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Abstract The water resources in the Guanahacabibes

Peninsula are distributed in two areas. The northeastern

area is characterized by swamps, wetlands and lagoons,

with a low contribution of seawater, whereas the area in the

southwestern plain shows a considerable development of

the karst structures that limits the existence of superficial

waters but permits the ingression of the surrounding sea-

water. In this latter area, the groundwater showed a marked

increase in salinity with the depth. In particular, ground-

water with a seawater fraction of 0.1 had the lowest Ca-

(Mg)-carbonates saturation indexes calculated by modeling

the mixing between freshwater and seawater using differ-

ent software, thermodynamic databases and equations for

activity coefficients. Generally, seawater and groundwaters

with an added seawater fraction above 0.60–0.65 showed

similar oversaturated indexes in high-Mg calcites and pure

Ca-carbonates (calcite and aragonite). Differently, in the

groundwater that showed carbonates undersaturation

(generally with a seawater fraction between 0.02 and 0.60),

the saturation indexes in high-Mg calcites were 0.2 lower

than pure Ca-carbonates. Locally, the bacterial reduction of

the dissolved sulfate enhanced the dissolution of the

limestone, contributing to the increased development of the

karst structures and the seawater intrusion. Finally, the

presence near the coastline of fresh Ca- and Na-bicarbonate

waters was in accordance with the upward flow of the

shallow freshwater during the formation of the saline

wedge. However, the oxygen and hydrogen stable isotope

composition of the waters showed a probable contribution

to the area from a deep aquifer that is recharged in the

highest reliefs of the province (Cordillera de

Guaniguanico).
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Introduction

TheCuban land territory encompasses 110,992 km2, which is

66 % karstified rocks, plus 67,831 km2 of the shallow-water

shelf karst (Iturralde-Vinent and Gutiérrez Domech 1999).

Carbonate karst aquifers are the primary source of freshwater

and are therefore essential to the future needs of the country

(Seale et al. 2004). Unfortunately, coastal plains are often

contaminated by seawater intrusion, and the vulnerability to

salinization is the most common and widespread problem for

an aquifer. In the Guanahacabibes Peninsula of western Cuba,

the contamination of the fresh groundwater by the saline

seawater may be intensified by different, concomitant natural
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and anthropogenic factors: the rain regime, sea tides, the

conditions of recharge of the aquifer(s), excessive aquifer

exploitation bywells for human consumption and agricultural

activities (Fagundo Castillo and González Hernandez 1999;

Hernández et al. 2013; Molerio León and Parise 2009).

Therefore, the implementation of suitable monitoring and

protective actions is fundamental for the preservation of these

aquifers and for assuring the future use of this resource. In this

paper, the first results of a study to characterize the ground-

waters of Guanahacabibes based on their major chemical and

isotopic composition were presented. Specifically, the two

main objectives are the following: (a) the calculation of the

seawater fraction that mixes with the groundwater together

with the influence of this fraction on karst development in

terms of the carbonates saturation index (SI) of thewaters; and

(b) the discrimination between the seawater ingression and the

isotope effects due to tropical climate and topographic relief

on evaporation and rain recharge, respectively. Concerning

geochemical mixing modeling, new topics of wide interest

were treated. In particular, the errors on the pure calcite, Mg-

calcite and aragonite saturation indexes due to the incomplete

chemistry of the end-members, to the use of different ther-

modynamic databases and the related activity coefficient

equations are discussed.

Mixing modeling: the state of the art

When seawater and fresh groundwater mix, the addition of

ions, such as Na? and Cl-, to a bicarbonate water generally

decreases the activity of Ca2? and HCO3
-, among other

ions, and so increases the solubility of calcium carbonates.

This result is known as the ionic-strength effect, but is

sometimes termed the foreign-ion effect or, simply, the salt

effect. Generally, when two waters are mixed, the species

concentrations in the mixture are volume-weighted aver-

ages of the two concentrations in the end-member solu-

tions. However, the thermodynamic activities of the ionic

species that control mineral–water reactions in the mixture

are not linear functions of mixing, because of the non-

linear variation with ionic strength in the activity coeffi-

cients of individual ions. Two end-member solutions could,

therefore, be saturated with respect to a given mineral, but

the mixed solution could be either undersaturated or

supersaturated (Runnells 1969). Mean surface seawater is

supersaturated in calcite and aragonite, with SIcalcite = 0.8

and SIaragonite = 0.6, and the North Atlantic and North

Pacific oceans are slightly above and below these values,

respectively (Zeebe and Wolf-Gladrow 2001). Because of

global warming and the increasing transport of carbon

dioxide from the land to atmosphere and then into seawa-

ter, the aqueous CO2 species in seawater increases and the

pH of the water decreases slightly, resulting in a decrease

in the degree of carbonate supersaturation of coastal zone

waters (Mackenzie and Ver 2010). However, note that

because of inhibition effects, mainly from dissolved mag-

nesium but also from organic acids and phosphates, calcite,

low-Mg calcite (\5 % mol Mg) and dolomite cannot pre-

cipitate from surface seawater, whereas aragonite and high-

Mg calcite ([5 % mol Mg) are formed (e.g., Appelo and

Postma 2007). Therefore, most authors prefer to define the

surface seawater calcite supersaturation as ‘‘apparent’’

(Cooke and Kepkay 1984) and use the laboratory solubility

product experimentally determined in seawater (Emerson

and Hedges 2003).

Using the WATEQ code and the Truesdell-Jones

approach for activity calculation, Plummer (1975) showed

that mixtures of freshwater with a high percentage of sea-

water were supersaturated with respect to calcite mainly

because of the seawater supersaturation, whereas at lower

seawater percentages, the mixtures were undersaturated.

Seawater ingression at the Yucatan Peninsula (Mexico) was

extensively studied by Back et al. (1986) and Stoessell et al.

(1989) with the software PHREEQE and REACT software,

which used a modified (Davies or Truesdell-Jones) or

extended Debye-Hückel approach, respectively, for activity

coefficients calculation. Certain minor differences between

the modeling results were imputed to the diversity in

activity estimation and to the different end-members com-

positions (Stoessell et al. 1989). Later, Stoessel (1992)

compared an updated mixing model with the real water

samples from Barbados and discovered that minimal sulfate

reduction (\50 % of sulfate removed as sulfide) enhanced

the dissolution of calcite in brackish to saline mixing-zone

fluids, whereas considerable sulfate reduction ([50 % of

sulfate removed as sulfide) enhanced precipitation in all

mixing-zone fluid compositions (Stoessel 1992).

Other studies followed, and different software were

used; for example, PHREEQE and its later versions (Lin

et al. 2013; Price and Herman 1991; Sanford and Konikow

1989) or EQ3/6 (Liu and Chen 1996). Some of these

models were further improved with a solute transport

model, but despite this, most of authors do not specify:

(a) what equation was employed in the activity coefficients

calculation, thus ignoring the error of the saturation indexes

and; (b) the inhibition effect of Mg on the saturation

indexes of carbonates.

Geological and hydrogeological settings

Cuba is a tectonically complex island and its geological

history spans the Mesozoic and Cenozoic (e.g., Seale et al.

2004). In western Cuba, carbonate rocks range in age from

recent to Upper Jurassic. Cretaceous and Jurassic lime-

stones constitute part of the Cordillera de Guaniguanico

(Allochthonous Terrane), which is mainly formed by the
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belts of Guajaibon–Sierra Azul, Northern Rosario, La Es-

peranza (westernmost sector of the Northern Rosario, also

named Alturas de Pizarras del Norte), Southern Rosario

and the Sierra de Los Organos belt that has been

subdivided into the Mogotes and the Pizarras del Sur

Alturas (Pardo 2009; Fig. 1). These carbonates are telo-

genetic because they have experienced significant diage-

netic alteration, including burial and uplift (Choquette and
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Fig. 1 Geologic maps of Cuba. a allochtonous terrane of Western

Cuba and belts subdivision of the Cordillera de Guaniguanico

(modified from Pardo 2009). b distribution of the sampling sites in the

Guanahacabibes Peninsula. For the sake of simplicity and considering

the lithological similarity between Vedado, Jaimanitas and Cayo

Piedra, only the Guane and Vedado formations are represented.

Symbols represent the chemical classification. See text and Fig. 2 for

details
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Pray 1970). In contrast with the tightly faulted, imbricated

stack of south-dipping plates in central Cuba, the western

belts are less intensely tectonized, north-dipping, super-

imposed thrust sheets (Pardo 2009). Miocene through

recent limestones is expansive in Cuba and is separated

from the Guaniguanico Terrane by the Pinar Fault (Fig. 1).

These limestones are eogenetic carbonates because they are

in situ and have experienced little burial and tectonics

(Choquette and Pray 1970). Eogenetic and telogenetic

carbonate rocks differ with respect to permeability and

porosity. Eogenetic carbonate rocks retain significant

matrix permeability and porosity (Budd and Vacher 2004),

and may be up to 50,000 times more permeable than

telogenetic carbonates (Florea and Vacher 2006). This

difference in matrix permeability has important implica-

tions when considering groundwater flow, conduit mor-

phology and aquifer response (Florea and Vacher 2006).

The carbonate aquifer of the Cordillera de Guaniguanico is

confined by the Quaternary sediments, thus representing

the hydrological feeding zone for the southwestern area of

the Guanahacabibes Peninsula. This peninsula constitutes

an example of the recent geologic and geomorphologic

development with wide presence of Pliocene and Quater-

nary carbonate rocks that were modified mainly by karst

processes. The southwestern portion of this area, managed

as a national park, is formed by two flat peninsulas with

playas and coastal cliffs, characterized by the typical diente

de perro (dog’s tooth) karst surface, whereas the north-

eastern portion is characterized by swamps, wetlands and

lagoons. The karstification of this area is intense and

characterized by dissolution and collapse forms repre-

sented by the development of dolines, cenotes, extensive

karrenfield and caves (Dı́az Guanche et al. 2013).

The investigated area is subdivided into four geologic

formations (Cabrera and Peñalver 2001; Denis and Dı́az

Guanche 1993; Dı́az Guanche et al. 2013; Hernández et al.

2013): (a) Vedado Formation, consisting of cream-colored

to white massive marly limestone of biogenic origin (reef),

constituting the main nucleus of the emerged area of the

peninsula and dating from the Upper Pliocene until the

lower Pleistocene. (b) Jaimanitas Formation, consisting of

limestone and biodetritic coral reef, lying on the training

Vedado, occupying the first marine terrace and dating from

the Middle Pleistocene age. (c) Cayo Piedras Formation,

consisting of the middle biocalcarenitic of the retro-reef

environment, also corresponding with the Versalles-

Guanabo (carbonatic) and Villaroja (terrigenous) Forma-

tions, and dating from the Middle Pleistocene age. (d) Gu-

ane Formation, consisting of conglomerates, gravels, sands

and sandy clays, weakly cemented by clays, showing

indefinite lenticular and more rarely inclined stratification

deposited in a sea with abundant alluvial contribution, that

could be estuarine, measures up to 50 m in thickness and

can be interdigitated with the Vedado Formation, and dates

from the Upper Pliocene-Lower Pleistocene age. Consid-

ering the lithological similarity and their distinctness only

at local scale, the Vedado, Jaimanitas and Cayo Piedra

formations were unified in Fig. 1.

Two main hydrogeological units are recognized in the

area (Peláez Garcı́a and González Cabrera 2013). The first

unit is called the Neogene–Quaternary complex and corre-

sponds to the Guane aquifer of Cabrera Bermúdez et al.

(2004). The complex extends broadly through the whole

area in association with the carbonate formations (Vedado,

Jaimanitas), and it can reach a total thickness of 750 m and

be strongly karstified in the upper 300 m. The underground

waters of this aquifer are fundamentally of the chloride–

sodium type, due to the marine intrusion with a salinity that

oscillates between 1 and 5 g/l and chlorides that may vary

from 500 to 800 mg/l. At isolated points of the peninsula,

lenses of Ca-bicarbonate freshwater with a salinity of

0.6–0.8 g/l and chlorides between 90 and 290 mg/l overlie

on the salty waters. The lagoon and mangrove deposits,

located along the north coastal belt and in some inner spots

as the case of Los Remates Swamp, control the regime of

groundwater flow in the northeastern part of the aquifer

(Hernández et al. 2013). The second hydrogeological unit is

the Upper Jurassic–Lower Cretaceous ‘‘Guasasa complex’’.

It is composed by the gray karstified and cracked limestones

of the Upper Jurassic that forms the karst denuded low

mountains relief in the Sierra de Los Organos where the

hydrographic Cuyaguateje Basin is located. It includes the

Guasasa Formation (micritic limestones, calcareous sand-

stones and flint lens) and the Guaniguanico Basin–Los

Organos Sub-Basin of Cabrera Bermúdez et al. (2004).

There are no outcrops of this unit in the studied area because

they were buried. However, it seems that waters emerge as

fresh submarine discharge in the southwestern part of the

Guanahacabibes Peninsula; therefore, a relation with the

large karst springs located in the Sierra de Los Organos has

been proposed (Peláez Garcı́a and González Cabrera 2013).

Water sampling, analysis, and calculations

Samples’ description

From 22 June 2013 to 27 August 2013, 62 water samples

were collected at the locations shown in Fig. 1b. The

samples included seawaters from four locations (Los

Cayuelos, slc; Bahia Guadiana, sbg; Maria La Gorda, sml;

Bahia Cortes, sbc), four waters from karst caves (Quintana,

cq; Roncali, cr; Lázaro, cl; Julia, cj), four surface waters

from swamps (Ciénaga of Los Remates, LR1 and LR2),

lagoons (Laguna El Pesquero, LP) and river (Cuyaguateje,

rc). The remaining samples were gathered from 25 water
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wells, all distributed in the Sandino municipality. Of these,

three to five samples were collected from the #18, #33 and

Pacheco (p) wells at certain depths with respect to the

elevation of the piezometric level (meters with respect to

the mean sea level).

Field and laboratory methods

At the sampling site, temperature, electrical conductivity

(at 25 �C), pH (at 20 �C), Eh (referred to the standard

hydrogen electrode SHE) and CO2 measurements were

performed using a multiparameter meter. In the laboratory,

carbonate alkalinity (cAlk as HCO3) was determined by

titration using the HCl and dye indicator method. The

concentrations of major ions (Ca, Mg, Na, K, Cl, NO3, NH4

and SO4) and certain trace constituents (Sr, Li, F, and NO2)

were determined by ion chromatography using a DIONEX

ICS-1000 instrument with a DIONEX AS40 automated

sampler. For the determination of cations, the samples were

acidified to pH\ 3 using concentrated HNO3 (65 % Su-

prapur�, Merck). In samples with a rotten-egg odor (e.g., at

well #33), the level of total reduced sulfur as HS was

determined using the photometric method (standard

method 4500-S2- D; Eaton et al. 1995). The accuracy of

the analyses was verified based on the ionic balance. For

the spring water and groundwater, analyses with an ionic

balance of ±5 % were considered acceptable.

The oxygen and hydrogen stable isotope composition of

the water molecule was analyzed using the water–gas

equilibration method. Briefly, water samples were trans-

ferred to a Finnigan GLF 1086 automatic equilibration

device, online with a Finnigan DELTA-plus mass spec-

trometer (Laboratorio di Geochimica Isotopica at the

University of Parma, Italy). The ratio measurements 2H/1H

were obtained on pure hydrogen after the H2(g)–H2-

O(l) equilibration using a catalyzer (Boschetti et al. 2005),

whereas 18O/16O was measured on carbon dioxide after

CO2(g)–H2O(l) equilibration (Epstein and Mayeda 1953),

both at 18 �C. Both ratios results were recorded in delta per
mil (d %) relative to the V-SMOW (Vienna Standard

Mean Ocean Water) standard, thus obtaining the d18O and

d2H values. The analytical precision was within ±0.2 %
for oxygen and ±1 % for hydrogen.

Calculations of activity and saturation index

The saturation indexes (SI) of the carbonate minerals cal-

cite, aragonite and high-Mg calcites (HMC) were calcu-

lated on the basis of the complete physico-chemical

analyses of the sampled water. Furthermore, saturation

indexes resulting from the theoretical mixing of Na-chlo-

ride seawater with fresh Ca-bicarbonate groundwater were

also calculated. During the mixing, the increasing salt

concentration of the solutions produces higher ionic

strengths (IS), thus altering the activities of the dissolved

species and the calculation of SI (e.g., Appelo and Postma

2007; Langmuir 1997). Moreover, different equations for

the calculation of the activity coefficients are available,

which may produce different results on activity and con-

sequently on SI (Bethke 2008). Therefore, the following

software, equations and thermodynamic databases to cal-

culate the activity coefficients and SI were used and

compared: (a) PHREEQCI version 3.0.6 (Parkhurst and

Appelo 2013) for the Debye–Hückel/Davies, Truesdell-

Jones, SIT (Specific Ion interaction Theory) and Pizter

approaches to the activity coefficient calculations and the

thermodynamic datasets llnl.dat, phreeqc.dat, wateq4f.dat,

sit.dat and pitzer.dat and (b) the Geochemist’s Workbench

version 7 (Bethke and Yeakel 2008), for the B-Dot equa-

tion with the dataset thermo.dat and Pitzer parameters with

the datasets and hmw.dat and phrqpitz.dat. In addition,

EQ3/6 version 8 (Wolery and Jarek 2003) and the B-Dot

equation for activity coefficient calculation supported by

the data0.cmp thermodynamic dataset were used to cal-

culate the SI after the formation of an ideal solid solution

for CaCO3–MgCO3 resulting from the freshwater–seawater

mixing. Differently, in the above described (a) and (b)

models, the Mg-calcite’s saturation indexes of solutions

resulting from mixing and containing a mole fraction x of

Mg-carbonate were calculated as following (Glynn and

Reardon 1990):

Ca1�xMgxCO3 � 1� xð ÞCa2þ þ xMg2þ þ CO2�
3 ð1Þ

IAPMg�calcites � a
ð1�xÞ
Ca2þ

ax
Mg2þ aCO2�

3
ð2Þ

SIMg�calcites = log(IAPMg�calcitesÞ � logðKMg�calcitesÞ ð3Þ

where IAPMg–calcites is the ion activity product of the

solution and KMg–calcites the solubility constant of the

HMCs. For these latter, 12 %\ x\ 14 % were considered

in accordance with the typical values found in tropical

carbonates (Agegian and Mackenzie 1989; Garrels and

Wollast 1978; Perry et al. 2011), whereas -logKMg–calcites

of 8.42 and 8.25 at 25 �C and 1 bar for synthetic(inorganic)

and biogenic were chosen, respectively (Morse and Mac-

kenzie 1990).

Chemical composition

Results and main characteristics

The chemical composition of the sampled waters is shown

in the Electronic Annex 1. The mean temperature of the

samples, T = 27.3 ± 1.6 �C, agreed with the local air

temperature of the summer period (25 �C). Considering the
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calculated total dissolved solids (TDS; Eaton et al. 1995)

and the salinity classification by Robinove et al. (1958) that

use this parameter, all of the groundwaters collected from

the surface of the water table were fresh because they had

TDS \1 g/l, but two slightly saline (1\TDS\ 3 g/l)

samples from #66 (TDS = 1.1 g/l) and Mella (me,

TDS = 1.7 g/l) wells. Moreover, the TDS increased with

the sampling depth in the wells explored at different

depths. For example, at the bottom of the wells #18 and

#33, the TDS increased toward the highly saline range

(10\TDS\ 35 g/l), thus approaching the mean seawater

value (35 g/l), whereas the TDS in the Pacheco well

remained in the freshwater range. Water from the well at

Roncali lighthouse (Faro Roncali, fr) showed the highest

TDS value, similar to that of the seawater, both at the

surface and the well bottom. Excluding this sample, all of

the water sampled at the surface of the water table showed

a mean pH of 7.43 ± 0.31, which is similar to the mean

value of water from the Cuyaguateje Basin (Fig. 1;

7.00 ± 0.86; Fagundo et al. 1986). Water samples from the

wells explored in depth showed values that scattered not

only between this values and that of the local seawater

(pH = 8.53 ± 011), as expected for seawater intrusion

(well #18), but also values lower than 6 (well #33).

Therefore, in this latter case, more complex phenomena

than the pure mixing must have occurred.

Evaluation of seawater ingression and related effects

After converting the anion and cation concentration data of

the major chemical constituents from mg/l to meq/l, the

four following compositional facies, listed from the least to

the most salty, could be distinguished in the sampled

waters (Electronic Annex 1): six Ca-bicarbonate freshwa-

ters (well #3; Rio Cuyaguateje, rc; Laguna El Pesquero, lp;

RGB29 well, #29; Ngouabi well, ng; Cueva Roncali, cr);

two Ca-chloride freshwaters (well Quintana, q; well #60)

and two Na-bicarbonate freshwaters (Pacheco well at the

surface of the water table, p; Abasto Maria La Gorda P1,

mlg1). All of the TDS of the Ca-bicarbonate and Ca-

chloride waters were 0.1\TDS\ 0.5 g/l, which are

excellent to good waters for irrigation and drinking pur-

poses in terms of salinity (CASS 2003; WHO 2011), but

the water quality deteriorates when approaching to the Na-

chloride composition passing through Na-bicarbonate.

Because of the swelling effect in clays, a sodium excess in

water can produce a decreased permeability with negative

repercussion on the normal water supply and aeration

required for plant growth. Therefore, the sodium adsorption

ratio is another parameter widely used to classify irrigation

waters (SAR, Appelo and Postma 2007; Electronic Annex

1). However, using waters classification by this parameter,

only 4 samples picked up at water table surface showed

SAR value above its critical limit SAR [10, which cor-

respond to a TDS[ 1.4 g/l (me, #18, fr wells and Los

Remates LR2 swamp). Whereas the Na-chloride is the

typical chemical facies resulting from the pure mixing with

the seawater in a coastal karst environment, both the Ca-

chloride and Na-bicarbonate are other two recurrent facies

resulting from cation exchange in this type of environment.

Ca-chloride is the result of seawater intrusion in an aquifer

with Ca-bearing sediment (Ca2? released by soil exchan-

ger, Cl- from seawater), whereas the latter occurs when

freshwater flushes a salt water aquifer with Na-bearing

sediments (Appelo and Postma 2007; Jones et al. 1999).

These effects are suitably shown in the diamond of the

Piper diagram (Fig. 2), where freshening and intrusion

cation exchange effects depart from the mixing line con-

necting the Ca-bicarbonate freshwater corner and the saline

seawater point. A pure mixing effect is shown for well #18

down to a depth of 10 m (Fig. 2b), whereas exchange

effects after seawater intrusion can be hypothesized in well

#33 down to 20 m (Fig. 2c). The Pacheco well samples are

scattered in the freshening area, probably due to a sec-

ondary mixing (Fig. 2d). The presence of freshwater very

close to the coastline, as occurred for the Na-bicarbonate

water at Maria La Gorda and Ca-bicarbonate water at Cabo

San Antonio promontories, might represent the effect of a

lens of freshwater floating on a deeper salty one according

to the typical salt-wedge effect (Custodio 1987; Sáinz et al.

2010). Also, calcite dissolution–precipitation and sulfate

reduction could be potentially visualized on the Piper plot

(Fig. 2; Appelo and Postma 2007), but the discernment is

hard when more effects are combined. Moreover, the

interpretation could be complicated further by additional

processes (secondary mixing, sulfide and organic matter

oxidation). Finally, the sum of the variables that charac-

terize this diagram does not help the purpose. Therefore,

the additional effects were searched using different vari-

ables and diagrams.

The use of the conservative constituents Br and Cl

provided further confirmation that mixing between the two

end members was the main salinization process because the

plotted samples depict a distinct straight line that joins

freshwater and seawater (Fig. 3). The only exception

concerns the swamp sample LR2 which showed a halogens

bFig. 2 Piper’s diagrams where waters sampled in the Guanahaca-

bibes Peninsula are plotted using major chemical composition (mg/l).

The chemical classification of the waters (symbols in legend) was

obtained using the sample chemical concentration in meq/l. Arrows

depict the paths due to some processes (Appelo and Postma 2007).

The transitional compositions Ca-chloride and Na-bicarbonate, which

represent the switch from Ca-bicarbonate to Na-chloride, are

highlighted by the dashed area. Well #18, #33 and Pacheco explored

at certain depths are shown in b, c and d, respectively (numbers:

sampling depth in meters with respect to the mean sea level)
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enrichment, most likely due to the dissolutions of halite in

an evaporitic environment (Fig. 3). Chloride can be also

used as follows to calculate the theoretical seawater frac-

tion (f) in a mixed sample, assuming conservative mixing

between freshwater and seawater (Appelo and Postma

2007):

f ¼ ClS � Clfwð Þ
Clsw � Clfwð Þ ð4Þ

where Cls, Clfw and Clsw are the chloride content, in mol/l

or meq/l, of the sample, the local freshwater and the sea-

water, respectively. For Clfw and Clsw, the average content

in the Cuyagateye Basin (0.621 mol/l; Fagundo et al. 1986)

and of the four local seawater sampled in this study

(583 mol/l) were used, respectively. Most of the ground-

water samples showed 0.00\ f\ 0.04, except the coastal

part of LR2 (f = 0.28) and fr well (f = 0.86). According to

Hernández et al. (2013), also #18, #33 and Pacheco wells

have f\ 0.04 at depths between 5 and 15 m. The f value

gradually increased up to 0.1 at depths of 16–25 m; below

this depth range, the f value increased abruptly and quickly

toward that of pure seawater (f = 1) estimated at 34–42 m

(Fig. 4).

The intrusion and freshening effects in the wells moni-

tored at different depths are also effectively shown on

binary diagrams that plot chloride and major cations

(Fig. 5). In particular, the samples from well #33 showed

Ca enrichment and a Mg, Na and K depletion compared

with the curves that represent binary mixing between sea-

water and freshwater or rainwater on which well #18

samples are clustered. The water from Pacheco well

showed a Na-chloride composition at depth, but Na-

bicarbonate at the water table and more shifted toward

rainwater, probably due to the rain washing of soil’s clay

having exchangeable sodium. The greater diversity among

the fresh groundwaters and the eastern Cuba (Rodrı́guez

et al. 2004) and Caribbean (Cerón et al. 2005) rainwaters

shown in the Cl–Ca plot (Fig. 5a) is explainable by the

high variability in the Ca concentration of the Ca-bicar-

bonate waters coming from the Sierra de Los Organos and

Rio Cuyaguateje, whose lower values are quite similar to

those of western Cuban rainwater (Molerio León 1992,

2012).

The mixing of freshwater and seawater, which are both

saturated with calcium carbonate, can result in water that is

undersaturated with calcium carbonate; that is, calcite

dissolution may occur (Richter and Kreitler 1993). In the

Ca vs HCO3 and SO4 vs Cl diagrams (Fig. 6), the calcium

excess and sulfate deficit of the well #33 samples could be

explained by additional calcium carbonate dissolution

occurring in the presence of bacterial sulfate reduction in

organic-rich sediments. In fact, the sulfate decline shown

by the well #33 occurred at a chloride content that could

not be explained by dilution (Fig. 6a). In this scenario,

bicarbonate should be increasing according to the follow-

ing reaction:

CH2O + 0:5SO2�
4 ) HCO�

3 þ0:5HS�þ0:5Hþ ð5Þ

and this is confirmed by the presence of dissolved sulfide

(up to 1.8 mg/l). However, the bicarbonate unexpectedly

decreased most likely because of its conversion to CO2 (up

to 504 mg/l) caused by an extremely low pH (down to 5.9),

both measured in well #33 at depths down to 30 m. The

Fig. 3 Bromide vs. chloride (in meq/l) diagram. Symbols and dashed

area as in Fig. 2

Fig. 4 Sampling depth (in meters with respect to the mean sea level)

vs. seawater fraction f diagram (see text for details on f calculation).

Wells explored at certain depths are plotted
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low pH may have resulted from the oxidation of previously

deposited sulfides. Therefore, starting from the ground-

water sampled at a shallow depth, which showed high

HCO3 most likely because of the presence of organic

matter, and continuing to deeper depths, a Ca increase

preceded a HCO3 decrease that followed a negative

exponential curve fitted to the samples (Fig. 6b). After a

steep increase up to 44 meq/l of Ca caused by carbonate

dissolution, the Ca concentration of the groundwater

decreased at well bottom to resemble seawater, which is

consistent with a deep ingression in a manner similar to the

previously described ‘‘deep regime’’ intrusion (Back 1966;

Custodio 1987). Finally, note that the sulfate-reduction

process was also revealed in the neighboring Laguna del

Valle de San Juan (Pérez and Pubillones León Marı́a 1988).

Mixing modeling: results and discussion

The results concerning the carbonates saturation indexes

(SI) of the samples collected in this study are in the

Electronic Annex 2, here discussed and compared with the

results of the freshwater–seawater mixing modeling.

Concerning the models, the mean composition of the

four local seawater (SW) samples and the Cueva Roncali

(FW) sample were used as end-members. The latter was

A B

C D

Fig. 5 Binary diagrams plotting calcium (a), sodium (b), magnesium

(c) and potassium (d) vs. chloride concentration (all in meq/l).

Symbols and dashed area as in Fig. 2. Main concentration in the

rainwater samples (Western Cuba WC, Molerio León 1992, 2012;

Eastern Cuba EC, Rodrı́guez et al. 2004; Central America CA, Cerón

et al. 2005), Cuyaguateje River (light gray area, Fagundo et al. 1986)

and Sierra de Los Organos (dark gray area, Fagundo et al. 1986) are

also showed for comparison. Binary mixing between local seawater

and CA-rain or Cuyaguateje River are represented by dashed lines
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chosen because it has a bicarbonate content similar to that

of the surface sample of well #33, but a negligible fraction

of seawater typical of the Ca-bicarbonate freshwaters. The

discussion and comparison of the results with the real

samples in terms of SI follow a technical focus on SI errors,

dedicated to the modeler specialists.

Error on saturation index (SI): activity calculation

and charge-balance effects

If an error of ±0.2 on SI is considered as acceptable, all of

the model’s results were comparable when SIcalcite and

SIaragonite were plotted against chloride during FW–SW

mixing, except for the Truesdell-Jones model using phre-

eqc.dat (Fig. 7). Regarding this exception, quite different

results on SI were obtained if the input data of the end-

members composition included reduced species (e.g.,

ammonia) without the oxidized counterparts (nitrite,

nitrate). In particular, the sampled SWs had a high

ammonium content (85.5 mg/l), comparable with that

observed in coastal interstitial waters within sediments rich

in organic matter (Matisoff et al. 1975). However, in our

case, the nitrate data are lacking because they are not

measured or below the detection limits. Under these con-

ditions, the error in the calculated SI after mixing is due to

the forced charge balance, automatically achieved by the

software on both the redox potential (pe or Eh) and the pH.

Mass-action and mole-balance equations are written in

terms of activity; therefore, the final error in the SI also

depends on the equation used for the calculation of the

activity coefficients (c). In fact, the obtained SIs were worst
and quite low for the models whose activity coefficients

were obtained not only by the Debye-Hückel approaches,

as expected, but also for the Truesdell-Jones model

(Fig. 7). Differently, the SIs obtained by the SIT modeling

were slightly higher than the mean model at approximately

0.2–0.8 of the seawater fraction (Fig. 7). Thus, the results

from the different models can be considered always

coherent between them when SW fraction ranges from 0.0

up to 0.1. In that range, calcite and aragonite are always

undersaturated with SIcalcite = -0.26 ± 0.06, SIaragonite =

-0.38 ± 0.10 and SIcalcite = -0.4 ± 0.2, SIaragonite =

-0.57 ± 0.07, respectively. Above SW of 0.1, the SIcalcite
and SIaragonite show abrupt decrease (up to -3.47 and

-3.61 at 0.99 SW, respectively) if activity is calculated

also for reduced species, in particular when c was obtained
by Debye-Hückel approach and llnl.dat. This path com-

bines the different effects of the activity coefficient equa-

tion form (pure coulombic ion interactions, ion size does

not vary with IS, and ions of the same sign do not interact;

e.g., Langmuir 1997) with the increased H? activity due to

the forced charge balance. Therefore, it is evident in this

case that the equation is inadequate to describe the mixing

for seawater fractions above 0.1. In fact, we have

IS = 0.083 for SW = 0.1 and IS = 0.153 for SW = 0.2.

The Truesdell-Jones equation for the calculation of activity

coefficients (Parkhurst and Appelo 2013) was also

employed in the mixing models with reduced species

(Fig. 7). In this case, calcite and aragonite are again always

undersaturated, with results comparable to the other models

at SW\0.1, whereas at higher seawater fraction a gentle

decrease is shown up to SIcalcite = -0.72 ± 0.12 and

SIaragonite = -0.76 ± 0.07 (mean and standard deviation

between the employed wateq4f.dat and phreeqc.dat data-

sets). From a theoretical point of view, the Truesdell-Jones

equation should be better than Debye-Hückel for salty

A

B

Fig. 6 Binary diagrams plotting sulfate vs. chloride (a) and calcium

vs. bicarbonate (b) concentration (all in meq/l). In a symbols as in

Fig. 5; moreover, depth sampling in #33 well is highlighted (numbers:

sampling depth in meters with respect to the mean sea level). In

b dashed lines group samples from the same sampling site. Moreover,

calcite and dolomite dissolution (dashed-dotted lines) and seawater

mixing following bicarbonate loss after reduction or acidification and

CO2-degassing (bold curve with arrow) are shown
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solution because the former may explain NaCl solution up

to IS = 2. However, SW is more complex in composition

than a pure NaCl solution; therefore, the error also

increases in this case at higher SW fraction and H?

activity. Therefore, if only the mixing models calculated

from complete and consistent end-member composition

were considered (i.e., using only the major dissolved

components), the obtained mixed waters were oversatu-

rated with respect to calcite or aragonite when the SW

fraction was higher than about 0.60 or 0.65 (0.7 if the

Truesdell-Jones equation and phreec.dat are used),

respectively.

High-magnesium calcites (HMC) and carbonates

saturation index

The local mean SW is oversaturated both in calcite and

aragonite, SIcalcite = 1.17 ± 0.04 and SIarago-

nite = 1.01 ± 0.05, respectively. To overcome the problem

of the inhibition effect caused by magnesium on carbonates

precipitation, the saturation state of the mixed solutions

with respect to HMC was first calculated assuming a pure

solid solution between CaCO3 and MgCO3 (EQ3/6, the

B-dot model for activity coefficient calculation and the

data0.cmp dataset). Using this model, mixed waters start at

equilibrium or are slightly undersaturated in HMC

(SIHMC = -0.16; xMgCO3 = 5 %). The more seawater

fraction is added, the more the HMC saturation state and

the MgCO3 fraction increase, reaching oversaturation from

approximately 0.35 mixed solutions, up to SW with

SIHMC = 1.66 (xMgCO3 = 68 %). Note that the modeled

MgCO3 content in seawater is in accordance with the

maximum detected content in fish-produced tropical car-

bonated (Perry et al. 2011). However, the obtained MgCO3

fractions at oversaturation are too high to represent the

typical natural HMC, in which the average xMgCO3 content

in tropical marine carbonate sediments and marine inor-

ganic cements is approximately 13 % (Perry et al. 2011). In

fact, the saturation indexes obtained in the real seawater

samples and the oversaturated mixed solutions of the

modeling using the logK for synthetic and biogenic HMC

at that percentage are similar to pure calcite and aragonite,

respectively (Fig. 8). It should be noted that the difference

starts to be significant at SW\0.1 in the models (Fig. 8b)

and for the undersaturated samples (Fig. 9), the SIHMC of

which is lower up to 0.2 in comparison with pure Ca-

carbonates. The mean SIs calculated for Ca-bicarbonate

(SIcalcite = -0.27 ± 0.28; SIaragonite = -0.43 ± 0.28) and

Ca-chloride waters (SIcalcite = -0.19 ± 0.21; SIaragonite =

-0.35 ± 0.28) sampled in this study are similar and

slightly undersaturated in calcite and more undersaturated

in aragonite, whereas the Na-bicarbonate water sample

mlg1 is oversaturated in both (Figs. 8, 9). The calculated

mean SI of the Na-chloride waters at low SW fractions

\0.02 (chloride content \500 mg/l or 0.014 molality)

shows that these groundwaters are on average in

A

B

Fig. 7 Mixing modeling results in terms of saturation index of calcite

(a) and aragonite (b). Results were obtained using different software

and thermodynamic databases (see text for details). The physico-

chemical composition of the end-members comes from this study:

Cueva Roncali for Ca-bicarbonate freshwater (FW) and local mean

seawater (SW). The most of the models produced similar results (dark

gray area with SI\0.2) when only major composition of the end-

member was used in the calculations but Truesdell-Jones with

phreeqc.dat. Differently, other models shifted from this ‘‘coherence

area’’ when other minor ions (e.g., ammonia), that influenced pH-Eh

during the forced charge balance, were considered (dotted-dashed

lines)
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equilibrium with calcite (SI = -0.09 ± 0.35) but under-

saturated in aragonite (SI = -0.25 ± 0.35). Generally, at

that low chloride content, the standard deviation of both

CaCO3 phases spans between oversaturation and under-

saturation, quite similar to the Ca-bicarbonate samples at

Cuyaguateje Basin and Sierra Los Organos (Fig. 8b). At

SW fractions[0.02, the mixed waters show more extreme

variations in the carbonates SI values, in particular the

opposite saturation features of wells #18 and #33, which

were both sampled at various depths. Especially, at the

added SW fraction of 0.1, the groundwater showed over-

saturation at well #18 but undersaturation at well #33

(Fig. 8a). For the well #18 groundwater, the carbonates

oversaturation was most likely due to the CO2 degassing

and/or re-equilibration in the soil environment having a

lower CO2 content. In fact, the lowest calcite–aragonite

saturation indexes, predicted at SW fraction of 0.1, should

occur at pH = 6.85 and logPCO2 = -1.53, whereas the

well #18 groundwater at a similar chloride content

(-21.5 m sampling depth) had pH = 8.00 and log-

PCO2 = -2.86. For the well #33 groundwater, and

according to Corbella and Ayora (2003), an additional

effect such as the organic matter decomposition as in

reaction (5), should be invoked to reach the extremely low

A

B

Fig. 8 Results of the freshwater–seawater mixing modeling at the

Peninsula of Guanahacabibes in terms of saturation index (SI) of pure

calcite (dark gray), pure aragonite (light gray), inorganic Mg-calcite

(bricked wall field), biogenic Mg-calcite (squamose field). The

continuous curve represents a MgCO3–CaCO3 ideal solid solution

as foreseen by EQ3/6 and B-dot activity coefficient calculation. Only

calculation models with similar and coherent results were used (dark

gray areas in Fig. 7). Globally comparable SIs were obtained between

pure calcite and inorganic HMC and between pure aragonite and

biogenic HMC; therefore, the SI of the pure Ca-phases of the waters

sampled at Peninsula of Guanahacabibes is shown (closed symbols

pure calcite, open symbols pure aragonite, symbols shape as in Fig. 2;

see also Fig. 9). However, at SW\0.1, the SIHMCs are approxima-

tively 0.15 lower than SI of the pure Ca-carbonates. In (b), the median

saturation index for calcite and the median absolute deviation (error

bars) in the waters from Sierra de Los Organos (LO, Fagundo et al.

1986) and Cuyaguateje River (CB, Fagundo et al. 1986) are shown for

comparison

A

B

Fig. 9 Comparison between synthetic high-magnesium calcite vs.

pure calcite (a) and organic high-magnesium calcite vs. pure

aragonite (b) saturation indexes of the waters sampled at Peninsula

of Guanahacabibes (data in the electronic annex). The best-fit

equations of the samples (bold) and 1:1 lines (dashed) are also shown
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carbonate saturation indexes (SIcalcite = -2.32; SIaragonite =

-2.48). This is confirmed using the REACT tool combined

with the thermo.dat dataset of the Geochemist’s Workbench

software, which produced a similar calcite saturation index

and pH when approximately 0.35 mol of aqueous CH2O was

added to the theoretical mixed solution obtained at

SW = 0.1.

Isotope composition

Discriminating between seawater ingression

and evaporation

To critically analyze the obtained isotope results (Electronic

Annex 1), the sample waters were compared with global

(GMWL) and local (LMWL) meteoric water lines

(Fig. 10a). For the former, the regression equation of the

long-termmean dataweighted by the amount of precipitation

was given by the following equation (Rozanski et al. 1993):

d2H ¼ 8:17� 0:06ð Þ � d18O þ 10:35� 0:65ð Þ ð6Þ

For the LMWL, the isotope data for the precipitations

were chosen from the following four stations of the Global

Network of Isotopes in Precipitation (GNIP; IAEA/WMO

2013): El Salto (37 m asl), Finca Ramirez (170 m asl) in

the Pinar del Rio Province; Santa Ana-Santa Cruz (80 m

asl), Ciro Redondo (480 m asl) in the near northeastern

portion of the Artemisa Province. The least square fit was

calculated as follow for all of the unweighted monthly

mean data but one outlier (Santa Ana-Santa Cruz from the

15 November 1983):

A
B

C

Fig. 10 a hydrogen (d2H) vs. oxygen (d18O) water stable isotope

composition, both values in % vs. V-SMOW. GMWL global meteoric

water line (Rozanski et al. 1993); LMWL local meteoric water line

(this study); CMWL cuban meteoric water line (Molerio León 1992,

2012). Mixing and evaporation effect are also shown (dashed-dotted

and dotted lines), with slope explicated for these latter (S). Symbols as

in Fig. 2, except for waters from kart’s caves (gray). Evaporated

(esw) and non-evaporated seawater (nesw) are highlighted. b Chloride

(mg/l) vs. hydrogen (d2H) vs. oxygen (d18O) isotope composition.

Symbols as in (a). c Altitude (meters a.s.l.) vs. oxygen isotope

composition (d18O). In spite of the exponential trend of GNIP’s

station data and neighboring karst springs, we obtained a recharge

area coherent with the local reliefs using the linear elevation-18O

gradient as calculated in this work
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d2H ¼ 7:33� 0:31ð Þ � d18O þ 9:13� 0:95ð Þ;
with r ¼ 0:96 and N ¼ 48: ð7Þ

Other authors obtained different equations using the

same data from the same stations (Arellano et al. 1989,

1992). Despite this discrepancy and the fact that frag-

mentary data were available for these stations (from June to

September of the 1983 and from March to November of the

1984), our equation is quite similar to the following one

obtainable for Cuba from the weighted monthly mean data

of Molerio León (1992) (CMWL in Fig. 10a):

d2H ¼ 7:30 � 1:01ð Þ � d18O þ 6:73� 2:97ð Þ;
with r ¼ 0:92 and N ¼ 12: ð8Þ

The main isotopic characteristic of the waters sampled

in this study was their displacement to the right of the

meteoric water lines, with all but one (Cienaga Los Re-

mates P1, LR1) roughly arranged along a straight line with

lower slope (Fig. 10a). Considering that wells #18 and #33

were heavily intruded by seawater during sampling, as

previously verified by chemical data, and that they were

more shifted toward seawater in comparison with most of

the other freshwater samples (Fig. 10a), the straight line

may represent a mixing effect. However, according to

Gonfiantini and Araguas (1988), for Caribbean areas the

mixing effect may be confused with evaporation in this

kind of graph. In fact, note that the most isotopically

enriched samples were represented by the El Pesquero

lagoon (LP) and the swamp LR1, which had a negligible

seawater contribution. This problem may be solved by

combining the water isotope data with data from a con-

servative element, such as chloride, in solution (Fig. 10b).

In these plots, the mixed groundwaters from wells #18 and

#33 are readily discriminated from the evaporated ones

from LP and LR1 sites. Additionally, the groundwater of

the Pacheco well (p) showed an isotopic enrichment at

greater depth, but at moderate chloride content (Fig. 10b).

This result was most probably due to the ingression of the

waters from the neighboring El Pesquero lagoon, as sug-

gested by the shift toward the LP sample in the plot

(Fig. 10b). Furthermore, the seawater samples from Gua-

diana and Cortés bays (evaporated seawaters; esw in

Fig. 10a, b) demonstrated an isotope enrichment due to

evaporation in comparison with seawater from Cabo San

Antonio and Maria La Gorda samples (unevaporated sea-

waters, nesw in Fig. 10a, b), which showed a mean isotope

composition more similar to those of the Caribbean Sea

(d18O = ? 0.84 %, d2H = ? 6.6 %; Gonfiantini and

Araguas 1988).

To calculate the slope of a line describing the local

evaporation effect, the isotope composition of the local

atmospheric moisture (water vapor) is a key parameter that

should be known. By default, the isotope composition of

the vapor is often estimated by proxy, assuming isotopic

equilibrium with the local precipitation. While this

approximation may be acceptable during rainy periods in a

continental setting, it is unsatisfactory in the vicinity of an

evaporative source, such as a lake sea, and not during

prolonged dry periods (Gat 2010). Because the isotope

composition of local atmospheric moisture is unknown, we

attempted to calculate the evaporation slope from our

experimental data, that is, with the least square fit between

the evaporated and enriched samples and their possible

unevaporated analogs, arranged near the water lines, and

identifiable as their meteoric recharge. For example, the

Laguna El Pesquero is hydrologically connected by chan-

nels to the Cuyaguateje Basin, and the obtained slope from

the best fit between their isotope data is approximately 5.9.

Furthermore, all the four water samples from karst caves

are displaced on a straight line, the linearity and slope (5.1)

of which were tested for statistical significance by Fisher’s

and Student’s test, respectively. Adding to this regression,

the data of the LR1 sample, the linearity and slope maintain

their significance, with the slope showing a slight decrease

to 4.8 but measuring 4.4 when calculating a best fit

between LR1 and the Cuyaguateje River sample data.

These latter values are more similar to the evaporation

slope of 4.6 revealed for Cuba by other authors (Molerio

León 1992, 2012; Peralta Vital et al. 2005). However, the

obtained slopes of the samples from the karst caves and

Cuyaguateje basin agree better with the 5 and 6 theoretical

slope range for the water surface evaporation at the mean

local relative humidity of 75 % and T = 25 �C (Gonfian-

tini 1986; Xinping et al. 2005); therefore, the slope values

\5 may be attributable to an evaporative effect from soil

and/or shallow groundwater (Gat 2010).

Meteoric recharge estimation

All of the water samples that were not located on the

seawater mixing or evaporation lines stayed between these

lines and showed a mean deuterium excess of 6.4 ± 0.6

(Fig. 10a). This value is less than those of the meteoric

water lines, indicating that these waters falling between the

aforementioned evaporation lines suffered a moderate

evaporation. The highest isotope values of this water group

were consistent with those measured in the Cuyaguateje

River (d18O = -3.62 %; d2H = -22.3 %), which in turn

agreed with the mean values for the rainy period from May

to October (d18O = -3.46 ± 0.62 %; d2H = -19.3

± 3.8 %; Molerio León 1992, 2012). These higher values

should also correspond with the meteoric recharge to the

well #18, as shown by extrapolating back from the chloride

isotope data of this well (Fig. 10b). Therefore, the north-

western sector of the Guanahacabibes Peninsula is most
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likely fed from a shallow circulation on the karst

formation.

In the same manner, note that the lowest water group

values coincided with the intercept between the line fitting

well #33 and the caves samples and the meteoric water

lines, which occurred at approximately d18O = -5.3 %. A

similar value was shown also by well #3 (d18O =

-5.34 %) and the Abasto Maria la Gorda well (d18O =

-5.31 %). To calculate the elevation effect on the mete-

oric recharge of groundwater, the meter-d18O equation of

Molerio León (1992) could be used, here rewritten as:

H mð Þ ¼ �520:83� d18O &ð Þ�1182:29;with r

¼ 0:95 and N ¼ 12: ð9Þ

This equation partially coincides with that obtained from

the local GNIP’s station data as reworked and reevaluated by

Arellano et al. (1992; Fig. 10c). Using this equation to cal-

culate the local elevation effect, we obtained a corresponding

recharge elevation of approximately 700 m for the Cuya-

guateje River and over 1,000 meter for the Maria La Gorda

transect samples, which are well over the real and maximum

height of the basin and of the Cordillera de Guaniguanico,

respectively. In fact, the Cuyaguateje Basin is characterized

by low, quite irregular mountains, with average elevations

between 350 and 400 m and residual limestone hills named

mogotes. By contrast, the highest elevation of the Cordillera

lies in the westernmost sector of the Province between the

Doming Fault and the Northern Rosario belt (Pico Pan de

Guajaibon, 700 m asl). When we tried as an alternative to

obtain a better elevational gradient equation using the

GNIP’s station data as reevaluated by Arellano et al. (1989)

plus some karst springs from the St. Cruz River basin in the

Pizarras del Sur and Cangre belts (Arellano et al. 1989,

1992), we obtained the following equation (Fig. 10c):

H mð Þ ¼ �291:50 � d18O &ð Þ� 745:61; with r

¼ 0:70 and N ¼ 12: ð10Þ

Note that the raw sample data showed a non-linear,

exponential elevation-d18O path, as revealed in other data

from Central and South America (Rozanski and Araguás-

Araguás 1995). This pattern may be attributable to the

‘‘shadow effect’’ on the moistures played by the continental

Mexican and eastern Cuban reliefs. Despite the poor linear

correlation coefficient, the elevation estimated using the

equation [10] and relating to the d18O of the Cuyaguateje

River is coherent with the average river elevation. Differ-

ently, the extremely low d18O values measured in the

groundwaters of the Maria La Gorda transect could be

influenced by the elevation effect on the rains in the Cor-

dillera de Guaniguanico (Fig. 10c). This supposition is

consistent with the hypothesized connection between the

fresh submarine discharges in the Maria La Gorda area and

the large karst springs located in the Cordillera (Peláez

Garcı́a and González Cabrera 2013). However, we cannot

exclude the possibility that the observed, quite low isotope

values are also related to the rapid infiltration in the deeper

endokarstic conduits by abundant precipitations with more

negative isotope composition during the periods of heavy

rainfall, that are typical for the tropical, monsoonal climate

of the area (Florea and McGee 2010). These hypotheses

necessitate the collection of isotope data throughout a

complete hydrological year for confirmation.

Conclusions

The groundwaters of the Guanahacabibes Peninsula

showed the typical chemical compositions related to sea-

water ingression. The fresh Ca-bicarbonate waters are

mainly located in the northeasternmost sector of the pen-

insula, where the Cuyaguateje River issues into the area.

More toward the southwestern sector, the shallow

groundwater shows a mainly Na-chloride composition, but

maintains a low seawater fraction (0.00\ f\ 0.04) up to

20 m in depth and is promptly diluted by local rain. Waters

with a Ca-chloride composition were detected in the wells

just at south of the Los Remates swamp. This transitional

composition, representing seawater intrusion, occurred

where the Guane terrigenous fm. displays interdigitation

toward the Vedado limestones fm. The groundwater in the

southwestern plain of the Guanahacabibes Park area pre-

sented an abrupt salinity increase at a depth of 26–30 m,

which corresponded to an added seawater fraction of 0.1.

This value coincided with the lowest Ca-(Mg)-carbonate

saturation index resulting from the mixing modeling.

Generally, seawater and groundwaters with an added sea-

water fraction above 0.60–0.65 showed similar oversatu-

rated indexes in HMC and pure Ca-carbonates (calcite and

aragonite). However, in the groundwaters with a seawater

fraction between 0.02 and 0.60 and that showed carbonates

undersaturation, the saturation indexes in HMC were lower

than pure Ca-carbonates of about 0.2. Moreover, the ten-

dency of the waters to dissolve limestone is locally

enhanced in organic-rich waters by sulfate reduction,

contributing to the subsequent increase in the generation of

the karst structures and the intrusion of seawater into the

groundwater. This combined effect of Ca-increase and

sulfate reduction may be misinterpreted in the Piper plot as

cation exchange with clays. Unexpectedly, Ca-bicarbonate

and the opposite transitional Na-bicarbonate, representing

groundwater freshening, were detected also in the almost

open-ocean conditions, respectively, in the south-western-

most Cabo San Antonio and Maria La Gorda promontories.

These waters may be easily explained as a lens of fresh-

waters floating on a deeper salty layer, enhanced by flow
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inversion from sea tide effects and/or consistent with the

upward freshwater flow during the formation of the saline

wedge. However, the lower isotope composition indicated

that these waters may come from the deep Jurassic aquifer,

which is mainly recharged during the rainy period (sum-

mer) occurring in the highest reliefs of Cordillera de

Guaniguanico. This hypothesis agrees with the extensive

presence of freshwater discharge from submarine springs

discovered along the coast by other authors.
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Peláez Garcı́a R, González Cabrera NA (2013) Underground water of

deep circulation in the national park guanahacabibes, pinar del

rio province, cuba: another alternative with water supply aims.

In: LaMoreaux JW, Farfán González H, Corvea Porras JL, de
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