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Resumen
La diferenciación de la calidad de agua en un acuífero puede ser útil como herramienta para el manejo del 

agua subterránea. En este trabajo, se aplicó el análisis de funciones empíricas ortogonales (EOF, por sus siglas 
en inglés) con rotación de ejes por el método varimax a 135 pozos, empleando para este propósito 12 parámetros 
de calidad de agua muestreada en la Reserva de la Biosfera del Vizcaíno, México. Los datos se obtuvieron del 
Instituto Nacional de Estadística, Geografía e Informática (INEGI). A partir del análisis EOF se retuvieron tres 
factores que juntos explican el 99% de la varianza en las series originales. La distribución de los coeficientes 
(factor loadings) con valores ai≥0.7 asociados a cada factor se agruparon en áreas geográficas específicas 
indicando la diferenciación del acuífero en tres áreas. Se discuten las diferencias de la calidad de agua entre las 
áreas. Una interpretación posterior de nuestros resultados empleando información sobre influencias naturales y 
antropogénicas, e información independiente de 28 pozos restantes monitoreados en 2003, otorgaron evidencia 
adicional para tal diferenciación, concluyendo que, aunque puramente estadístico el análisis EOF demostró ser 
útil en la diferenciación del acuífero. El enfoque empleado en este trabajo puede ser aplicado a otras áreas donde 
exista información química disponible del agua subterránea.
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Abstract
Water quality differentiation in an aquifer may serve as a tool for groundwater management practices. In this 

work, varimax-rotated empirical orthogonal functional (EOF) analysis was applied to 135 wells using chemical 
analysis data of 12 groundwater parameters in the Vizcaino Biosphere Reserve, Mexico. Data was obtained 
from Instituto Nacional de Estadística, Geografía e Informática (INEGI). Three factors were retained from EOF 
analysis together explaining 99% of the variance in the original series. Distribution of factor loadings with values 
ai≥0.7 in each factor clustered in specific geographic areas indicating the differentiation of three areas in the 
aquifer. The water quality differences between the areas are discussed. Further interpretation of our results using 
information of natural and anthropogenic influence, and independently information from 28 remaining wells 
monitored in 2003 provided supplementary evidence for that differentiation concluding that, although purely 
statistical, the EOF analysis proved to be useful in differentiating the aquifer. The approach used in this work can 
be applied in other areas where groundwater chemical data is available.

Key words: Reserve, Vizcaino, groundwater, quality water.
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Introduction

The Vizcaino Biosphere Reserve (Reserve), a large desert 
region, is located at the center of the Baja California 
Peninsula, Mexico (Fig. 1). The climate is extremely dry 
(Shreve, 1936; García, 1988), average annual rainfall 
being below 175 mm (CNA, 1991). Streams in the 
Reserve are ephemeral and torrential runoff is scarce and 
not available beyond the very temporary rainfall (SARH, 
1991). The only perennial water resources in the Reserve 
are underground where geologic conditions are extremely 
complex; i.e., stratigraphy, composition, and geologic 
evolution (Hausback, 1984; Mc Lean et al., 1987; Ochoa-

Landin et al., 2000). For water management purposes, the 
National Water Commission, Mexico (CNA) designated 
the aquifer in the Reserve as “0302 Vizcaino” (DOF, 
2003). This aquifer is located in the vast desert plain of 
the western Vizcaino watershed (19,500 km2) within a 
geosyncline (Fig. 2; Mina, 1957; Lozano, 1976; PEMEX, 
1976; Lugo-Hubp, 1990).

Through their geologic history (from Mesozoic to 
Contemporary eras), the geosyncline of Vizcaino has 
been filled by continental and marine detrital sequences as 
a result of marine regressions and transgressions (Müller 
et al., 2008) and high tectonic activity. Former geologic 
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Fig. 1. Distribution of wells (closed circles and crosses), chain-pumps (rhombuses), and springs (open circles) in the Viscaíno Biosphere 
Reserve, Mexico (INEGI, 1983, 1989). Number in brackets were wells monitored in 2003.

Fig. 2. Traverse profile of the Vizcaino reserve in SW-NE orientation showing the geologic composition and sediments accumulated in 
the synclinal. The small map displays the location of the profile and the area of the Vizcaino reserve.
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surrounding mountains (Lugo-Hubp, 1990) constitute the 
edge of the aquifer except on the northwestern edge, which 
is connected with the marine sediments of the lagoon 
complex near Guerrero Negro (Ortlieb and Pierre, 1981). 
Transmissivity of the aquifer, the hydraulic conductivity 
times thickness (Montgomery and Manga, 2003), varies 
between 7.0 × 10-4 and 2.0 × 10-2 m2s-1 (SARH, 1991). 
The regional average storage coefficient is 0.10, within the 
range of unconfined aquifers (Davis and De Wiest, 1968).

In this study, we present results concerning ground-
water quality of the Vizcaino aquifer, which indicates 
differences in the aquifer, and discuss natural and anthropo-
genic factors contributing to their differentiation. The 
approach used in this work can be applied in other areas 
where groundwater chemical data is available.

Data

Data from 52 wells, 62 chain-pumps, and 21 springs were 
collected in the Reserve. These data have been published 
previously (INEGI, 1983; 1989). For convenience we use 
“well” for the 135 ground water sources. Fig. 1 displays 
the geographic location of the wells including those wells 
monitored in 2003.

events have been reported in records of the lithology of 
Miocene and Pleistocene epochs, integrated by sequences 
with lateral variations (changes of facies) of marine, lake 
and continental environments. Over these sedimentary 
sequences lie nonconsolidated deposits of the Quaternary 
that also display lateral changes of facies transported from 
the slopes of the mountains to the lagoon systems, and 
producing different environment deposits (i.e., residual, 
alluvial, eolic, lagoon, beach, marsh, etc. DGG, 1983; 
López-Ramos, 1980; Gastil et al., 1975).

The area comprises a surface of 2,750 km2, and its 
thickness varies between some tens of meters on the 
periphery to nearly 200 m at the center (SARH, 1991). 
Nonindurated sediments (alluvium) predominate in the 
upper part of the aquifer (Ortlieb and Pierre, 1981) as 
nonconsolidated granular sequences (INEGI, 1996) and 
consolidated material of volcanoclastic sedimentary rocks 
of the Tertiary and Quaternary.

At deeper levels, the proportion of mud and- clay 
deposits and slightly cemented marine rock, conglomerate 
and sandstone, are greater. Near the periphery of the aquifer 
marine sedimentary deposits interbedded tuffaceous beds 
(Ochoa Landín et al., 2000). The aquifer is underlain 
with clay-like strata; igneous rocks, exposed on the 

Table 1

Summary of the main characteristics of water samples from wells, chain-pumps and springs located in the Vizcaino 
Biosphere Reserve. 

Notes: SAR=Sodium Absortion Ratio, E.C. = Conductivity; T=water temperature; S= Salinity; Static level = depth to the water table; 
ND = No Data.

No	 Characteristic
		  Wells			   Chain-pumps		  Springs			   Wells (May, 2003)

		  Max	 Avg	 Min	 Max	 Avg	 Min	 Max	 Avg	 Min	 Max	 Avg	 Min

1	 Ca2+, mg/L	 540	 56.4	 8.00	 486	 58.4	 12.0	 204	 62.2	 4.00	 218	 53.9	 8.00
2	 Mg2+, mg/L	 538	 71.2	 2.30	 164	 68.1	 7.00	 260	 77.2	 0.60	 138	 42.6	 11.0
3	 Na+, mg/L	 959	 152	 57.7	 1900	 299	 24.1	 1790	 286	 28.3	 1700	 292	 19.0
4	 K+, mg/L	 49.5	 7.59	 1.20	 25.1	 7.73	 1.20	 33.5	 7.64	 0.80	 ND	 ND	 ND
5	 CaCO3, mg/L	 3590	 440	 29.5	 1900	 432	 62.5	 1450	 477	 12.5	 822	 310	 65.0
6	 SAR	 11.5	 3.51	 1.20	 37.1	 6.54	 0.80	 27.5	 6.14	 1.00	 ND	 ND	 ND
7	 pH	 8.40	 7.89	 7.30	 8.40	 7.90	 7.20	 9.90	 8.02	 7.30	 8.3	 7.93	 7.60
8	 E.C., μS/cm	 10.2	 1.51	 0.54	 21.8	 2.45	 0.43	 8.50	 2.00	 0.35	 7100	 1820	 268
9	 SO4

2-, mg/L	 271	 102	 7.00	 781	 151	 11.0	 962	 219	 11.0	 128	 54.4	 2.30
10	 HCO3-, mg/L	 433	 218	 18.9	 689	 280	 122	 439	 239	 12.2	 ND	 ND	 ND
11	 Cl-, mg/L	 3790	 329	 22.7	 2450	 485	 28.4	 2940	 489	 17.7	 1340	 502	 27.1
12	 TDS, mg/L	 6120	 957	 395	 5830	 1360	 328	 6240	 1380	 293	 1760	 1210	 180
13	 NO2-N, mg/L	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 0.776	 0.045	 0.001
14	 NO3-N, mg/L	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 14.0	 3.01	 0.36
15	 NH4-N, mg/L	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 1.06	 0.06	 0.00
16	 T, °C	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 30.5	 23.4	 17.0
17	 S, psu	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 ND	 3.90	 0.95	 0.10
18	 Static level, m	 75.0	 28.6	 3.00	 94.0	 21.0	 0.20	 0.00	 0.00	 0.00	 32.1	 11.1	 2.80



170

Geofis. Int. 49 (4), 2010

In May 2003, ground water samples were taken from 
28 wells in the Reserve (see Apendix Table A1). Table 1 
shows a summary of the main characteristics measured 
and analysed in all ground water sources.

Methods

The location of each well was determined using a Global 
Positioning System, GPS Magellan 315. Preservation of 
the samples and analytical protocols were done according 
to standard methods for surface waters (APHA,1992). 
Ground water samples were taken in bottles without 
phosphate traces and decontaminated for heavy metals. 
S, E.C, and T were determined using a salinometer, 
YSI-85, while pH was determined using a pH-meter, 
ORION 290A. Ca2+, Mg2+, and Na+ concentrations in 
the water samples were analyzed directly with a GBC 
model AVANTA Spectrophotometer. The data quality was 
checked using standards, blank measurements, duplicate 
samples, and spikes in each block of ten samples. NO3–
N concentrations were analyzed using an auto-analyzer 
of ions of continuous flow Latchat model Quick Chem 
8000 FIAS. Cl- and SO4

2- were analyzed according to 
the methodology recommended by APHA (1992) with a 
Spectronic 21D spectrophotometer.

Varimax-rotated empirical orthogonal functional 
(EOF) analysis was applied to data of 135 wells (Fig. 1) 
using the information of 12 parameters of water quality 
(characteristics 1-12 in Table 1). For the analysis there 
are p variables (135 wells) with values for these for n 
individuals (12 parameters from the well).

About EOF analysis

The EOF analysis starts assuming that variables can be 
described by the equation

Xi = aimFm + ei ,

where Xi is the ith score after it has been standardized to 
have a mean of zero and a standard deviation of one for all 
of the m wells; aim is a constant named the factor loading, 
Fm is the factor value which has mean of zero and standard 
deviation of one for all the wells, and ei is the part of Xi 
that is specific to the ith test only.

Thus, the general factor analysis model takes the 
form

X1 = a11F1 + a12F2 + … + a1mFm + e1

X2 = a21F1 + a22F2 + … + a2mFm + e2

Xm = am1Fm + am2F2 + … + ammFm + em

With this model, the total variance of Xi = a²i1 + a²i2 + … 
+ a²im + Var(ei); i.e., the variance of the original variable is 
disseminated through the factors. The correlation between 
variables is rij = ai1aj1 + ai2aj2 + … + aimajm. Hence two 
test scores can only be highly correlated if they have high 
loadings on the same factor.

In this way, the factor loadings are not unique since 
each factor is a linear combination of the other factors 
on the form F*

m = dm1F1 + dm2F2 +…+ dmmFm, and are 
called provisional factors. These provisional factors are 
transformed through a procedure called factor rotation 
in order to find new factors that are easier to interpret. 
Factor rotation can be orthogonal (i.e. Varimax rotation), 
and the new factors are uncorrelated. Numbers of factors 
that can be retained depend on the quality and quantity 
of data and it is expected that a large part of the variance 
in the original series is accounted for by the factors. It 
is desirable that the factor loadings for the new factors 
should be either close to zero or very different from 
zero. A large (close to 1) positive or negative aij means 
that Xi is determined by Fm to a large extent. When it is 
the case, Fm explains a large part of the variance in the 
original variables which means that wells are highly 
correlated (Manly, 2005). Furthermore, plotting on a 
map the factor loadings separately for each factor (i.e., 
ai1 for F1; ai2 for F2; etc.) allows the definition of regions 
if large values (positive or negative) of ai clustered in the 
same geographic locality. Hence, the number of regions 
equaled the number of retained factors. In this case it 
might be concluded that values of samples in the wells are 
regionally comparable and come from the same origin. 
The boundary between the regions could be established 
by selecting an arbitrary value of ai, but the more close 
to 1 is this value the more highly correlated are the wells 
in the region. In the present study groups of wells were 
produced with a = 0.70 loading contour.

Results

The summary of sample values in Table 1 shows large 
differences between minimum and maximum values 
in all the parameters, from the surface to the first 100 
m depth, indicating large variability of water quality in 
the aquifer. A matrix correlation from some arbitrary 
selected wells (Table 2), indicate that high correlations 
are common between the wells even though they are long 
distance apart. Therefore, it was quite conceivable that 
135 variables (wells) could be adequately represented by 
some factor-regions.

Indeed, Table 3 shows that the first three retained 
factors account for 99% of the total variance of the wells. 
The variance accounted for by each factor is very high, 
38% for Factor 1, 33% for Factor 2, and almost 28% for 
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Factor 3. Highly correlated variables (i.e., those variables 
with factor loadings a≥0.7 in each factor), sum up 43 for 
Factor 1, 26 for Factor 2, and 15 for Factor 3 (Table 3 
and Fig. 3). Those wells with associated a<0.70 in the 
three retained factors were considered undefined (not-
belonging to any Factor). These variables sum up 47, 
and they are randomly distributed in the region with 

numbers (see Fig. 1): 6-8,10, 11, 13-15, 17, 18, 23, 29, 
33, 35, 36, 40-43, 46-49, 51, 53, 54, 57, 58, 64, 67, 69, 
73, 75, 78, 89-91, 96, 98, 105-108, 111, 118, 128, and 
129. Causes of no-definition of these variables seem to 
be related to localized conditions. Because these wells do 
not contribute information that elucidates the differences 
between the areas, they were not considered in subsequent 
calculations. Considering that in EOF analysis Factor 1 to 
Factor 3 are uncorrelated common factors (Manly, 2005), 
the large percentage of the variance explained in each of 
them indicate a clear distinction between the factors. Also, 
that all of them are equally important for accounting for 
the total variance in the original series. Fig. 3 displays the 
loading contour maps for Factor 1 (Fig. 3a), Factor 2 (Fig. 
3b) and Factor 3 (Fig. 3c). A composite map displaying 
factor loading contours a≥0.7 from the three maps (shading 
areas) is shown in Fig. 3d. Crosses in Fig. 3d indicate the 
position of wells monitored in 2003. Note that wells are 
distributed in the three areas and that each of the areas is 
geographically well defined: to the east and southeast for 
Factor 1 (“eastern area”); to the west for Factor 2 (“western 
area”); and to the center on a northwest-southeast narrow 
strip for Factor 3 (“central area”).

Table 2

Matrix correlation of some selected wells using informa-
tion of 12 characteristics of water quality from the wells. 

Location of the wells is displayed in Fig. 1.

Notes: W =  Well; S = Spring; Ch = Chain-pump

	 17 (W)	 26 (W)	 88 (S)	 115 (Ch)	 126 (S)	 124 (Ch)

17 (W)	 1.00	 0.80	 0.94	 0.89	 0.87	 0.89
26 (W)		  1.00	 0.89	 0.81	 0.80	 0.89
88   (S)			   1.00	 0.98	 0.75	 0.83
115 (Ch)				    1.00	 0.61	 0.70
126   (S)					     1.00	 0.99
124 (Ch)						      1.00

Fig. 3. Maps displaying factor loading contours for Factor 1 (a); Factor 2 (b) and Factor 3 (c). Values of ai ≥ 0.7 are shading. The map 
in (d) displays a composite of contours ai ≥ 0.7 for the three factors; crosses show the location of the wells monitored in 2003.
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There were few cases with values a≥0.7 apart from the 
main shading area, for example well 94 to the southeast 
in Factor 2 (Fig. 3b), and wells  132, 125, 127 to the 
southwest in Factor 3 (Fig. 3c). Because these wells are not 
defined in the main shading area they were removed from 
calculations and were considered also as undefined wells.

Constituents from wells that were defined in Factors 1-
3 after EOF analysis, were averaged and their respective 
standard deviations were calculated (Table 4). To verify 
how well the distinction between the areas is defined in 
more recently conditions, average values and standard 
deviations of constituents were also estimated from wells 

Table 3

Eigenvalues and cumulative proportion of explained variance corresponding to three Varimax-rotated factors

* Variables with associated factor loadings a>0.70 in each case.

Table 4

Average dissolved constituents related to each of the three factors in the aquifer of the Vizcaíno Biosphere Reserve with 
amounts estimated from well data with loading values of ai ≥ 0.7 for the eastern area (Factor 1), western area (Factor 2), 

and central area (Factor 3)

Notes: Na+, K+, SO4
2-, Cl-, TDS, HCO3-, NO3-, Ca2+, Mg2+, and hardness are in mg/L; E.C. is in μS/cm; temperature is in °C

	 Factor	 Variance explained	 Proportion of Variance	 Highly correlated variables
		  by rotated	 Explained (%)	 In the Factor*
		  components

	 1	 50.18	 38.30	 12. 20, 22, 32, 44, 55, 59, 61, 62, 68, 71, 72, 74, 76, 77, 
				    79, 81-88, 92, 93, 95, 97, 99-104, 109, 110, 114-117, 120-122 

	 2	 42.92	 32.77	 1-3, 19, 21, 24, 27, 30, 37, 39, 45, 50, 52, 56, 60, 63, 66, 94,
				    123, 124, 126, 130, 131, 133, 134, 135

	 3	 36.66	 27.98	 5, 9, 16, 25, 26, 28, 31, 34, 38, 65, 80, 119, 125, 127, 132

	Cummulative	 129.76	 99.05

			   Average ± desv std

		  Factor 1-eastern	 Factor 2-western	 Factor 3-central

	 Factor scores	 0.77 ± 0.04	 0.78 ± 0.05	 0.72 ± 0.02
	 Na+	 92 ± 32	 622 ± 490	 129 ± 39
	 K+	 5.92 ± 5.37	 9.67 ± 5.11	 8.00 ± 2.98
	 E.C.	 0.92 ± 0.29	 4.30 ± 4.50	 1.90 ± 0.55
	 SO4

2-	 84 ± 46	 180 ± 234	 140 ± 92
	 Cl-	 109 ± 49	 985 ± 841	 439 ± 169
	 TDS	 678 ± 184	 2191 ± 1601	 1090 ± 260
	 HCO3-	 298 ± 81	 257 ± 130	 174 ± 34
	 PH	 7.83 ± 0.26	 8.08 ± 0.45	 7.80 ± 0.20
	 Temperature	 26.5 ± 2.1	 25.2 ± 1.7	 26.2 ± 0.9
	 NO3-	 9.88 ± 7.91	 8.98 ± 6.99	 14.5 ± 12.6
	 Ca2+	 40.3 ± 15.7	 52.0 ± 45.6	 75.8 ± 32.5
	 Mg2+	 44.5 ± 22.4	 73.8 ± 60.0	 106.9 ± 25.2
	 Hardness	 289 ± 125	 438 ± 352	 647 ± 156
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monitored in May 2003 (Table 5), and after locating them 
in their respective area (see Fig. 3d). Wells associated 
to each factor were: for Factor 1-eastern area 23-28; for 
Factor 2-western area 1, 2, 8-17; and for Factor 3-central 
area 3-7 and 22 (see Fig. 3d). Note, that wells 25 and 26 
are located outside of the shading area (Fig. 3d), but still 
related to the eastern area because they are apart from the 
other areas.

Discussion

EOF analysis has been used to identify possible sources/
factors that influence the water systems (Simeonov et 
al., 2003, Méndez-Rodríguez et al., 2008), in which the 
variables are the characteristics of water quality and the 
individuals correspond to the monitoring sites (wells). 
Another application of this method has been recognition 
of highly correlated elements to delimit regions. In this 
case factor loadings associated to each variable are plotted 
on a map and the border between the regions is assigned 
by selecting an arbitrary factor loading value closed to 1. 
This application has gained success in hydrometeorology 
studies (Richman, 1981; Comrie and Glen, 1988; Brito-
Castillo et al., 2003) and more recently an extensive 
review about EOF application in atmospheric sciences 
has been done (Hannachi et al., 2007). In this work 
the second approach has been applied. The motivation 
to do this was to focusing on the highly correlated 
sites making computations for 12 characteristics of 
water quality between the wells. It is assumed that if 
subsurface water is in contact with geologic materials 
of similar characteristics, then its quality, analyzed from 
the samples from the wells, should be comparable (i.e., 
highly correlated). Actually, major-ion chemistry of 
natural waters can often be explained by the reaction of 
these waters with rocks or sediments through which they 
flow (Frape et al., 1984; Hem, 1989; Thomas et al., 1989). 
On the other way, if the water composition is dissimilar 
(i.e. correlation between the wells is near zero), then one 
may assume that water belongs to aquifers with different 
geologic environments, or the differences in water quality 
might result from extrinsic man-made factors (Pye and 
Patrick, 1983). Hence, the discussion below is focusing 
on demonstrating that highly correlated wells (i.e., wells 
assigned to the same factor), are explained by similar 
characteristics of water quality that distinguished them 
from other non-related to the same factor wells. In other 
words, this means that the western, central, and eastern 
areas (Fig. 3) might be distinguished by predominance of 
different parameters of water quality. Then, the discussion 
involves more recently measurements from wells located 
in each of the areas.

In the western area, average values of Na+, K+, E.C., 
SO4

2-, Cl-, and TDS (Table 4) are indicative of high 

salinity, low rainfall (CNA, 1991), and high evaporation 
(1700 mm/year) (Ortlieb and Pierre, 1981). In this part of 
the Reserve, evaporation is so high that salt production 
is a major economic activity. The salt ponds of Guerrero 
Negro are one of the largest salt fields in the world (SARH, 
1991). This is an area of evaporite deposits, brine pans, 
and salt flats (Ortlieb and Pierre, 1981) with presence 
of gypsum beds, halite (Kinsman, 1969; Phleger, 1969), 
and uncommon mineral, polyhalite (Holser, 1966), which 
largely explain high concentration of Na+, K+, SO4

2-, Cl- 
in groundwater. In this area, 10 out of 26 wells (Fig. 3b) 
are classified as highly salty (INEGI, 1989). Three of the 
wells are used for industrial purposes and 18 wells were for 
domestic and livestock uses. More recently measurements 
(Table 5) confirmed these results, indicating that ground 
water in the western area is brackish (Carriker, 1967), 
with high conductivity and high concentrations of Na+, 
Cl, SO4

2-, and TDS compared to the two other areas (Table 
5). At present, the wells positioned in the western area are 
abandoned, but it was possible to confirm that in the past, 
those wells were of domestic and livestock uses as it was 
reported (INEGI, 1989).

The eastern area is dominated by bicarbonate ions 
HCO3

- and smaller concentrations of the other dissolved 
constituents, in comparison to the other two areas (Table 
4). Average NO3–N concentrations are a little higher than 
in the west. The predominance of carbonate alkalinity in 
groundwater in the eastern area is explained by the reaction 
of water with subaerial andesitic and basaltic flows, tuff, 
breccia, agglomerate, and tuffaceous sandstone (Ochoa-
Landín et al., 2000). These rocks define a medium-K 
calc-alkaline suite typical of active continental margins 
(Sawlan and Smith, 1984) as is the case of Santa Rosalía 
basin (Ochoa-Landín et al., 2000) in the eastern area.

Values of HCO3
- between 50 and 400 mg/L are common 

in groundwaters (Hem, 1989) as occur in the three areas, 
and values of Ca2+, Na+, and K+ higher than 15, 6.3, and 
2.3 mg/L, respectively, as is observed in the eastern area 
(Tables 4 and 5) come from mineralized waters common 
in arid regions (Davis and DeWiest, 1968).

Because of the presence of gypsum deposits in the 
eastern area (INEGI, 1983; Ochoa-Landín et al., 2000), 
calcium concentration and the dissociation of HCO3

- is 
high. It is possible to assume that calcium concentration 
has increased by the presence of sodium and potassium 
salts (Davis and DeWiest, 1968) through a mechanism 
known as ion exchange (Foster, 1942), which largely 
explains the increase in water hardness (Sawyer and 
McCarty, 1967) in the eastern area. Hardness increased 
from 289 mg/L, Table 4 in 1983 to very hard (414 mg/L) 
at present (Table 5).
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Groundwater quality of the eastern area differs from 
that of western and central areas in soluble ammonia (0.2 
mg/L, Table 5) which is also the maximum concentration 
recommended by WHO (1996). Ammonia is formed 
by the deamination of organic nitrogen – containing 
compounds and by the hydrolysis of urea (GEMS, 1992). 
It is easily oxidized to nitrite and nitrate in the presence 
of sufficient oxygen (nitrification). This constituent by 
itself has no direct importance for health but might be an 
important indicator of fecal contamination. Unfortunately, 
we don’t have the analysis to prove that. The 43 wells 
located here are commonly used for domestic purposes 
and irrigation (10 wells) and livestock (19). High levels 
of soluble ammonia in groundwater produce bad taste and 
odor problems among other aspects (WHO, 1996).

The central area is characterized by nonindurated 
sediments (alluvium), sand deposits and conglomerates, 
allowing a high volume flow groundwater in this part 
of the aquifer (INEGI, 1983). The highest density of 
agricultural fields occur in this area. Of eleven wells 
recently monitored in the area (see location of wells in 
Fig. 3d), four wells are used for irrigation, four wells are 
used for irrigation and domestic purposes, and three solely 
for domestic purposes. Because the use of agricultural 
chemicals (mainly nitrate fertilizers) (Matson et al., 

1997), this area has the highest average concentrations of 
nitrates in groundwater now (Table 5), as it had in the past 
(Table 4) compared to the other areas. In 1983, central area 
water was very hard (hardness = 647 mg/L) dominated by 
calcium (75.8 mg/l) and magnesium (106.9 mg/L) (Table 
4) (INEGI, 1983). These average concentrations were 
estimated from data reported by INEGI (1983), but we 
found that average hardness and calcium and magnesium 
were 162, 27 and 23 mg/L, respectively (Table 5), which 
is more credible than previous values because magnesium 
is generally found in lower concentrations than calcium 
(Davis and DeWiest, 1968) and also, because the largest 
concentration of magnesium (57.3 mg/L) was in the 
western area (Table 5) which matches with the presence 
of magnesite and dolomite encountered in sedimentary 
rocks in that area (Padilla-Arredondo et al., 1991). 
Average salinity in groundwater in the central area is 0.4 
psu, a value that is close to the 0.5 psu limit for brackish 
water (Carriker, 1967). The high salinity suggests salt 
water intrusion to the aquifer from the west presumably 
caused by large groundwater withdrawals for irrigation 
(Bear et al., 1999). The advance of saltwater from the 
west has affected the position of salt water-fresh water 
transition degrading the quality of water for domestic 
uses in the west as has been mentioned previously. 
Large withdrawals from the Vizcaino aquifer decrease 

Table 5

Average dissolved constituents from wells monitored in May 2003. Wells were clustered in Factors 1-3 according to its 
position relative to shading areas (see Fig. 3d).

Notes: Na+, SO4
2-, Cl-, TDS, NO3-N, NO2-N, Ca2+, Mg2+, Hardness, Ammonium, and orthophosphates are in mg/L; E.C. is in μS/cm; 

Temperature is in °C.

			   Average ± desv. std
		  Factor 1	 Factor 2	 Factor 3

	 Na+	 95 ± 67	 473 ± 441	 90 ± 23
	 E.C.	 753 ± 385	 2646 ± 1670	 740 ± 291
	 SO4

2-	 56.2 ± 48.5	 60.7 ± 26.6	 37.8 ± 18.9
	 Cl-	 237 ± 182	 709 ± 337	 254 ± 224
	 TDS	 504 ± 258	 1754 ± 1139	 461 ± 224
	 PH	 8.0 ± 0.2	 8.0 ± 0.2	 7.8 ± 0.1
	 Temperatura	 27.5 ± 1.9	 20.8 ± 2.0	 25.5 ± 0.6
	 NO3-N	 4.1 ± 2.6	 1.1 ± 1.0	 5.9 ± 4.4
	 NO2-N	 0.1 ± 0.3	 0.0 ± 0.0	 0.0 ± 0.0
	 Ca2+	 92.3 ± 63.3	 60.7 ± 26.5	 27.3 ± 18.3
	 Mg2+	 44.7 ± 25.2	 57.3 ± 33.3	 22.8 ± 10.2
	 Hardness	 414 ± 239	 387 ± 194	 162.0 ± 79.4
	 Ammonium	 0.2 ± 0.4	 0.1 ± 0.1	 0.0 ± 0.0
	 Orthophosphates	 0.0 ± 0.0	 0.1 ± 0.2	 0.0 ± 0.0
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the volume of fresh water available and result in storage 
deficit (Matson, 1997). Most water from precipitation 
that infiltrates does not become recharge. Instead, it is 
stored in the soil zone and is eventually returned to the 
atmosphere by evaporation and plant transpiration (Alley 
et al., 2002). Values published (DOF, 2003) indicate that 
average annual groundwater recharge in Vizcaino aquifer 
is negative at 1.7 × 106 m3.

Conclusions

The National Water Commission of Mexico (CNA) has 
considered the aquifer located in the Reserve as one water 
body. We applied Varimax rotated EOF analysis to data of 
135 wells using the information of 12 parameters of water 
quality; the Factors 1-3 retained in the analysis, were 
compared to the composition of the geologic deposits 
present. The results of this comparative analysis indicate 
that water quality in this aquifer within the Reserve is 
differentiated into eastern area, western area, and central 
area. Thus the EOF analysis proves to be an excellent tool 
for this kind of investigations and this technique might be 
applied in other areas with available groundwater chemical 
data. Results indicate that the eastern area is characterized 
by average high concentration of bicarbonate ions caused 
by the reactions of water with rocks that define a medium-
K calc-alkaline suite. The western area is characterized 
by average high concentrations of Na+, K+, SO4

2-, Cl- and 
TDS, a result from the dissolution of gypsum, halite and 
polyhalite minerals. The groundwater in the central area 
shows high concentrations of soluble nitrates, a product 
of agricultural fertilizer. Because of high withdrawals 
in the central area, the advance of saltwater from the 
west is already evident. The results of this study can be 
useful to stakeholders and the public interested in a better 
groundwater management of this aquifer.
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Appendix

Table A1

Quality data from 28 wells monitored in Vizcaíno Biosphere Reserve in May 2003

No	 Position of the		  Water temp.	 Salinity psu	 Conductivity	 Ca2+	 Mg2+	 Na+	 TDS
	 sampling site		  (°C)		  (µS/cm)	 (mg/L)	 (mg/L)	 (mg/L)	 (mg/L)
	 Longitude, W	 Latitude, N							     

1	 113.97306	 27.97056	 21.3	 1.0	 2046	 69	 45	 232	 1371
2	 113.83444	 27.87972	 23.5	 0.6	 973	 43	 27	 147	 430
3	 113.70028	 27.82583	 24.8	 0.3	 481	 31	 28	 53	 222
4	 113.45222	 27.71722	 26.0	 0.4	 576	 18	 13	 119	 277
5	 113.44194	 27.61583	 25.7	 0.3	 600	 14	 16	 75	 402
6	 113.48028	 27.62139	 26.4	 0.6	 1152	 29	 39	 108	 772
7	 113.46778	 27.68111	 24.8	 0.6	 1142	 64	 30	 107	 765
8	 113.97361	 27.92417	 17.0	 3.9	 7100	 67	 63	 1698	 4757
9	 113.96333	 27.91694	 17.8	 2.2	 4038	 63	 52	 1063	 2705
10	 113.91806	 27.88556	 19.6	 2.2	 4098	 67	 40	 545	 2746
11	 113.85694	 27.85361	 22.5	 1.7	 3169	 56	 94	 317	 2123
12	 113.83250	 27.81750	 21.7	 1.1	 2205	 100	 138	 401	 1477
13	 113.82806	 27.83361	 19.4	 1.1	 2135	 118	 95	 405	 1430
14	 113.82333	 27.81444	 19.7	 0.9	 1842	 22	 24	 273	 1234
15	 113.82972	 27.78833	 22.9	 0.7	 1372	 45	 41	 290	 919
16	 113.78361	 27.78083	 22.1	 0.9	 1734	 54	 43	 187	 1162
17	 113.77917	 27.74667	 22.6	 0.5	 1039	 24	 25	 120	 696
18	 113.82639	 27.67056	 21.3	 1.2	 2431	 12	 20	 382	 1629
19	 113.75556	 27.61806	 19.2	 1.7	 3304	 25	 42	 456	 2214
20	 113.71972	 27.57556	 22.6	 1.1	 2061	 13	 24	 306	 1381
21	 113.67694	 27.52944	 22.9	 1.3	 2594	 14	 15	 260	 1738
22	 113.44000	 27.61028	 25.1	 0.2	 486	 8	 11	 76	 326
23	 113.02667	 27.59250	 27.3	 0.1	 268	 11	 11	 19	 180
24	 113.01944	 27.59778	 24.4	 0.2	 408	 94	 26	 27	 273
25	 113.39611	 28.03139	 30.5	 0.6	 1279	 218	 68	 129	 857
26	 113.51861	 28.20944	 27.0	 0.2	 480	 57	 30	 91	 322
27	 113.33667	 27.52500	 26.5	 0.6	 1134	 100	 84	 83	 760
28	 112.89528	 27.30000	 29.2	 0.5	 946	 74	 49	 219	 634



179

Geofis. Int. 49 (4), 2010

Notes: N.D.=non-detectable; *=It was not possible to measure

Table A1

Continued.

No	 CaCO3	 pH	 NO2-N	 NO3-N	 NH4-N	 Cl-Chlorides	 SO4
2- Sulfates	 Depth to

	 Hard-Ness		  Nitrites	 Nitrates	 Ammonium	 (mg/L)	 (mg/L)	 water table
	 (mg/L)	  	 (mg/L)	 (mg/L)	 (mg/L)			   (m)

1	 357	 7.8	 0.002	 1.01	 N.D.	 476.5	 52.2	 12.8
2	 218	 7.8	 0.001	 0.42	 0.167	 301.9	 21.5	 28.9
3	 192	 7.7	 0.002	 1.74	 N.D.	 124.9	 50.4	 *
4	 98	 7.8	 0.006	 5.15	 N.D.	 152.1	 28.1	 *
5	 101	 7.8	 0.002	 3.08	 N.D.	 61.5	 19.4	 *
6	 233	 7.8	 0.025	 9.37	 N.D.	 226.3	 67.2	 *
7	 283	 7.9	 0.002	 14.00	 N.D.	 221.7	 48.1	 *
8	 426	 8.3	 0.009	 1.41	 0.045	 1342.9	 98.4	 3.2
9	 371	 8.2	 0.006	 0.78	 N.D.	 989.9	 68.5	 4.15
10	 331	 7.9	 0.040	 0.76	 0.407	 1001	 24.2	 7.75
11	 526	 7.8	 0.001	 0.66	 N.D.	 746.6	 54.8	 16.1
12	 817	 7.8	 0.001	 0.94	 N.D.	 1029.5	 105	 11.1
13	 685	 8.3	 0.002	 0.69	 N.D.	 973.3	 53.4	 15.8
14	 153	 8.1	 0.010	 1.18	 N.D.	 445.2	 46.8	 11.0
15	 281	 7.9	 0.004	 0.36	 N.D.	 565.0	 72.7	 6.2
16	 311	 7.9	 0.005	 4.26	 N.D.	 390.8	 94.1	 9.4
17	 163	 8.0	 0.004	 0.99	 N.D.	 247.9	 36.7	 6.6
18	 112	 8.0	 0.006	 1.51	 N.D.	 628.6	 53.8	 2.8
19	 235	 8.1	 0.249	 4.93	 N.D.	 661.8	 62.9	 6.9
20	 131	 8.0	 0.054	 3.99	 0.027	 496.8	 50.9	 7.2
21	 96	 7.8	 0.016	 0.56	 N.D.	 800.0	 61.6	 7.0
22	 65	 7.9	 0.004	 2.09	 N.D.	 737.4	 13.7	 32.0
23	 73	 8.3	 0.012	 5.74	 0.100	 27.1	 6.1	 *
24	 341	 8.2	 0.776	 0.76	 1.06	 32.9	 2.3	 *
25	 822	 7.6	 0.003	 2.95	 N.D.	 499.6	 128	 *
26	 265	 8.0	 0.001	 3.43	 N.D.	 130.1	 27	 *
27	 595	 7.8	 0.002	 8.78	 N.D.	 374.7	 67	 *
28	 386	 7.8	 0.002	 2.74	 N.D.	 356.2	 107	 *


