present in all samples. With regard to the cation exchange
capacity (CEC) of expandable clays, the range is between 20 and 50 meq/100g in the
granular aquifer material and up to 10 meq/100g for the fractured aquifer material. Ca
uptake and Na release reaction is by far the most important exchange option (Ornelas-Soto,
2003; UGTO, 2004). Dissolution of carbonate minerals is the main reaction, which can
affect the '*C activity in the Independence Basin, while cation exchange (Ca>" for Na")

permits that the dissolution of carbonate continues.
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Table 3: Ranges of mass transfer (in mmol L) of PHREEQC mass-balance models in
the Independence agquifer. Positive mass transfers add matter to groundwater
(dissolution), negative mass transfers subtracts matter from groundwater

(precipitation/exsolution).

Mass transfers

Reaction Recharge samples Non-recharge samples
min max min max
CO, gas 15 4.1 * *
Calcite 0.2 2.0 0.0** 0.0
Dolomite 0.08 0.9 0.0 3.8
Gypsum 0.0 0.14 0.03 0.5
Kaolinite 0.02 1.4 -2.9 -0.04
Chalcedony -0.5 2.4 -7.1 -0.4
K-feldspar 0.04 0.3 -0.05 1.57
Albite 0.2 1.7 0.0 4.3
Ca/Na exchange 0.0 0.6 -1.4 -0.16

* not allowed transfer in non-recharge samples
** models with calcite precipitation excluded

Mass Balance Models

The geochemical mass-balance code PHREEQC (Parkhurst and Appelo, 1999) was used to
construct mass-balance models and to investigate the radiocarbon ages of groundwater in
the Independence Basin. Phases constraining the geochemical models were calcite,
dolomite, kaolinite, silica, gypsum, potassium feldspar, sodic plagioclase, chlorite, and
Ca/Na-exchange. Important element transfers (calcite, kaolinite, gypsum) were forced to be
present in all mass balance models. Although sulfide mineral oxidation (e.g. pyrite) is
theoretically accountable for sulfate in the unsaturated zone, only gypsum was used in the
models. The strong relationship between chloride and sulfate and a factor analysis reported
in Mahlknecht et al. (2004a) support the hypothesis that gypsum is previously formed by
evaporation and may be greatly responsible for the dissolved sulfate in groundwater. In
addition, the higher sulfate concentrations in young groundwater coincide with heavy
irrigated agricultural areas. Fertilizers may also contribute sulfate and chloride in some
areas. The sulfate concentration of older groundwater could be from limestone formations,

which probably contain gypsum. Only in thermal waters of the basin’s north between San
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Diego de la Union and San Luis de la Paz, the oxidation of arsenic bearing sulfides seem to

play a role for dissolved sulfate (Mahlknecht et al., 2004a).

Although Ca-montmorillonite is thought to be a plausible reactive phase, it was not
included since its consideration would triple the number of model results, but would not
affect radiocarbon ages significantly. For the same reason, it was decided to use sodic
plagioclase as source of Na respectively, whereas albite was excluded from models. Thus,
models that use sodic plagioclase represent also albite. Likewise, eventual magnesite

transfers are represented by the dolomite phase.

A summary of the modeling transfers is presented in Table 3. In recharge samples, CO, gas
dissolution is the most important reactant (<4.1 mmol L), followed by calcite dissolution
(<1.9 mmol L) and plagioclase weathering (<1.9 mmol L™). Amorphous silica precipitates
(<0.5 mmol L") and dissolves along the flow paths (<2.4 mmol L™"). The dissolution of
dolomite and gypsum is relatively small (<0.2 mmol L™). Kaolinite precipitates up to 2.4
mmol L. In non-recharge samples, calcite dissolution is insignificant, while dolomite
dissolution becomes more important (<3.8 mmol L™). Amorphous silica precipitation
becomes the most important process in down-gradient zones (<7.1 mmol L™). K-feldspar

and plagioclase weathering are the most prominent silicate reactions.

Radiocarbon Ages

The 'C activities were adjusted for geochemical reactions by using mass balance models
between pure water and final well, in order to evaluate the residence time of paleowaters.
The basic assumption is that the carbon-affecting reactions occur part in the unsaturated
zone and part in the saturated zone. Soil CO, is introduced in the unsaturated zone with an
isotopic composition of -21%o, which is derived from oxidation of organic carbon (-25%o),
adjusted for diffusion (~4%o). The water in equilibrium with this CO; is between -18%o and
-13%o DIC, taking into account fractionation between pH 6 and 7. The assumption is that
any CO, or carbonate mineral reacting in the unsaturated zone will eventually lead to a
value between -13 and -18%o0 DIC. Thus, a set of unsaturated zone minerals - calcite and
dolomite — are hypothesized that introduce carbon at -15.5 + 2.5%0 and 100 pmc. In the
saturated zone is no additional source of CO,, and any calcite or dolomite that dissolve,

introduce carbon that has a composition of 0% and 0 pmc. Thus, the distribution of
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carbonate dissolution between unsaturated and saturated zone is used to adjust the °C of
the water and simultaneously calculate A, for carbon-14 decay equation. Since carbonates
are supposed not to precipitate, it is not necessary to use NETPATH’s isotopic fractionation

equations.

To the 8'°C measured on DIC were given uncertainty ranges of +1%o for 8°Cpc. The range
of éSBCWb(,nates was -2 to +2%o., which corresponds approximately to the reported
measurements. In this way, the range of residence time for each sample includes practically
every plausible geochemical uncertainty. Table 4 presents an example of the mass balance

modeling results and age estimation.

Fig. 6 shows a plot of the geographical distribution of the radiocarbon residence time. It
indicates recharge occurs on the Transmexican Volcano Belt (Palo Huerfano and La Joya)
in the south, on the Sierra de Guanajuato in the west, and on San José Iturbide and Doctor
Mora municipalities (Zamorano massif) in the southeast. The oldest residence time
indicates around ~11 ka, found in the heavily exploited area west of Dolores Hidalgo,
which coincides with the modern groundwater movement towards the basin’s center (Fig. 2

and 5).

Table 4: Mass transfer results for solution RL-41 (all data are in mmol L H,0). Positive
values indicate dissolution between initial (pure water) and final water; negative values
indicate precipitation. “CO»(g)” means carbon dioxide gas. “CaX2” and “NaX” indicate
the Na for Ca exchange surfaces. “Calcite (100 pmc/0 pmc)” and “Dolomite(100 pmc/0
pmc)” signifies the amount of calcite and dolomite dissolved in the unsaturated (100

pmc)/saturated zone (0 pmc), respectively.

Model No. . Calcite  Calcite Dolomite Dolomite . . ey i Age
Albite (100 pme) (0 pme) CO,(g) (100 pmc) (0 pme) Gypsum Halite K: (¢ y K p CaX2 NaX Ay A, (years)
1 0.33 0.47 1.24 2.27 0.00 0.05 0.10 0.22 -0.20 0.00 0.06 -1.56 3.12 2195 67.16 9245
2 0.33 0.00 171 227 0.00 0.05 0.10 0.22 -0.20 0.00 0.06 -1.56 312 2195 55.66 7692
3 0.33 0.37 1.34 2.27 0.05 0.00 0.10 0.22 -0.20 0.00 0.06 -1.56 312 2195 67.16 9245
4 0.33 0.00 1.71 2.27 0.05 0.00 0.10 0.22 -0.20 0.00 0.06 -1.56 3.12 21.95 58.11 8048
5 1.07 0.00 1.34 2.64 0.05 0.00 0.10 0.22 -0.56 -1.48 0.06 -1.19 238 2195 67.16 9245
6 1.27 0.00 1.24 274 0.00 0.05 0.10 0.22 -0.66 -1.88 0.06 -1.09 218 21.95 67.16 9245
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Table 5: Carbon isotope data and radiocarbon residence time estimation of uncorrected

data and according to the PHREEQC mass balance approaches.

PHREEQC mass-balance model

13
ID 57°C A Acoze) uncorrected minimum median maximum
(%0 VPDB) (pmc) (pmc) (years) (years) (years) (years)

RL-9 -7.18 34.96 100 8,700 -- 5,400 --
RL-16 -9.77 86.44 120 2,700 recent recent recent
RL-21 -10.72 62.47 100 3,900 recent 1,400 2,700
RL-24 -9.28 29.03 100 10,200 7,000 7,100 7,100
RL-25 -13.44 94.28 100 500 recent recent recent
RL-26 -11.77 44.08 100 6,800 2,800 4,500 5,900
RL-27 -5.87 24.32 100 11,700 -- 7,600 --
RL-28 -7.20 29.77 100 10,000 -- 6,300 --
RL-31 -9.05 27.57 100 10,700 7,100 7,300 7,600
RL-34 -10.34 84.77 120 2,900 recent recent 400
RL-36 -10.41 21.95 100 12,500 7,700 9,200 9,200
RL-37 -7.94 18.84 100 13,800 -- 10,800 --
RL-38 -8.99 59.14 100 4,300 100 2,500 2,500
RL-41 -10.17 55.58 100 4,900 800 1,400 3,800
RL-43 -10.56 69.38 100 3,000 recent 500 1,900
RL-46 -9.62 65.53 100 3,500 recent recent 2,000

Groundwater Flow

Predevelopment water levels (pre-1940) indicate that the groundwater flow system in the
basin is gravity-driven i.e. recharge areas in the mountains and discharge in the valley-floor
(Fig. 2 and 3). According to Navarro de Leon et al. (2005), the predevelopment flow
regime consists of: a) the mountainous area and the borders of the plain with cold springs
and phreatophytes; (b) the central plain where lagoons, bogs, saline soils and phreatophytes
were abundant; and (c) the area located from the basin center to the basin outlet with the
occurrence of chalcedony deposits along with thermalism and artesian phenomena. The
three areas correspond to a gravity-driven flow system of local, intermediate and regional

order, respectively.

The predevelopment and current water table configurations indicate that the recharge areas
remained unchanged during the last decades. Below the 2,000m-contour line, however, the
hydraulic gradient has increased due to gradually increasing water extraction. The

predevelopment groundwater configuration in Fig. 2 shows a concentric flow from the
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recharge areas at the border to the basin center and then to the south according to the
surface water drainage pattern. The modern regional groundwater table in Fig. 5 reveals a
shift of the regional discharge zone from the south (San Miguel de Allende area) to the
basin center (Dolores Hidalgo), which corresponds to a flow inversion in the south (Fig. 5).
In addition, the discharge area is extending towards the western study area addressed to the
exhaustive groundwater mining due to irrigation in the so-called Laguna Seca (eastern part

of the basin).

Although the geochemical and isotopic investigations are roughly consistent with the
general flow concept generated by hydraulic-head distribution, there are some

discrepancies with both the predevelopment and the current hydraulic-head configuration.

First, the conservative tracer chloride and the specific conductance indicate a tendency of
short to longer residence time from southwest (hydrochemical zone R;) to northeast
(hydrochemical zones R; and Rs) of the basin (Fig. 5). On the other hand, the calcite
saturation index implies undersaturated conditions in zone R, Ry, R4 and Rs, and saturated
conditions for the rest of the basin area. The pattern contrasts with the water table
configuration, where zone R; and Rs are outlined as recharge formation areas. This

observation points out that the northern basin area is not an important recharge area.

Second, the radiocarbon residence time distribution (Fig. 6) matches rather the modern
(Fig. 5) than the predevelopment flow configuration (Fig. 2). This divergence between
predevelopment conditions and geochemical interpretation is likely due to the fact that the
geochemical tracer content in groundwater is gradually modified due to heavy water
extraction. Similar observations of transient geochemical conditions in heavy exploited
aquifers of semiarid and arid regions have been recently documented in other basins (e.g.
Plummer et al., 2004). The knowledge that geochemical tracers do rather reflect transitory
than steady-state conditions prior to aquifer exploitation has an important implication on

the groundwater modeling procedure, where tracers are used for model calibration.
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Figure 6: Distribution of radiocarbon residence time (in years).

Finally, recent studies showed that the mass balance approach in some cases in carbonate

and calcareously cemented sand aquifers may lead to an overestimation due to transport

delays of '"C without significant 8'°C changes (Maloszewksi and Zuber, 1991), the

influence of isotope exchange (Aeschbach-Hertig, 2002), and equilibrium dissolution-

precipitation assumptions (Gonfiantini and Zuppi, 2003). The influence of these processes

on radiocarbon dating are difficult to estimate (Zuber et al., 2004) but is less important in

siliceous aquifers such as the present one. The influence of diffusive exchange between

aquifer and aquitards may also overestimate the '*C age (Sudicky and Frind, 1981), is

however insignificant due to the large thickness of the Independence Aquifer. Nonetheless,

it is important to emphasize that geochemical models may be reasonable but not exact

correction methods.
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5. Conclusion and Recommendation

Environmental isotopes and geochemistry were compared to hydraulic data, in order to
understand the dynamics of the groundwater flow system in the Independence Basin in

central Mexico. The main conclusions are:

1. The groundwater in the mainly siliciclastic aquifer is characterized by low salinity and
the main reactions, that control the geochemical evolution along the groundwater flow
systems, are: CO, gas dissolution, carbonate dissolution, plagioclase/albite weathering,
kaolinite and silica precipitation. The sampled wells and springs from recent studies could
be grouped into hydrochemical zones. The isotopic composition of groundwater helped to

delineate 6 hydrochemical zones and corresponding recharge sources.

2. The identified primary recharge sources are: a) mountain-front along the west (Sierra de
Guanajuato) and south (Palo Huerfano and La Joya) and southeast (Zamorano), and b)
vertical upward flow of saline water in the northeast (between San Luis de la Paz and San
Diego de la Union). The mountain-front recharge has an age between 2 and 5 ka, while
recharge water from the Zamorano area is up to 9 ka old. The observed groundwater in the

basin center is ~11 ka.

3. The hydraulic and geochemical data show that the principal flow pattern for
predeveloped and modern conditions in the Independence Basin is concentric starting from
basin margins. In the predeveloped state, groundwater flows through the south near the
Allende dam coinciding with the surface drainage pattern, while in the present the heavy
exploitation provokes discharge toward the basin center and consequently flow inversion in
the southern part. Geochemical data match this tendency. Although the hydraulic heads
indicate mountain-front recharge in the north and northeast, the geochemical tracers imply

no significant recharge entering from these zones.

4. This study demonstrates the importance of using geochemical tracers in hydrological
studies. The results of this study - residence time estimation and hydrochemical zone
delineation - should be used not only to conceptualize, but also to calibrate groundwater
flow models of the Independence Aquifer, in order to develop and refine groundwater
management plans and to extract appropriate groundwater volumes aiming to obtain a safe

aquifer yield.
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5. In order to prevent further water quality deterioration it is necessary to restrict water
extractions in the northern basin area (San Diego de la Unidn and San Luis de la Paz) and

to explore instead new groundwater resources in recharge areas of the southern basin area.
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