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RESUMEN

Se utilizaron datos hidrogeoquimicos para describir los procesos que modifican la calidad del agua subterranea en el noroeste
de Yucatan. Se encontrd que los procesos de disolucion de rocas carbonatadas de gran pureza, la mezcla con agua salada y el
intercambio i6nico en calizas arcillosas estan presentes en la zona en estudio. Las nuevas observaciones confirman los resultados
de estudios previos sobre las medidas recomendadas para la conservacion del agua subterranea en la zona. Se encontré agua
salobre varios kilometros tierra adentro, cuya presencia se debe a la intrusion de fondo de agua salada en pozos relativamente
profundos o por la concentracion del bombeo.

PALABRAS CLAVE: Calizas, calidad del agua subterranea, intrusion de agua salobre, karst, Yucatan, México.

ABSTRACT

Hydrochemical data are presented to describe the process that modifies the groundwater quality in northwest Yucatan.
Solution of almost pure carbonate rocks, conservative mixing with seawater and ionic interchange in clayey limestone of middle
Eocene are found. Groundwater flow is from the central zone of the study area outward. New observations confirm earlier studies
on proposed conservation measures in the area. Brackish water is found several kilometers inland. Salinity increase is due to

saltwater upconing in relatively deep wells or by the concentration of pumping.

KEY WORDS: Karst, groundwater quality, saltwater intrusion, limestone, Yucatan, Mexico.

INTRODUCTION

The main geochemical process in karst aquifers is the
dissolution of carbonate rocks. Stringfield and LeGrand
(1973) conclude that solution features such as cavities and
channels are found chiefly in the upper part of the water table.
After carbonates have been transformed into rocks, many
additional chemical changes occur both in groundwater and
in aquifer mineralogy (Hanshaw and Back, 1973). In recharge
areas, groundwater is typically of the CaHCO, type. During
the groundwater movement towards the coast, Mg increases
owing to dissolution of dolomite and high-Mg calcite while
Ca remains relatively constant.

Melloul and Goldenberg (1998) define three stages to
characterize the exchange process of freshwater by saline
water in wells located along the coastal aquifer of Israel and
the Gaza Strip. The first stages of salt water intrusion entail
initial CI concentrations less than 60 mg/l, characterized by
imperceptible fluctuations in chloride. The second stage is
characterized by CI concentration between 60 — 130 mg/I,
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and the third stage begins when CI values increase rapidly
above 130 mg/Il.

SETTING OF THE STUDY AREA

The northern half of the Yucatian peninsula, Mexico
(Figure 1), has a surface elevation with an average of 15
meters above mean sea level (a.m.s.1.), bounded on the south
by the Sierrita de Ticul, a range of low hills with an eleva-
tion of about 150 a.m.s.1. The annual rainfall ranges between
500 and 1500 millimeters, increasing from the coastal area
inland. The rainy period is from May through September
(SARH, 1988). The temperature ranges from 23° C in Janu-
ary to 28° C in May. The region features a tropical savannah
climate that is constantly swept by warm, moisture laden
breezes (Ward et al., 1985).

The geology consists of almost pure carbonate rocks
and evaporites, forming a mature karstic system. The disso-
lution process leaves little residue. The soil cover is thin to
non-existent. There are no rivers in northwest Yucatan. Due
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Fig. 1. Location of the study area.

to the karstic terrain, rainfall infiltrates rapidly down to the
water table, so that the aquifer is highly vulnerable to con-
tamination (Marin and Perry, 1994). The aquifer is uncon-
fined except for a narrow band parallel to the coast (Perry et
al., 1989). The hydraulic gradient is very low, on the order
of 7-10 mm/km (Marin et al., 1987; Marin, 1990). The hy-
draulic conductivity is very high (Back and Hanshaw, 1970;
Marin, 1990).

Sinkholes locally known as “cenotes” are a common
feature throughout the Yucatan peninsula. The Ring of Cen-
otes (RC) (Pope and Duller, 1989) is approximately 5 km
wide, with a radius of approximately 90 km centered on
Chicxulub (Marin et al., 1990). Cenote density varies from
several per kilometer to several kilometers between cenotes
(Figure 2). The RC has been shown to be a zone of high
permeability. It exhibits spatially variable hydraulic charac-
teristics (Steinich and Marin, 1997), including a ground wa-
ter divide (Steinich et al., 1996).

Regional ground water flow is from southeast to north-
west (Marin, 1990; Steinich and Marin, 1996). Marin (1990)
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proposed the inversion of ground water flows at the north of
the RC due to its high permeability. Steinich et al. (1996)
showed that in the central region of the ring, east of the ground
water divide, the aquifer does not behave as a porous me-
dium as proposed by Marin (1990), and that reversals in the
hydraulic gradient occur regularly.

The fresh water lens is 45 to 50 meters thick under the
city of Mérida. The unsaturated zone in Mérida ranges be-
tween 8-12 meters. There is practically no sewage treatment
for Mérida. As the aquifer is highly permeable, untreated
sewage reaches the aquifer quickly. This is also true for in-
dustrial effluents as well as leachates from landfills. As a
result, water from the upper 20 meters of the aquifer is not
considered fit for human consumption. High nitrate values
have been reported just north of Mérida (Pacheco and
Cabrera, 1997). Pacheco et al. (2000) have reported very high
counts of fecal coliforms in communities north of Mérida.
Graniel et al. (1999); Pacheco et al. (2001) have reported
organic contaminants, as well as heavy metals, in the aquifer
that supplies drinking water to the population of Mérida
(Pacheco et al., 2001; Marin et al., 2002).
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A thin freshwater lens is the only source of water in the
peninsula of Yucatan. An area of 900 km? located southwest
of Mérida has been proposed as a hydrogeological reserve
zone (HRZ) to ensure an adequate source of drinking water
for the city of Mérida (Escolero et al., 2000). The proposed
HRZ is bounded to the south by the RC, to the west by the
road from Hunucma to Celestun, to the north by the road
from Sisal to Uman, and to the east by the highway between
Uman and Kapoma (Figure 2). The distance between the
midpoint of the HRZ and Mérida is 35 km. A detailed ground
water management scheme has been proposed by Escolero
et al. (2002) for the implementation of the HRZ for Mérida.

The main purpose of this study is to apply a combina-
tion of interpretation techniques of hydrochemical data in
order to (1) establish the different processes that modified
groundwater quality, (2) analyze the hydraulic control im-
posed to the groundwater flow, supported by hydrochemical
analysis, and (3) study the origin of salinity in wells located
inland.

DESCRIPTION OF STUDY

Twenty-four sites were selected to collect groundwater
samples, covering the region in a representative way. Ground-
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water samples were collected in March 2000. This date cor-
responds to the dry season. It is representative of ground-
water quality conditions with no rainfall influence (Figure
2). The 24 sampled sites include wells, springs and sink-
holes. The sites were located using a handheld GPS, model
Garmin II (Table 1).

Groundwater samples were taken directly from the
wells. They were filtered with a 0.2 micron filter and col-
lected in polyethylene-sterilized bottles that were previously
washed in 5% nitric acid. The bottles were rinsed with
sample water before filling. Care was taken to avoid con-
taminating the sample by surface scum. Each sample was
sealed, labelled, and kept at a temperature of 4° C until
analysed.

Groundwater samples were measured in the field for
temperature, ph and electric conductivity, and analysed in
laboratory for bicarbonate, calcium, chloride, magnesium,
potassium, sodium and sulfate; according to the procedures
outlined in Standard Methods (APHA, AWWA, WEF, 1996).
Alkalinity was normally determinated within 24 hours. All
samples as described in Table 2 have ion balance equal to
or better than 10%, except samples 5 and 19. We didn’t use
the data corresponding to these two samples in the analysis.

— =i IS, — — = — -
150000 160000 170000 180000 190000 200000 210000 220000 230000 240000

Fig. 2. Location of groundwater sampling sites and the main cities in the region. Dots are sinkholes along the Ring of Cenotes.

303



O. Escolero et al.

Table 1

Sampling Sites for groundwater

N° Site X y Type
1 CHOCHOLA1 204,678 2,296,876  Dug well
2 CHOCHOLA?2 205,331 2,296,793  Dug well
3 KOPOMA 197,837 2,285,743 Well
4 ASPTEITHUNUCMA 202,752 2,327,297  Dug well
5 ASPTE2HUNUCMA 201,106 2,326,510  Dug well
6 TETIZ AP 195,516 2,320,055 Well
7 ASPTE7 KINCHIL 193,420 2,315,555 Dug well
8 KINCHIL AP-1 192,583 2,315,181 Well
9 ASPTE-8BIS TETIZ 190,325 2,306,411 Dug well
10 ASPTE9 CENOTE 158,614 2,308,895  Sinkhole
11 CELESTUN AP 158,633 2,308,063 Spring
12 UMAN 214,161 2,311,372  Dug well
13 TEPENI1 214,611 2,304,786  Dug well
14  YAXCOPOIL 216,607 2,296,710  Dug well
15 TEMOZON 223,558 2,289,885 Dug well
16 CENOTE TEMOZON 223,535 2,289,214  Sinkhole
17 ABALAAP-1 221,099 2,284,958 Well
18 MUCUICHE CENOTE 228,345 2,282,498  Sinkhole
19 CHOYOB 218,345 2,272,484  Dug well
20 ASPTE23 SAMAHIL 199,434 2,311,672 Dug well
21  RANCHO S. PEDRO 194,987 2,331,235  Dug well
22 ASPTE 3 CENOTE 191,655 2,334,944  Sinkhole
23 SISAL AP 188,468 2,338,259 Spring
24 ASPTE 5 196,030  2,329911  Dug well
Ca (24) 25%
Mg (2+) 25%
*
*
Ca(2+) 50% »
HCO3(-) 50%
b4
e
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HCO3(-) 25%
S04(2-) 25%

SO4(2-) 50%

SO4(2-) 25%
Cl(-)25%

CI(-) 50%

RESULTS

The results of the chemical analysis, as well as typical
seawater from Appelo and Postma (1996) were plotted on a
Durov diagram (Figure 3). Mixing is shown by samples lo-
cated in the upper left corner such as samples 9 and 20, to
those at the lower right, like samples 12 and 22. Several
samples are located along the mixing path between fresh
water and seawater.

Melloul and Goldenberg, (1998) define fresh water as
having a chloride content between 30 and 150 mg/l, brack-
ish (300-1000 mg/1), salt (10 000-20 000 mg/l), and
hyperhaline (> 20 000 mg/1). We classify samples 9, 16 and
20 as fresh water, and samples 12, 22 and 24 as brackish
water. In order to classify the water types, several circular
diagram types were constructed (Figure 4). Here sample 20
is defined as calcium-bicarbonate type: it represents fresh
water from recent rain infiltration, modified by dissolution
of carbonate rocks. Sample 22 is of sodium—chloride type
and represents brackish water. Samples 2 and 17 correspond
to typical mixing phases.

Generally, water anions change systematically from bi-
carbonate to chloride as groundwater flows from the recharge
zone to the discharge areas (Appelo and Potsma, 1996). Af-
ter Chadha (1999), we present the chemical compositions in
Table 2, plus seawater contents from Appelo and Postma

Mg(2+) 50%

Na(+) 25%
Mg(2+) 25%

. *
L AN )
° 0002 ‘..
. e Na(+) 50%

Seawater

Fig. 3. Durov diagram showing the relative cation and anion composition of the groundwater in sample sites.
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Fig. 4. Circular diagrams that represent different water types. Sample
20 corresponds to freshwater, and sample 22 corresponds to
brackish water. Samples 2 and 17 are typical mixing phases.

Table 2

Hydrogeochemical data (mg/l)

Sample Na* K+ Mg* Ca* Cl  HCO, SO/

3 4
N
1 134.5 8.4 55.1 96.8 260.6 527.5 30.5
2 146.7 9.0 495 96.0 283.6 505.1 419
3 136.4 6.8 70.5 99.8 260.6 499.5 160.2
4 85.3 54 719 81.4 159.5 409.7 23.5
5 35.7 11.6 252 81.4 67.4 491.1 55.1
6 38.5 8.8 233 72.2 70.9 328.3 19.1
7 124.0 7.0 663 119.8 2393 491.1 120.3
8 71.1 27.0 49.5 76.8 159.5 392.8 427
9 9.8 1.6 392 81.4 26.6 359.2 6.4
10 43.1 96.0 40.6 106.0 95.7 592.1 70.0
11 126.6 31.5 23.8 107.5 1303 578.0 61.8
12 340.0 3.6 537 1459 605.3 578.0 110.9
13 86.6 11.8 40.1 99.8 161.3 454.6 35.5
14 112.2 6.2 429 76.0 214.5 499.5 354
15 154.1 7.8 51.8 113.7 305.8 527.5 50.2
16 24.1 3.8 28.0 61.4 37.2 364.8 9.8
17 326.8 152 86.8 1574 591.1 488.2 260.8
18 107.8 6.0 54.1 110.6 2163 533.1 31.3
19 37.5 11.6 46.7 76.8 257.9 449.0 22.5
20 13.9 20 135 92.9 31.9 420.9 10.3
21 75.5 24.0 38.7 98.3 141.8 404.1 58.8
22 308.8 156 784 175.1 569.9 488.2  326.0
23 100.8 7.6 355 98.3 177.3 420.9 77.9
24 2234 124 61.6 130.6 436.0 5163 104.8

(1996). The difference in milliequivalent between alkaline
earths (Calcium+Magnesium) and alkali metals (sodium+
potassium) is plotted on the x-axis and the difference in mil-
liequivalent between weak acids (bicarbonate) and strong
acids (chloride+sulfate) is plotted on the y axis (Figure 5).
The figure shows that most of the samples lie along a con-
servative mixing path.

The chemical reactions in the area where fresh water is
displaced by saltwater can be deduced from a calculation of
conservative mixing, considering chloride as a conservative
ion. In order to find the seawater contribution, the chloride
concentration of seawater is assumed as 566 mmol/l (Appelo
and Postma, 1996). No other source of chloride is assumed.
We calculate that samples 12, 17 and 22 contain about 3% of
seawater, while the samples 9 and 20 contain less than 0.15%.
The samples 10, 11, 19,4, 7, 3,22 17 lie outside the conser-
vative mixing path (Figure 5). We conclude that the mixing
of fresh water and saltwater is not the only process that modi-
fies the groundwater quality in the study area.

Figure 6 shows the relationship between potassium and
chloride. Several samples are in the fresh water - seawater
mixing pathway, and others, such as sample 5, 8, 10, 11, 13,
16 and 21 present an increase of potassium in relation to the
mixing path. Graniel ez al. (1999) and Pacheco et al. (2001)
observed the same behavior in northwestern Yucatan. Sample
12 shows lower potassium values than for the mixing path-
way. One possible explanation is that potassium is exchanged
for calcium in seawater. The behavior of the sulfate anion in
relation to SO,/Cl is presented in Figure 7, we observe an
excess of SO, in relation to the mixing of fresh water - sea-
water pathway for samples 3, 7, 10,11, 17, 21, 22 and 24
This may be due to dissolution of gypsum (CaSO,. 2H20)
or anhydrite (CaSO,), or from highly sulfate bearing waters
reported by Velazquez (1986) and Perry et al. (2002).

The saturation index (SI) of a mineral in solution is
obtained from (Appelo and Postma, 1996):

SI = log (IAP/KY)

where IAP is the ion activity product of the dissociated chemi-
cal species in the solution, and Kt is the equilibrium solubil-
ity product for the chemical involved at the sample tempera-
ture. Saturation indices (SI) of minerals are useful for evalu-
ating the extent to which water chemistry is controlled by
equilibrium with solid phases (Appelo and Postma, 1996).
The computer code PHREEQC (Appelo and Postma, 1996)
was used to calculate the saturation index (SI) for common
evaporite minerals and the distribution of major aqueous
species.

Table 3 presents the results of geochemical modeling.
We observe saturation for calcite in all samples, and in most
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Fig. 5. Groundwater analysis plotted on Chadha diagram. The mixing pathway for freshwater — seawater is indicated.
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Fig. 6. Relationship between potassium and chloride concentrations in the groundwater samples, the arrow indicates the mixing of fresh
water with seawater.
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samples also for dolomite and aragonite. Under saturation
for anhydrite, gypsum and halite is present in all samples.
Samples 6 and 20 are under saturated for dolomite, and
samples 1, 4, 10, 12,12 15, 17, 22 and 24 are over saturated
for dolomite.

The relationship between calcite precipitation and ara-
gonite dissolution, is studied after Perry et al. (2002). We
find a good correlation between calcite SI and aragonite SI,
(Figure 8), according to the following equation:

ST (calcite)=0.9958 SI (aragonite)+0.1435; R? = 0.9997

Figure 9 presents the relationship between chloride
(meq/1) and calcite SI. There is no correlation of calcite SI
with chloride. Samples 3, 6, 7, 8, 14, 18 and 21 are under
saturated for calcite SI in relation to the fresh water — seawa-
ter mixing pathway, and samples 1, 4, 5, 10, 12, 13, 15, 22,
23 and 24 are over saturated in relation to the same pathway.
The same behavior is found for dolomite SI and aragonite SI
in relation to chloride.

Maps showing the concentration of major ions were
constructed. Figure 10 for chloride concentration in mg/I
shows an unexpected behavior, as chloride concentrations
increase from less than one meq/l in the central part of the
study zone, to more than 17 meq/l inland to the east, and to 3

meq/l in the coastal zone. Samples 12 and 17 located 40 km
and 80 km inland, respectively, and present the highest chlo-
ride concentrations.

Velazquez (1986), Steinich (1996) and Perry et al.
(2002) propose the SO,/Cl ratio as a natural tracer to indi-
cate the mixing of fresh water and sea water, Steinich et al
(1996) used the ratio (SO,/Cl) X1000. Assuming a value of
103.4 for sea water, they propose that fresh water samples
can be grouped as follows:(1) samples with a sulphate — to -
chloride ratio similar to that of seawater, and (2) samples
with a ratio of SO,/CIx1000 greater than 300.0, mainly in-
fluenced by the contact with and dissolution of evaporites.
Figure 11 shows the SO,/CI ratio in the study zone. The
samples corresponding to the first group are located east of
the study zone, several kilometers inland; while the values
corresponding to the second group are located to the west
and south of the study zone. Ratios higher than 0.3 are lo-
cated outside of the central part of the Ring of Cenotes, ex-
cept for the west portion of the study zone.

Figure 12 shows the distribution of the Calcite satura-
tion index (SI). Observe that the lower SI, between 0.1 and
0.2, are located in the central and southern part of the study
zone and the SI between 0.3 and 0.8 are located east and
north of the central part of the study zone. Interestingly, cal-
cite SI lower than 0.3 is located outside of the inner part of
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Fig. 7. Relationship between sulfate and chloride concentrations in the groundwater samples. The arrow indicate the mixing of fresh water
with seawater.
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Table 3

Saturation Index of groundwater

Sample Anhydrite Aragonite Calcite Dolomite Gypsum Halite
o

the Ring of Cenotes, except west of the study zone, as in the
case of the SO,/CI ratio. This may be due to the Ring of
Cenotes, which hydrogeologically isolates the east portion
of the study zone, as suggested by Marin (1990).

Combining maps with the spatial distribution of con-

N tents for major ions (chloride, sulfate, calcium, bicarbonate,
sodium and magnesium), we may define a zone with the
1 -2.38 0.52 0.66 1.48 217  -6.08 lowest concentrations for all ions in the study zone. This
2 -2.24 0.27 0.41 0.92 203 -6.00 zone is shown in Figure 13. It corresponds to the central
3 -1.69 0.01 015 053  -148 -6.08 portion of the study area, where the groundwater is the best
4 “2.55 0.31 0.45 1.24 2.34 648 inorganic quality water. It is important to note that this area
> -2.09 0.35 0.50 0.88 -89 722 crosses the Ring of Cenotes. This suggests that the Ring of
6 256 0100005002 235 -7.16 Cenote is not isolated, as originally proposed by Marin
7 173 006 020 053  -153 616 : tgmatly prop y Man
8 228 010 005 029 207 -656 (1990).
9 -2.99 0.09 0.23 0.57 -2.80  -8.19
10 -195 039 053 105 -175 -7.00 DISCUSSION
11 -1.98 0.21 0.35 0.45 -1.78  -6.40
12 -1.75 0.58 0.72 1.40 -1.54 534 Sample 20 (Figure 4), corresponds to fresh water type.
13 -2.25 0.46 0.60 1.19 -2.04  -6.47 This suggests that the limestone consists of almost pure car-
14 -2.37 0.15 029 072 216 -6.23 bonate rocks and evaporates. Dissolution leaves no residue,
15 -2.11 0.38 0.53 L.11 -1.91  -5.96 except for an increase of K detected in samples 8, 10, 11,
16 290 0.3 027 061 270 -7.64 and 21.
17 -1.40 0.53 0.67 1.46 -1.20  -5.37
18 231 0.14 028 0.64 210 -6.25 Some authors consider that a K increment may be pro-
19 -2.55 -0.11 0.04 0.25 234 -6.63 .
20 270 0.06 020 005 -250 -795 duced by the use of agrochemicals (Pacheco et al, 2001) or
21 204 0.13 0.27 0.54 183  -658 dissol.ution of clayey .limestone (Grzlin.iel etal, 1999). Hov.v—
2 _1.27 045 0.59 1.20 106  -5.41 ever, if the agrochemicals are the origin of K as observed in
23 -1.92 0.38 0.52 0.99 171 -6.36 Figure 6, this may be due to an excess of SOA, as observed
24 -1.79 0.68 0.82 1.71 -1.58  -5.65 insamples 10, 11 and 21 in Figure 7. Sample 8 may be asso-
0.9
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Fig. 8. Relationship between calcite SI and aragonite SI in the groundwater samples.
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ciated with dissolution of clayey limestone, probably from
the Carrillo Puerto formation of middle Eocene that outcrops
in the central region of the study zone. Thus the K excess
may be associated with different factors, depending on the
geology and/or the human activities in the area.

Calcite SI is lowest outside of the Ring of Cenotes, while
in the inner zone of the Ring of Cenotes SI increases gradu-
ally from the central portion of the study zone outward.

The SO4/CI ratio (Figure 11) is above 0.3 (compare
(SO4/Cl) X1000 = 300, proposed by Steinich, 1996). This
confirms the ideas of Marin (1990), Steinich (1996) Perry et
al. (1995) and Perry et al. (2002) that the Ring of Cenotes
isolates hydrogeologically the Chicxulub sedimentary basin,
also known as the Mérida block, due to the high permeabil-
ity in the Ring of Cenotes. This ring carries groundwater
from the southern interior northward to the Gulf of Mexico,
while the sulfate-rich groundwater located west and south of
the study zone is discharged through the Ring of Cenotes to
the Gulf of Mexico. However, the results in this paper sug-

2360000 -
2350000
2340000 -
2330000-
2320000-
2310000 -

2300000~I

2250000 -

2280000-

22700004

2260000+

gest that the effect of the Ring of Cenotes disappears in the
western portion of the study zone. One possible explanation
is a reduction of the permeability, There are no sinkholes in
the Ring of Cenotes in this part of the study zone.

Perry et al. (1995) propose using the Chloride/sulfate
chemical equivalent ratio “for the best discriminant between
seawater and seawater-freshwater mixtures, because this ra-
tio is dramatically different from that for seawater (9.6)”.
The CI/SO, ratios for the samples in this study vary from
less than two in samples 5 and 10, to more than nine in
samples 1, 2,4, 18 and 19. The Cl/SO4 ratio for sample 20,
the freshwater end member, is about 4.2 and for sample 22,
the brackish water end member, is 2.37. The results are in
disagreement with the suggestion by Perry et al. (1995). We
should take care in the use of this ratio in the study zone,
because an excess of sulfate may be due to the presence of
agrochemicals or the dissolution of gypsum.

Perry et al. (1998); Marin, (1990), Pacheco et al. (2000)
and Steinich et al. (1996) state that the regional groundwater

| | 1 1 1 I I I | |
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Fig. 11. Spatial distribution of SO4/Cl ratios. Concentrations expressed in meq/l, where the values lower than 0.1 may be considered as
seawater.
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flow is from southeast to northwest, and that the high per-
meability reported by Marin (1990) and Steinich (1996)
generates a high groundwater flow toward the coast that
minimizes the mixing with seawater. Hence, we expected
to find a gradual mixing of freshwater with seawater, using
the chloride concentrations as a conservative tracer. How-
ever, our results show (Figure 10) that two samples (12 and
17) located more than 40 km inland present the highest
contents of seawater (> 3%), while samples 10 or 11 lo-
cated near the coast present low contents of seawater
(< 0.65%). Apparently the brackish water is not produced
by mixing with sea water at the coast. The hypothesis of
high groundwater flow to the coast may explain the low
contents of seawater in samples located near the coast, but
it does not explain 3% of seawater contents in samples 12,
17. The type of water and the ratios found in these samples
show that they are clearly affected by seawater mixing.
Thus, salt water in samples 12 and 17 must be due to
upconing of salt water underlying the fresh water lens,
owing to the drilling and pumping of relatively deep wells
or pumping for drinking water uses.

2360000 =

2350000

2340000

2330000+

2320000 =

2310000 =
2300000 J
2290000
2280000 =
2270000

2260000+

Escolero et al., (2000) proposed that the local ground-
water flows radially from the central zone, because of drain-
age of the Ring of Cenotes int the south, pumping in the east,
and the influence of the shoreline in the north and west. The
distribution of different SI as Calcite SI (Figure 12) and the
clear zone presented in Figure 13, support this suggestion.

CONCLUSIONS

Hydrochemical data establish the processes that modify
groundwater quality in northwest Yucatan. These processes
by order of importance are: dissolution of almost pure car-
bonate rocks, conservative mixing with seawater, ionic in-
terchange in clayey limestone of middle Eocene, upconing
of salt water by concentration of pumping, dissolution of
gypsum, and the probable presence of agrochemicals. De-
tailed studies are needed in order to confirm the presence of
agrochemicals in the study zone.

Different ratios were used to differentiate between fresh-
water and seawater samples and to help define the water type.

1 1 I 1 1 1 1 1 1 I
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Fig. 12. Spatial distribution of calcite SI, showing the effect of RC and the radial increase of the SI from the central zone.
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Fig. 13. The shaded area is the clear zone defined using the combination of the lowest concentrations of major ions.

The results show that the use of these ratios alone is not
very useful. If combined with mapping we are able to define
the hydraulic control imposed by the Ring of Cenotes and
the concentration of pumping for drinking water use. Com-
bined with the presence of the coast, these generate a radial
groundwater flow from the central portion of the study zone,
as supported by hydrochemical distribution of major ions
and SI.

An important issue raised by this study is the unex-
pected presence of brackish water several kilometers inland,
which seems to contradict gradual mixing of fresh water with
seawater as one approaches the coast. We propose that this
salinity increase is produced by saltwater upconing in rela-
tively deep wells or due the concentration of pumping. We
agree with Marin and Perry (1994) that the aquifer is highly
vulnerable to contamination from upconing of the underly-
ing saltwater.

The Hydrogeological Reserve Zone proposed by
Escolero et al. (2002), coincides with the clear zone defined
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in this study and with the local groundwater flow scheme
proposed. For this reason we urge that the Hydrogeological
Reserve Zone be established.
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