
Introduction

The Guadalupe valley (Valle de Guadalupe) is located
�30 km NE of the coastal city of Ensenada in Baja
California, NW Mexico (Fig. 1). By 1998, about 418
active wells were registered with depths ranging from 3
to 45 m below surface (SRH 1977; CNA 1999). At least
five large and several small-scale Mexican wineries de-
pend on groundwater extraction from the Guadalupe

aquifer to produce �90% of nationwide table wines. In
addition to agriculture, ca. 9 Mm3 a)1 of water is ex-
tracted to supply the city of Ensenada and towns in the
valley (CNA 1998). The aquifer is composed of three
main lithologic sections of variable thickness: (a) highly
permeable gravel, sand and silt with some clay lenses
and igneous rock boulders, (b) semi-permeable sand-
stones and conglomerates and (c) a granodiorite
impermeable basement (SRH 1977). The main ground-
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Abstract The Guadalupe Valley
aquifer is the only water source for
one of the most important wine
industries in Mexico, and also the
main public water supply for the
nearby city of Ensenada. This
groundwater is monitored for major
ion, N-NO3, P-PO4, Fe, As, Se, Mo,
Cd, Cu, Pb, Zn and Sb concentra-
tions, as well as TDS, pH, dissolved
oxygen and temperature. High con-
centrations of N-NO3 (26 mg l)1),
Se (70 lg l)1), Mo (18 lg l)1) and
Cu (4.3 lg l)1) suggest that ground-
water is being polluted by the use of
fertilizers only in the western section
of the aquifer, known as El Porvenir
graben. Unlike the sites located near
the main recharge area to the East of
the aquifer, the water in El Porvenir
graben has low tritium concentra-
tions (<1.9 TU), indicating a pre-
modern age, and thus longer water
residence time. No significant varia-
tions in water quality (generally
<10%) were detected throughout
2001–2002 in the aquifer, suggesting
that reduced rainfall and recharge

during this dry period did not sig-
nificantly affect water quality.
However, the wells nearest to the
main recharge area in the Eastern
aquifer show a slight but constant
increase in TDS with time, probably
as a result of the high (�200 L S)1)
uninterrupted extraction of water at
this specific recharge site. Relatively
high As concentrations for the
aquifer (10.5 lg l)1) are only found
near the northern limit of the basin
associated with a geological fault.
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water reservoirs in the aquifer are thought to be formed
by two tectonic grabens, Calafia and El Porvenir
(Fig. 1), which have depths to basement of �350 and
100 m, respectively (CNA 1999). Although extension
and geometry are poorly studied, it is known that the
grabens are delimited by a series of structural faults,
which are thought to serve as additional recharge sour-
ces. However, the hydraulic gradients (which are prob-
ably irregular) and the water fluxes have not been
studied so far (Andrade-Barbilla 1997).

The total storage volume of the Guadalupe aquifer is
�218 Mm3 (Andrade Barbilla 1997; CNA 1999). Trans-
mission coefficients average >1·10)3 m2 s)1 with the
main flux running along the Guadalupe riverbed toward
the west (Fig. 1). Total water discharge between 1990 and
1999 was estimated to be 23.8 Mm3. Despite the low
rainfall in the region (averaging 278 mm during 1963–
2003), the recharge during the 1990–1998 period is re-
ported to be 30.6 Mm3 (an unusually wet period), com-
pared to 18.0 Mm3 during a drier period from 1973 to
1977 (CNA 1999), suggesting a slightly negative hydro-
logical balance for the 1970s. Data available for Sep-
tember 1996–August 1997 also indicate a slightly negative
balance between recharge and discharge of )0.908 Mm3

(Andrade-Barbilla 1997). Despite the lack ofmore precise
and/or recent information, the water balance has been
significantly altered after 1998 in response to an extended
drought in recent years and continuous water extraction
and sand mining from the aquifer.

The years prior to the present study (1999–2001) were
unusually dry compared with the 1948–2002 historical
rain average of 250 mm a)1 (Ensenada meteorological
station). Rainfall averaged 131 mm a)1 in 1999,

158 mm a)1 in 2000, 284 mm a)1 in 2001 and
125 mm a)1 in 2002. Simultaneously, water demand has
rapidly increased due to the growth in urban population,
which increased from 315,289 in 1995 to 370,730 in 2000
in Ensenada County.

Overall knowledge of the hydrogeology and geo-
chemistry of the aquifers in this region is limited. The
only scientific paper published on the hydrogeology of
the area deals with the nearby Ojos Negros aquifer
(upstream of Guadalupe) and not directly with the
Guadalupe aquifer (Ponce et al. 1999). The most recent
known hydrogeochemical data for the Guadalupe
aquifer date back to 1990 and tracks only major ions.
The geochemical information available for this aquifer
suggests a significant variation in the regional distribu-
tion of major ion concentrations and distribution pat-
terns. This compositional variation, in addition to the
high recharge rate from known and unknown water
sources in a highly fractured terrain (Andrade-Barbilla
1997), suggest that the aquifer is a complex hydrological
system that needs to be studied to understand its hy-
drogeological response and evolution. Geochemical re-
sults of a 2001–2002 hydrogeochemical survey from 37
wells from the Guadalupe Valley are presented here. The
results are discussed in terms of the regional evolution of
water quality and the probable natural and/or anthro-
pogenic causes for compositional variability.

Materials and methods

Water samples were collected from 36 active wells and
one spring in September 2001. In April and November

Fig. 1 Study area, sample loca-
tion and Stiff diagrams indicat-
ing water composition in 37
wells from the Guadalupe
aquifer in September 2001
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2002, 24 wells were re-sampled during follow-up surveys.
Immediately after collection, water was analysed in the
field for alkalinity (Clesceri et al. 1998). Total dissolved
solids (TDS), dissolved oxygen (DO), pH and tempera-
ture were measured in the field with an YSI 6600 probe.
The samples were filtered through 0.45 lm cellulose ni-
trate, acidified with trace-metal grade HNO3, and stored
at 4�C in cleaned polyethylene bottles prior to metal, Se
and As analyses (Walsh 1997). Samples for nutrient
analyses were filtered through GF/F pre-combusted fil-
ters and kept frozen. The concentrations of Ca, Mg, Na,
K and Fe were determined with a Thermo Jarell Ash Iris
ICP-AES, As with a furnace Varian SpectrAA 880 AAS,
and trace elements (Cd, Cu, Mn, Pb, Zn, Se, and Sb)
with a VG Elemental PlasmaQuad3 ICPMS. Cl was
analysed by the argentometric method using a HACH
2010 spectrophotometer, and SO4 was analysed using
the turbidimetric method (Clesceri et al. 1998). Nitrate
(expressed as N-NO3) and phosphate (expressed as P-
PO4) were analysed with a Skalar San Plus automated
nutrient analyzer. Analyses of prepared and certified
water standards and replicates for quality control sug-
gest bias and precisions better than 8% for all elements
studied. The charge balance between major anions and
cations is better than ±5%. Tritium analyses in two
selected samples were carried out with a liquid scintil-
lation counter at Geochron laboratories, USA, with a
1.9 TU detection limit.

Results and discussion

Total dissolved solids (TDS)

On a regional scale, TDS concentrations in the aquifer
range from 0.41 to 2.72 g l)1 (Table 1; Fig. 2). TDS
concentrations are highest in the western region of the
aquifer (in El Porvenir graben) and in the northern
section of the Calafia graben region to the northeast
(2.3–2.7 g l)1), and lower within the area adjacent to the
Cañon Agua Caliente to the west, where 11 wells for
urban supply are operated by the State Public Services
Commission (CESPE). The water in these wells is rela-
tively cold compared with most of the wells in the
aquifer (T<19�C), pH>7.2 and has low TDS values
(0.5–1.0 g l)1). Low TDS values are also found in water
from the southwest aquifer near Cañon El Mogor
(samples 38, 39, and 40), suggesting a relatively unpol-
luted water source to the aquifer, probably from local
surface runoff and/or through multiple faulting in this
area. A third area with low TDS concentrations was
found in a small sub-basin, Cañada el Trigo, north of
the Guadalupe basin (samples 28, 29 and 30). Reports
for 1977 when TDS concentrations in the aquifer were
0.4–3.0 g l)1 (Table 2), suggest that TDS have not in-
creased historically overall and that the regional distri-

bution of TDS values has been variable throughout the
aquifer (SRH 1977). More recent and less detailed re-
sults for 1990 report TDS concentrations �5 g l)1 in El
Porvenir and as low as 0.4 g l)1 where the Cañon Agua
Caliente natural recharge site is located (CNA 1991;
INEGI 1995). In 2001–2002, TDS concentrations in
these same sites were <3.0 g l)1 and <1.0 g l)1

respectively, suggesting that fluctuations in recharge and
discharge rates have not significantly affected overall
TDS concentrations over the last 25 years. Groundwater
near the Cañon Agua Caliente main recharge site is
pumped from several constantly operated wells.
Throughout the first 4 km down gradient after water is
recharged into the aquifer during rain periods, TDS
concentrations remain constantly below 0.7 g l)1 (Sep-
tember 2001). Further west, however, at �5 km from the
recharge site, water quality decreases rapidly, reaching
the limit of 1.0 g l)1 for TDS established by the Mexican
Government (Diario Oficial de la Federación 2000) as
the maximum allowed level for water for human use and
consumption (Fig. 2). In the follow-up surveys from
April and November 2002, TDS concentrations in-
creased with time in these wells, especially in those closer
to the recharge site (8, 9, and 10 in Fig. 3).

On a regional scale, no significant changes in water
quality were seen when comparing results for 25 wells
over a 1 year period (September 2001, April 2002 and
November 2002, Table 1). Increases of up to 10%
compared to 2001 are seen in samples with both high
and low TDS concentrations, and no clear correlation
with well location was seen. Only sample 32 shows an
increase in TDS>10%. However, it is suggested that the
intensive mining of sand from the Guadalupe riverbed is
causing increased evaporation from the exposed satu-
rated zone and consequently a decrease in water quality
at specific sites (Badán et al. 2006).

Major ion geochemistry and water residence times

The concentrations of major ions in groundwater from
the Guadalupe aquifer are shown in Table 1. The
highest concentrations of major ions (including N-NO3)
are found in the Porvenir graben, where also the highest
TDS concentrations are found. The concentrations of
major ions in water from wells at or near El Porvenir are
above the maximum concentrations accepted by the
Mexican norms and US EPA limits for drinking water
(Table. 1, 2). Nitrate concentrations at these enriched
sites (especially samples 33, 36 and 37) are as high as
those reported by Daesslé et al. (2005) for the nearby
Maneadero coastal aquifer, where the enrichment of this
element has been associated with fertilizer use.

The groundwater in the Guadalupe aquifer can be
classified into two main compositional types: (a) those
waters having high TDS concentrations (>1 g l)1) and a
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Ca-Na-Cl composition, and (b) waters with low TDS
concentrations (<1 g l)1), which have a Ca-Na-HCO3-
Cl composition (Fig. 4). Bicarbonate-type water is found
adjacent to the main natural recharge sources and be-
comes enriched in Cl in most of the wells in El Porvenir
and Calafia grabens. The hydrogeochemical fingerprint
and the quality of water in theGuadalupe aquifer is better
explained by Stiff diagrams plotted for each site (Fig. 1).
The dominant anion is Cl in all the samples, except at
those sites located near the recharge sources along the
Guadalupe riverbed near CañonAguaCaliente, as well as
near Cañon ElMogor. However, despite having low TDS
concentrations, water from the Cañada el Trigo is rela-
tively enriched inCl and, unlike other Cl enriched samples
from this aquifer, it is not enriched in SO4. Sulphate is
significantly enriched in several samples from the El
Porvenir and some from the Calafia region. At these sites
HCO3 is commonly depleted compared to Cl and SO4.
Calcium is slightly enriched compared to Na and Mg in
samples from the northern Calafia Graben and the Cañ-
ada El Trigo sub-basin. The water from a local spring in
Cañada El Trigo (which also has relatively high Cl con-
centrations) is associated with a NE-SW striking fault
cutting into this sub-basin (sample 28). Unlike the Calafia
Graben region and Cañada El Trigo, Ca enrichments are
not common in the El Porvenir region, yet they are rela-
tively enriched in Na (except for sites 36 and 31). Fur-
thermore, compared with the water composition in 1977
and 1990 (Table 2), major ion concentrations have re-
mained relatively unchanged, with the highest concen-
trations of all the major ions found in El Porvenir region,
probably as a result of longer residence times. Tritium

concentration in water from El Porvenir (sample 36) is
below the 1.9 TU detection limit used, and is therefore
interpreted as being sub-modern, recharged prior to 1952,
or representing amixture between sub-modern and recent
waters. Water from the Calafia Graben, however (sample
15), has a tritium activity of 3.6 TU and is interpreted as
being of recent (<5–10 years) recharge (Clark and Fritz
1997).

Phosphate and iron

The concentrations of PO4 (expressed as P-PO4) range
from 0.0 to 0.3 mg l)1. Samples with high TDS con-
centrations (TDS>0.88 g l)1) always have low PO4

concentrations (PO4<0.1 mg l)1; Fig. 5). Consequently,
PO4 concentrations that exceed background levels
(>0.1 mg l)1) are only found in some samples with low
TDS and low temperature, such as the groundwater
collected near the Cañon Agua Caliente recharge area,
and to a lesser extent, the groundwater collected
northwest of Cañada el Mogor (samples 38, 39 and 40).
It is likely that PO4-enriched water is being supplied to
these sites from the nearby recharge sites, as suggested
from their low TDS and low temperatures. Unlike the
slight enrichment near Cañada el Mogor in the western
aquifer, maximum PO4 concentrations west of Cañon
Agua Caliente (along the Guadalupe riverbed) are not
found immediately adjacent to a recharge area, but
�2 km to the west.

Dissolved phosphate in groundwater is commonly
associated with discharge from sewage treatment plants,

Fig. 2 Regional distribution of
TDS concentrations (g l)1) in
water from 37 wells from the
Guadalupe aquifer in
September 2001
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leaking septic tanks and manure pits (Le Blanc 1984;
Zanini and others 1998; Krapac and others 2002). Ur-
ban centres in the valley (El Porvenir and FranciscoT
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Fig. 3 Temporal evolution of TDS concentrations in September
2001, April 2002 and November 2002, in water from 11 wells used
for urban supply (CESPE) aligned W–E westward of the water
recharge site near Cañon Agua Caliente and used for urban supply

Fig. 4 Piper diagram for the major ion composition of water from
37 wells from the Guadalupe aquifer, indicating water type and its
association with TDS concentrations
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Zarco; Fig. 5) do not have sewerage facilities or waste-
water treatment plants and, therefore, rely entirely on
septic tanks, a potential contamination source to the
aquifer. The P-PO4 concentrations in the aquifer do not
exceed 0.3 mg l)1, being at least one order of magnitude
lower than the concentrations in known contaminated
sites (Le Blanc 1984). The lack of any correlation be-
tween P-PO4 and N-NO3 concentrations (or any other
element in this study), suggests that the slight enrich-
ments of P-PO4 in the Guadalupe aquifer are caused by
hydrogeologic rather than anthropogenic processes.
These processes can be controlled by the adsorption/
desorption of phosphorus in the aquifer sediments (Le
Blanc 1984; Walter et al. 1996). Phosphorus adsorbed on
aquifer sediments may be desorbed as a result of water
with low pH and low conductance (clean water) flushing
through a previously contaminated aquifer (Walter et al.
1996; Stollenwerk and Parkhurst 1999). However, in the
present study, waters with PO4 concentrations above the
background 0.1 mg l)1, have pH values that range from
7.01 to 7.46, similar to the average pH in the aquifer,
which is 7.28. Thus, the increase in dissolved PO4 cannot
be associated with low pH. Furthermore, high dissolved
reactive phosphorus concentrations in groundwater
adjacent to a riparian zone have been associated with
low Fe2+ and low dissolved oxygen (DO) concentra-
tions (Carlyle and Hill 2001). In the Guadalupe aquifer,
dissolved P-PO4 does not show any correlation with
total dissolved Fe, but it does show a negative (but non-
significant) correlation with DO, suggesting that the
reduction of Fe3+ to Fe2+ (probably bacterially in-
duced) could be responsible for the slight increases in
dissolved PO4 shown in Fig. 5 (Moore and Reddy 1994).

Arsenic, selenium and trace metals

Results for the regional distribution of As in the Gua-
dalupe aquifer (Tables 1, 2) suggest that higher concen-
trations of this element are found in wells located in the
northern limit of the basin. Although as concentrations
are low (average=0.5 lg l)1) and are often below the
detection limit, localised inputs to the aquifer are evi-
dent. One such source is located in the narrow Cañada
El Trigo sub-basin where the only sample (28) collected
from a spring (not thermal) has a concentration of
10.5 lg l)1 (near the permissible limits of the US-EPA
drinking water guidelines but still below the Mexican
official norm; Table 2). This spring is associated with a
NE-SW striking fault, which cuts into the sub-basin,
through which water may be supplied. The two addi-
tional wells sampled in this sub-basin (south of the
spring) have much lower As concentrations but are still
above background levels (1.38 and 0.42 lg l)1), proba-
bly due to dilution by local runoff during rainy periods.
Although water temperature in this sub-basin does not
suggest a direct geothermal source (Smedley and
Kinniburgh 2002), its association with a fault supports
the possibility of As leaching during high temperature
reactions at greater depths within the fault system.
Geothermal water has commonly been associated with
high As concentrations in the western USA (Welch and
others 1999). Striking faults NE-SW are common in the
granodiorite terrain to the North of the Guadalupe ba-
sin and are responsible for shaping at least three of the
major canyons there (El Trigo, Guadalupe and El Bur-
ro). These faults also cut through volcanic and meta-
sedimentary rocks approximately 7 km north of the

Fig. 5 Regional distribution of
P-PO4 concentrations (mg l)1)
in water from 37 wells from the
Guadalupe aquifer in Septem-
ber 2001. The inset shows a
bivariate plot between the con-
centration of TDS (g l)1) and
P-PO4 concentrations, suggest-
ing an association between
water with <1 g l)1 TDS and
higher P-PO4 concentrations
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Guadalupe basin. Water from Cañada El Trigo has a
slightly different hydrogeochemical fingerprint than
water from the rest of the aquifer as well as lower TDS
concentrations. Arsenic results tend to confirm the
peculiarity of this water.

Of the trace metals and metalloids studied, only Se
(70 lg/g) in sample 36 exceeds the EPA 50 lg/g maxi-
mum contaminant level for drinking water. This sample
is located in El Porvenir and has the highest concen-
trations of Cu (4.4 lg/g) and Mo (18.1 lg/g), as well as
N-NO3 (Tables 1 and 2). These elements are commonly
used in agricultural fertilizers and are, except for Cu,
highly mobile in groundwater under both oxidizing and
reducing conditions (Reimann and Caritat 1998). Al-
though tritium results indicate a sub-modern age for this
sample, the high concentration of these elements, sug-
gests infiltration and mixing of water derived directly
from the irrigation of crops located above this well.
Contamination of this part of the aquifer by the use of
fertilizers is likely. Overall, no other significant metal
enrichments are found in the aquifer.

Summary and conclusions

Groundwater in the Guadalupe aquifer is classified in two
main compositional types: (a) water with TDS>1 g l)1

commonly with a Ca-Na-Cl composition and (b) water
with TDS<1 g l)1 and a Ca-Na-HCO3-Cl composition.
Based on its composition, it can be suggested that water
is not only being recharged during rain periods through
the Guadalupe riverbed (to the west of Cañon Agua
Caliente), but also south (near Cañada el Mogor) and
north of the basin (Cañada el Trigo). Other additional
recharge sites are likely. Unlike nitrate, phosphate is
associated with fresh (TDS<1 g l)1), relatively colder
water near the recharge sites adjacent to Cañon Agua

Caliente and Cañada El Mogor, suggesting peculiar
hydrogeochemical processes in these areas. A relative
depletion in HCO3 and a concomitant enrichment in Cl
in those waters with higher TDS concentration are
thought to result from longer water residence times,
especially in El Porvenir graben, where the highest TDS,
major ions, as well as fertilizer derived N-NO3, Se, Mo
and Cu concentrations are found. Tritium analyses
suggest that water is of pre-modern age in the El Por-
venir graben and of recent age in the Calafia graben
closer to the main recharge site. Mixing with local con-
taminated water used for irrigation is likely in El Por-
venir. Small water quality variations (generally<10%)
were detected throughout the period studied (2001–
2002), suggesting that reduced rainfall and recharge did
not have a significant effect on water quality. However,
those wells used for urban supply which are located near
the Cañon Agua Caliente recharge area show a slight
but constant increase in TDS, probably from the unin-
terrupted extraction of water from the aquifer adjacent
to its main recharge area. Wells with As concentrations
above background are identified near the northern limit
of the basin with as values as high as 10.5 lg l)1. This
cold spring is associated with a NE-SW striking fault,
which cuts, into the sub-basin, suggesting a geothermal
source for this element.
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Krapac IG, Dey WS, Roy WR, Smyth CA,
Storment E, Sargent SL, Steele JD
(2002) Impacts of swine manure pits on
groundwater quality. Env Pollution
120:475–492

LeBlanc DR (1984) Sewage plume in a sand
and gravel aquifer. Cape Cod, Massa-
chusetts: US Geological Survey water-
supply paper 2218, USA

Moore PA Jr, Reddy KR (1994) Role of Eh
and pH on phosphorus geochemistry in
sediments of Lake Okeechobee, Flor-
ida. J Environ Qual. 23:955–964

Ponce VM, Pandey RP, Kumar S (1999)
Groundwater recharge by channel
infiltration in El Barbón Basin, Baja
California, Mexico. J Hydrol 214:1–7

Reimann C, Caritat P (1998) Chemical
elements in the environment. Springer,
Berlin Heidelberg New York

Smedley PL, Kinniburgh DG (2002) A re-
view of the source, behaviour and dis-
tribution of arsenic in natural waters.
Appl Geochem 17:517–568

SRH (1977) Informe final del estudio geo-
hidrológico del Valle de Guadalupe,
Estado de Baja California, Secretarı́a de
Agricultura y Recursos Hidráulicos
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