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hypersaline and endorheic. The climatology of the region is influenced by the
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1. Introduction

During the Eocene period of the Tertiary Era, the block forming the Sierra de
Neyba collided with the Central Cordillera, both formed by tectonism and vol-
canism [2]. The Sierra de Bahoruco also shifted toward the Sierra de Neyba, ge-
nerating pressure and raising the seabed that gave birth to the Enriquillo basin
[3]. During this process, the highest mountains of the Cordillera Central were
eroded by torrential rains, and their masses shifted following numerous land-
slides, thereby forming the valleys of San Juan, Azua, and Neyba. Sediments car-
ried by the Rio Yaque del Sur (RYS) were deposited in what today forms the Bay
of Neyba and Lake Enriquillo (LE) [4]. During this process, the waters that col-

lected in the basin of LE during rainy periods were poured into the sea. When
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the outlet to the sea was blocked by the sediments and the amount of water col-
lected surpassed the rate of evaporation within the basin, salts began to concen-
trate within the lake, reaching a salinity level of up to 105%o [5]. Previously, the
lake was reported to be located at 44 m below sea level (BSL).

The area currently occupied by LE formed part of the seabed for a long time.
Even so, currently, its waters are not remnants of seawater but rather were
trapped by tectonism [6] or the sedimentation dynamics of the region. The water
and physical-chemical properties of the lake are linked to specific characteristics
of the geology of the region, which also leads to the storage of water in this basin
during rainy periods. Measurements from 2011-2014 showed that the salinity
ranged from 18%o - 34%o, while the water level increased from 36 to 29 m below
sea level (BSL) due to high levels of rainfall in the region. As mentioned, the
composition of salts in the lake indicates that the waters of LE are not remnants
of a confined sea reservoir [7] [8]. Although LE was assumed to have a salinity
level higher or equal to that of the sea upon reaching an equal level, only at
about 31 m BSL does its salinity match that of the sea.

2. Study Area

Lago Enriquillo, Dominican Republic, (18°31.7N, 71°42.91W) is a hypersaline
lake of marine originis the largest depression in the Caribbean region, located in
the southwestern portion of the Dominican Republic between the mountains of
the Sierra de Neyba and the Sierra de Bahoruco (Figure 1 and Figure 2). This
lake is endorheic, with no outlet to the sea. In 2003, the basin had an area of

Figure 1. Map of the Caribbean Region and location of Lake Enriquillo and its watershed, Dominican Republic.
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Figure 2. Geological Map of the Island of Hispaniola, Dominican Geological Survey. The Enriquillo-Plentain Garden fault lies
south of Lake Enriquillo and continues towards Haiti. In the area of Port-au-Prince was located the epicenter of the earthquake of
January 12, 2010 that destroyed the city Source Draper, Lewis and Gutierrez (1995).

3,048 km?, and its salinity was 105%o [9]. In addition, the lake occupied an area
of 194.9 km? was located at 42 m BSL, had a maximum depth of 23 m (BSL),
and contained a water volume of 1.14 m’ in its reservoir [10].

Several geological faults intersect the LE basin. In addition, the basin contains
several caverns in which portions of their roofs frequently collapse [11] follow-
ing the small earthquakes that have occurred in the region. The main geological
fault is the Enriquillo-Plantain Garden [12] [13], from which the Haiti earth-
quake of 2010 [14] was generated (Figure 2).

The LE basin has several tributary sub-basins, including Guayabal, Los Bolos,
Penitente, Damas, Boca de Cachdn, Azufrada La Zurza, Angostura, Barmesi, Rio
Panzo, Rio Barreno, Rio Blanco or Solié¢, Rio Penitente, Rincon Lagoon, and
Limén Lagoon, which is part of the Yaque del Sur River Basin (RYS) that runs
through the Cristébal Channel. The water of the basin serves the aqueducts of
the region and combines with that from other basins, including Las Barias and
Las Marias, and from more than 700 small springs [15]. The largest amount of
water originates from springs in basins formed by karst rocks [16]. The surface

rivers are mostly dry during a large part of the year (Figure 2).
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The neighboring Guayabal River basin is located on the southern slope of the
Sierra de Neybalndependencia province, with an area of 58 km®. The length of
the river bed of one of the main contributing branches is about 15.6 km (13.1 km
from the Guayabal River and 2.5 km from La Caiiada, La Codorniz), and this
river flows into LE at the height of the municipality of Postrer Rio (Figure 2 and
Figure 3).

The main cities located around LE are located within the provinces of Inde-
pendencia and Bahoruco, with populations of 54,785 and 97,313 inhabitants, re-
spectively. These provinces include the cities of Jimani, La Descubierta, Neyba,
Postrer Rio, Duvergé, Boca de Cachén, Mella, Villa Jaragua, Los Rios, El Limoén,
and Galvan [17], which are mainly dedicated to agriculture, livestock, and fish-
ing in LE [18].

Also, the RYS spills part of its waters into LE through the Cristébal Channel.
The RYS originates in the province of San Juan de la Maguana, with a popula-
tion of 129,224 inhabitants. The population of this region is dedicated to the in-
tense cultivation of agricultural products and to cattle ranching.

The LE basin corresponds with first driest region in the Dominican Republic
due to the low levels of recorded annual rainfall [1] [19]. The elements that have
the greatest influence on the region’s hydrometeorology are evaporation in addi-
tion to temperature and precipitation between May and November. Even though
the cyclonic season extends from June to November, peak precipitation in the
region occurs during May. The rainfall regime is bimodal, with a peak in May
and another in November. The arrival of cold fronts, as well as troughs, storms,
and hurricanes impact the basin during the June-November cyclonic season.
These elements also determine the variation in salinity, which ranged from ap-
proximately 105%o to 23.4%o during the 2003-2013 period [8] [9].

In addition, the rains are influenced by so-called Caribbean Regulators Cli-
mate Centers (CRCCs) the North Atlantic Oscillation (NAO), El Nifio Southern

Figure 3. Contour of enriquillo lake level curves ., -40, ., ., ., ., ., . -10

Below sea Level (BLS).
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Oscillation (ENSO), trade winds, and Warm Water Pool North Atlantic, Multi-
decadal Oscillation, as well as the behavior of the Azores anticyclone. The pres-
ence of ENSO, [1]

The flora surrounding LE corresponds the different types of vegetation: dry
forest, broadleaved woodlands, pine forests, wetlands and marine coastal areas
cover an altitudinal succession ranging from 40 m BLS in Lake Enriquillo to
2,300 m above sea level in the Sierra de Bahoruco are affected by the climate and
type of soil [20]. The fauna is mainly characterized by reptiles such as iguanas,
snakes, and lizards as well as scorpions. Crocodiles, fish, crustaceans, and mol-
lusks inhabit the waters of LE, and their abundance is dependent on the varying
levels of salinity (Table 1). When conditions are favorable, several types of birds
can be observed, including flamingos and various species of herons and seagulls
[21].

The lake also encloses three islands located below sea level (BLS). Isla Cabritos
is the most important of these, with an area of 27.6 km” and an elongated shape
(Figure 3). The other two islands are Barbarita (also locally known as “Chiqui-
ta”) and Islita. During long droughts, when the lake level drops, these islands,
especially the last two, become peninsulas and can be reached by walking. Isla
Cabritos contains the only hyperxerophytic dry forest that exists BSL in the Ca-
ribbean.

3. Equipment and Materials

Equipment: Uwitec Sampler, Sartorius Balance, Oven, Mulffle, Filtering Equip-

ment, Glassware, Multi-Parametric Sensor, and Sonar-GPS.

4. Methodology

The physical-chemical parameters were determined using a multiparametric
probe. Several passes along the lake in a vessel were performed using a Sonar-
GPS, and the depths and coordinates were recorded to create the bathymetry of
the lake in the Surfer 10 software. Using data from the bottom of the lake ob-
tained during sampling in addition to historical data, topographic data [22], and

Table 1. Averages values of salinity, conductivity, and total dissolved solids during
2011-2014 in Lake Enriquillo.

Salinity Conductivity —Total dissolved solids  Level Area Volume

K2
035: Scientific Research Publishing

Date (%o0) (m$/cm) (&) (mBSL) (km?) (km?)
*Nov. 2002 104.2 146.8 152.1 42 194.9 1.04
*Mar. 2003 103.4 145.9 150.7 41.5 198.6 1.14
28 Feb. 2011 304 46.5 30.1 30.0 375.4 4.60
28 Feb. 2012 26.1 40.6 20.3 29.5 385.3 4,99
13 May 2013 23.7 37.6 18.8 29.0 3914 5.22
16 Dec. 2013 24.4 38.3 19.2 29.5 387 5.00
23 May 2014 234 36.8 18.5 29.0 393 5.25
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Google maps and Okmap, the areas and volumes of the lake were determined for
different periods in the Surfer 10 software.

These calculations were focused on the 2004-2013 period. In the 2004-2012
period, Lake Enriquillo received a large amount of sediments that were trans-
ported to the lake by the rains that accompanied numerous storms and hurri-
canes, therefore causing an alarming increase in the water level and flood zone.
In the northwestern part (La Descubierta), the column of sediments was deter-
mined in several places to reach more than 60 cm, similar to the mouth of the
Guayabal river. Also, through the Cristobal Channel, waters from the RYS re-
moved a large mass of sediment and deposited it in the western part of the lake.
The bathymetry of 1994 [23] showed changes resulting from the contribution of
sediments, thereby reducing the volume and shape of the lake cavity in compar-
ison to before 2013.

Results and Discussion

During the 1969-1979 period, the water level of Lake Enriquillo (LE) decreased
each subsequent year yet recovered its water level with the passage of Hurricane
David and storm Federico in August and September 1979, respectively [1]. Then,
for the 1982-1998 period, the water level dropped to 44 m BSL but recovered
about two meters following Hurricane George in September 1998. By 2003, the
level of the lake was about 42 m BSL. The storm Odette and a series of extreme
weather events at the beginning of the year led to an increase in the water level
to 29 m BSL (See Table 2). During the 2003-2013 period, the water level in-
creased even more to 13 m. In the area of “Los Borbollones”, the physical-
chemical parameters reached their highest values (February 2011), which was
unexpected since this area represents the entry way of fresh water where the salt
content would be expected to be lower. To the contrary, these waters contained a
high salinity, indicating that they originated from areas experiencing significant

salinization processes and drought. At that time, because of the high rainfall in

Table 2. Levels, areas and volumes occupied during 2004-2013 by Lake Enriquillo calcu-
lated using the Google applications, Surfer 10 and Okmap. * Includes Islita and Barbarita
(1,127 km? and 1,427 km?).

Areas km? Volume km?
Level (BSL) (m)

Cabrito Island Lake Mirror Lake Date
42 24.088 243.267 *216.625 1.037 2004
40 21.691 276.894 255.203 2.033 2007
36 18.772 314.714 295.942 3.674 2008
34 16.765 344.766 328.001 3.891 2009
33 15.400 353.470 338.070 4.223 2010
31 13.118 375.388 362.270 4.599 2011
30 11.748 385.255 373.507 4.923 2012
29 10.602 391.121 380.519 5.221 2013
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the basin, the rivers and water sources that fed and drained into LE had a very
high salt content.

At the beginning of 2011, the physical-chemical parameters were variable
from one area to another and also between the surface and the bottom of the
lake, as the volume of water entering the lake was also variable and mixed to a
large extent with hypersaline water [8] [24]. By 2012, the values of salinity and
conductivity throughout the lake were more homogeneous. The mixture of wa-
ter stored during the years 1979-2003 and the rainfall between 2003-2011 had
mostly mixed, so we could infer that by 2013 the level of the lake would begin to
fall, as indeed happened. For the 2013-2016 period, the decrease in meteorologi-
cal events in the basin caused the water level to descend by 3.44 m. So, we can
confirm that the changes in water level experienced by Lake Enriquillo are a
consequence of changes in rainfall throughout its basin and no other factors.

The background of LE is irregular due to its origin. At the time of analysis,
this water body was not considered a lagoon. In addition, the waters that fed LE
originated from different places and had distinct characteristics. Some waters
were loaded with sulfur, while others contained calcium carbonate or were of
good quality and low in salts.

Variations in the physical and chemical parameters of LE are determined by
changes in rainfall and the geomorphological characteristics of the basin rocks.
The salts in the water of the lake are characteristically different than those of the
sea [5], further confirming that the waters are not of marine origin. Rather, this
basin represents a reservoir of water funneled from the mountain ranges of
Neyba and Bahoruco. The levels of sodium, magnesium, and chlorine also differ
and are lower than those of the sea. However, sulfur is more concentrated in the
lake than in the sea because several springs that feed the reservoir contain sulfur
water (La Descubierta and Duvergé).

In Figure 4 it is presented as a result of the differences in depth and bathyme-
tric slope, Lake Enriquillo typically experiences a greater surface growth in its
western and eastern zone than in the north and south, the points taken as refer-
ences for this bathymetry are shown in Figure 5. This result is similar to that

presented in article [25].

5. Conclusions

In Lake Enriquillo (LE), the level and the physical-chemical parameters of the
water equally respond to changes in the pluviometry of the surrounding basin.
The LE basin is framed by the southern slope of the Sierra de Neyba and the
northern slope of the Sierra de Bahoruco in the Dominican Republic and is
somewhat influenced by the RYS and Cristobal channel. As this zone is one of
the driest in the country, the level of evaporation is higher than the amount of
precipitation that occurs, causing the levels of Enriquillo Lake to fluctuate. In
addition, these fluctuations are influenced by the Caribbean Regulator Climate
Centers (CRCCs), as the replenishment of the water level is dependent on storms

and hurricanes, to corroborate this assertion [25] finds that the frequency of
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Figure 4. Bathymetry of Enriquillo Lake in 2013, the maximum level reached is 29 m
BSL. The maximum depth is of 65 m BSL located to the north. In 2003, the level was 42 m
BSL, representing a change of 13 m over a period of 10 years. The coordinates are north
latitude and west longitude.

Lago Enriquillo

12

Figure 5. Sampling locations during the 2011-2013 period.

storms in Southern Hispaniola in the last 63 years shows a similar trend with the
last decade characterized by the exits of the moderate El Nifio and the beginning
of the periods of La Nifa that generally coincide with the increase of the hurri-
cane and the activity of the storm.

The characteristics of the waters entering the lake do not correspond to those
of sea water, either concentrated or diluted, as they have a distinct composition.
The high salinity reached by Enriquillo Lake during its formation is evidence of
how salts have concentrated from sources other than the sea [26]. The salt con-
tents result from the contribution and the dilution of the karst rocks that largely
constitute the basin and from the salt mines of the basin, and these dynamics are

exacerbated by the high rate of evaporation in the region.
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