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Hydrogeology and Hydrology of the Punta Cabullones 
Wetland Area, Ponce, Southern Puerto Rico, 2007– 08 

By Jesús Rodríguez-Martínez and Luis R. Soler-López

Abstract
The U.S. Geological Survey, in cooperation with 

the Municipio Autónomo de Ponce and the Puerto Rico 
Department of Natural and Environmental Resources, 
conducted a study of the hydrogeology and hydrology of the 
Punta Cabullones area in Ponce, southern Puerto Rico. (Punta 
Cabullones is also referred to as Punta Cabullón.) The Punta 
Cabullones area is about 9 square miles and is an ecological 
system made up of a wetland, tidal flats, saltflats, mangrove 
forests, and a small fringing reef located a short distance 
offshore. The swales or depressions between successive beach 
ridges became development avenues for saline to hypersaline 
wetlands. The Punta Cabullones area was designated by the 
U.S. Fish and Wildlife Service as a coastal barrier in the 1980s 
because of its capacity to act as a buffer zone to ameliorate the 
impacts of natural phenomenon such as storm surges. Since 
2003, Punta Cabullones has been set aside for preservation 
as part of the mitigation effort mandated by Federal and State 
laws to compensate for the potential environmental effects 
that might be caused by the construction of the Las Américas 
Transshipment Port.

Total rainfall measured during 2008 within the Punta 
Cabullones area was 36 inches, which is slightly greater than 
the long-term annual average of 32 inches for the coastal plain 
near Ponce. Two evapotranspiration estimates, 29 and 37 inches, 
were obtained for the subarea of the Punta Cabullones area that 
is underlain by fan-delta and alluvial deposits by using two 
variants of the Penman semi-empirical equation. 

The long-term water stage and chemical character of 
the wetland in Punta Cabullones are highly dependent on the 
seasonal and annual variations of both rainfall and sea-wave 
activity. Also, unseasonal short-term above-normal rainfall and 
sea-wave events resulting from passing storms may induce 
substantial changes in the water stage and the chemical char-
acter of the wetland. In general, tidal fluctuations exert a minor 
role in modifying the water quality and stage of the wetland in 
Punta Cabullones. The role of the tidal fluctuations becomes 

important during those times when the outlets/inlets to the sea 
are not blocked by a sand bar and is allowed to freely flow into 
the wetland interior. The salinity of the wetland varies from 
brackish to hypersaline. The hypersaline conditions, including 
the occurrence of saltflats, within the Punta Cabullones 
wetland area result from a high evapotranspiration rate. The 
hypersaline conditions are further enhanced by a sand bar that 
blocks the inlet/outlet of the wetland’s easternmost channel, 
particularly during the dry season. 

Groundwater in Punta Cabullones mostly is present 
within beds of silisiclastic sand and gravel. During the study 
period, the depth to groundwater did not exceed 4 feet below 
land surface. The movement and direction of the groundwater 
flow in Punta Cabullones are driven by density variations 
that in turn result from the wide range of salinities in the 
groundwater. The salinity of the groundwater decreases within 
the first 60 to 100 feet of depth and decreases outward from 
a mound of hypersaline groundwater centered on piezometer 
nest PN2. The main groundwater types within the Punta 
Cabullones area vary from calcium-bicarbonate type in 
the northernmost part of the study area to a predominantly 
sodium-potassium-chloride groundwater type southward. 
According to stable-isotope data, groundwater within the 
study area is both modern meteoric water and seawater highly 
affected by evaporation. The chemical and stable-isotopic 
character of local groundwater is highly influenced by 
evapotranspiration because of its shallow depth. 

Equivalent freshwater heads indicate groundwater moves 
away from a mound centered on piezometer nest PN2, in 
a pattern similar to the spatial distribution of groundwater 
salinity. Vertical groundwater flow occurs in Punta Cabullones 
due to local differences in density. In the wetland subarea 
of Punta Cabullones, groundwater and surface water are 
hydraulically coupled. Locally, surface-hypersaline water 
sinks into the aquifer, providing recharge and serving as a 
mechanism to redistribute salt throughout the study area. The 
evapotranspiration in the wetland subarea is estimated at about 
11 million gallons per day (Mgal/d) that is equivalent to about 
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12,586 acre-feet per year. The balance of evapotranspiration, 
in excess of the about 0.5 Mgal/d of groundwater flow within 
the wetland, is supplied by saline to hypersaline surface 
water that may include seawater and meteoric water highly 
affected by evaporation with dissolved salts. In one of the 
extreme scenarios in which no groundwater is intercepted by 
pumpage at the Restaurada well field, the amount of saline to 
hypersaline water in the wetland consumed by evapotrans-
piration is about 10.5 Mgal/d. In the opposite extreme in 
which the entire regional groundwater flow is intercepted by 
pumpage in the Restaurada well field, the entire evapotrans-
piration requirement is met by saline to hypersaline water. 
Hydrologic, isotopic, and chemical data indicate that all of, 
or a large portion of, the historical groundwater flow to Punta 
Cabullones is being captured by the Puerto Rico Aqueducts 
and Sewer Authority pumpage at the Restaurada well field at a 
rate of about 2 Mgal/d. As a consequence, seawater intrusion 
into the aquifer at the Punta Cabullones area seems to be 
occurring, while the current pumpage at the Restaurada well 
field is sustained by storage depletion of the aquifer.

Introduction
The Punta Cabullones wetland (hereinafter referred to 

as Punta Cabullones) area, with an extent of about 9 square 
miles (mi2) is a unique coastal ecological system located in 
the Municipio of Ponce, southern Puerto Rico (fig. 1A). The 
Punta Cabullones study area consists of wetlands, saltflats, 
patches of mangrove forests, and a small barrier reef (fig. 1B). 
Punta Cabullones is a natural coastal barrier that is protected 
under the Coastal Barrier Resources Act; the barrier provides 
protection against sea-wave activity, particularly storm surges, 
and it acts as a wildlife refuge for local and migratory bird 
species (U.S. Fish and Wildlife Service, 1982).

The Municipio of Ponce chose to create a wetland 
reserve from the Punta Cabullones area as part of the wetlands 
mitigation effort required by Federal and State agencies to 
compensate for the negative effect of dredging the Ponce 
Bay to build the Las Américas Transshipment Port. The 
Las Américas Transshipment Port is a major infrastructure 
development that portends the conversion of the Ponce Port 
into a major transnational center for storing, advanced-stage 
manufacturing, and the export-import of goods.

Until the 1970s, land to the north of Punta Cabullones 
was cultivated with sugar cane, whereas most of the Punta 
Cabullones area has been historically considered unsuitable 
for agricultural use because of the poor quality of the soil. 
The poor quality is due mainly to the high salt content of the 
soil resulting from the effects of a high evapotranspiration 
(ET) rate on the shallow water table and surface-water bodies 
within the study area. The local water table is close to the land 

surface and, after a rainfall event, may rise to the soil surface 
making it difficult to grow traditional crops. As of 2007, a 
low-intensity cattle-breeding operation is the only agricultural-
related activity in the Punta Cabullones area. 

The Punta Cabullones area was used during a large 
part of the 20th century as a disposal site for industrial and 
domestic wastes. In 2007, about one-third of the Punta 
Cabullones area was still covered by material such as glass 
bottles, scrap metal, and mounds of a limestone-derived 
material that is a byproduct of the cement industry. In addition, 
mining of gravel and sand throughout several decades during 
the 20th century partially removed, and in places completely 
obliterated, the beach ridges that once existed in the Punta 
Cabullones area.

In order to develop a management plan for the natural 
resources of the Punta Cabullones area, the Municipio 
Autónomo de Ponce and the Puerto Rico Department of 
Natural and Environmental Resources (PRDNER) requested 
the U.S. Geological Survey (USGS) to conduct a study of the 
hydrogeology and hydrology as well as the factors that control 
the spatial and temporal changes in the chemical and physical 
properties of the groundwater and surface water. The results of this 
study help advance the understanding of coastal processes, and in 
particular the groundwater flow movement in a coastal setting.

Purpose and Scope
The purpose of this study was to define the local 

hydrogeology of the relatively shallow water-bearing units 
(maximum depth not exceeding 100 feet [ft]) below land 
surface and hydrology, as well as to relate the seasonal 
variations and occurrence of episodic rainfall events, ET, 
and fluctuations in water stage with changes in sea-level 
stage and in chemical and physical properties of the wetland 
and aquifer within the Punta Cabullones area. The study 
was performed within a geographic area of about 9 mi2 in 
the coastal zone of the Municipio of Ponce, southern Puerto 
Rico (figs. 1A and 1B). Data were collected mostly from 
February 2007 to December 2008, with some surface-water 
data collection extended to April 2009 at select stations. The 
specific objectives of this study were to

1.	 Define the hydrogeology of the study area including  
the groundwater/surface-water interaction and estimate  
a water budget for the study area, 

2.	 Determine if the source of local groundwater is from 
precipitation, regional groundwater flow, or seawater,  
or possibly a combination of some or all of these, and

3.	 Determine the temporal and spatial changes in the  
stage, chemical constituents, and isotopic and physical 
properties of the water in the wetland and shallow  
aquifer within the Punta Cabullones area. 
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Previous Investigations
There is sparse information available on the geologic 

and hydrogeologic character of the Punta Cabullones area. 
Kaye (1959) ascribed the existing marked beach ridges in 
a lunate pattern at the Punta Cabullones area to a rapidly 
prograding coast and, based on analyses of aerial photos, 
estimated the prograding rate at about 5 ft per year between 
1936 and 1951. 

As part of an analog-modeling study, Bennet (1972) 
documented the occurrence of shallow brackish and saline 
water overlying deeper freshwater along the margins of the 
Río Bucaná in the western part of the Punta Cabullones area. 
In the late 1970s, infiltration from the still-prevalent flood 
irrigation method in the south coast area of Puerto Rico 
was the main recharge source to the aquifer; approximately 
30 percent of the applied water was estimated to recharge 
the aquifer. In 2007, with no irrigation in the study area, 
a maximum of 10 percent of the rainfall is estimated to 
recharge the aquifer at a rate of 3 to 4 inches per year (in/yr). 
According to Bennet (1972), plans by the Puerto Rico 
Aqueduct and Sewer Authority (PRASA) to substantially 
increase the groundwater withdrawals from the South Coast 
aquifer in the Ponce area during the late 1970s would have 
deprived the Punta Cabullones area of fresh groundwater 
from the regional flow, even if recharge from flood irriga-
tion was maintained. He concluded that cessation of fresh 
groundwater flow from the regional flow would result in 
seawater intrusion, rendering useless the portion of the 
South Coast aquifer south of the Restaurada well field in an 
estimated 40 years (fig. 1B). Bennet (1972) also concluded 
that if recharge from flood irrigation was eliminated and 
PRASA’s plan to increase pumpage implemented, seawater 
intrusion into the aquifer would be accelerated. 

A study by Rodríguez-Martínez and others (2005) 
was conducted almost three decades after flood irrigation 
and the associated recharge to the aquifer had ceased and 
PRASA had increased the daily withdrawals from the aquifer 
by 1.5 million gallons per day (Mgal/d) to a total of about 
2 Mgal/d. The study by Rodríguez-Martínez and others 
(2005) was restricted to the area north of Punta Cabullones, 
although electrical-resistivity surveys conducted immediately 
north of the Punta Cabullones area qualitatively indicated 
the presence of brackish and saline groundwater overlying 
fresh groundwater.

Description of the Study Area

The Punta Cabullones study area, with an areal extent of 
about 9 mi2, is located within the fan-delta and alluvial coastal 
plain of the municipio of Ponce (fig. 1B). The area is bordered 
to the east by the Río Inabón, to the west by the Costa Caribe 
Resort, to the northwest by Highway 52, to the south by the 
Caribbean Sea, and to the north by an east-west line between 
Highway 52 and Río Inabón (fig. 1B). The tidal gage station 
50114730 and the Restaurada well field are not located within 
the boundaries of the study area, but data collected at these 
sites are important to the analysis presented in this report. 
The coastal area of the Punta Cabullones area consists of a 
series of channels, lagoons, saltflats, patches of mangrove 
forests, and a near-shore fringe reef; thus, it is referred to as 
the Punta Cabullones wetland subarea (fig. 2). That part of the 
Punta Cabullones study area north of the wetland subarea lies 
within the upper coastal fan-delta and alluvial plain (fig. 2). A 
series of ditches within the study area is a remnant of a more 
complex system built in the past century to enhance drainage 
of surface water and shallow groundwater and for flood irriga-
tion of sugarcane fields. The coastal area of the municipio of 
Ponce in southern Puerto Rico lies within the South Coastal 
Plain, which is warmer and drier than the rest of the island. 
This difference in climate is due to a rain shadow effect caused 
by the east-west trending Cordillera Central mountain range 
on the prevailing northeast trade wind (Calvesbert, 1970).

Punta Cabullones is mostly underlain by beach-eolian 
sand deposits of Quaternary age that are interspersed by 
mangrove-swamp deposits also of Quaternary age (Glover 
and others, 1977; fig. 3). These deposits have been replaced 
northward by delta-fan and alluvial deposits of Quaternary 
age, referred to by Glover and others (1977) as piedmont 
alluvial plain deposits. Fringing reefs of small extent are 
located at less than 164 ft offshore. The Quaternary-age 
deposits are underlain by silisiclastic and carbonate rocks of 
middle Tertiary age that are assumed to be time equivalent to 
the carbonate and terrigenous units of the same age exposed 
north of the study area.

The beach-eolian deposits consist primarily of siliceous-
terrigenous fine-grained sand with a minor component of very 
fine to coarse pebbly sand that locally becomes predominant. 
These sediments have been transported from the interior 
inland by fluvial processes and deposited along the shoreline 
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EXPLANATION

Beach deposits (Holocene)—Sand, gravel, and shell fragments; 
  mostly unconsolidated, but includes calcite-cemented beach rock 
  north of Punta Cabullones. Locally contains concentrations of magnetite

Reefs (Holocene)—Composed chiefly of coral and coralline algae; partly 
  overlain on the protected or back-reef side by sand composed of coral and 
  coralline algae and by irregularly distributed whole and broken coral heads

Fan-delta and coastal alluvial plain deposits—Sand, silt, and gravel, unconsolidated,
  thickness unknown like Qp, but contains a moderate accumulation of salt

Qps

Swamp deposits (Holocene)—Clay, silt, and organic material; chiefly covered 
  by mangrove trees
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Figure 3.  Generalized surface geology of the Punta Cabullones study area as defined by Glover and others (1977).

Qs 

Figure 3.  Generalized surface geology of the Punta Cabullones study area as defined by Glover and others (1977).
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by sea-current activity. Occasional flooding by the Río Inabón 
and above-normal sea-wave activity may cause high rates of 
deposition and erosion as well as reworking of previously 
deposited sediment along the shoreline and inland within 
the study area. The occurrence of localized lobes of coarse 
gravel of limited aerial extent also may be the result of these 
irregular high-energy events. The minor carbonate component 
in these deposits is provided by sea-wave mechanical abrasion 
of the small fringing reefs offshore and erosion of limestone 
of middle Tertiary age exposed north of the study area. These 
ridges, left behind as the coast has prograded due to a greater 
influx of sediment during a high sea-level stand, may be 
considered approximate locations of pre-existing shorelines. 
In the Punta Cabullones area, the low-lying swales described 
above accumulate organic matter and finer grained material 
such as clay and silt. An undetermined amount of the material 
removed by rainfall runoff from the mounds of the cement 
industry wastes deposited in the area makes its way into these 
low-lying features and the wetland.

The land-surface elevation averages 30 ft above mean sea 
level (amsl) along the northern border of the study area and 
gently slopes southward to the Caribbean Sea over a distance 
of about 3 miles. In its coastal portion, the Punta Cabullones 
area is characterized by a series of beach ridges in a lunate 
pattern that resulted from progradation of the shoreline, 
assumed to have started since the end of the Pleistocene (about 
11,000 to 12,000 years ago). Low-lying swales, also with a 
lunate pattern, generally occur between consecutive beach 
ridges. These features function as permanent or intermittent 
saline to hypersaline wetlands and lagoons that serve as feeding 
grounds for various bird species and permanent or temporary 
habitats for some fish and crustacean species, among others 
(Stapor, 1982). These swales also partially function as routing 
channels for the seawater inflow and backflow induced by tidal 
fluctuations. These low-lying features are recipients of almost 
all of the rainfall runoff within the Punta Cabullones area. 
The margins of these low-lying swales are generally covered 
with mangroves and other types of vegetation tolerant or well 
suited to these normally saline to hypersaline settings. Prior to 
mining by the construction industry, the difference in elevation 
between a beach ridge and the contiguous low-lying swale 
could reach 7 ft (Kaye, 1959). At present, only minor portions 
of the beach ridges and coupled low-lying swales remain; as a 
result, most of the Punta Cabullones area is featureless, except 
for residual 3- to 5-ft-high waste mounds left by the cement 
industry (fig. 1B). Isolated patches of the beach ridges remain 
and have elevations ranging from 2 to 4 ft amsl.

 By using aerial photographs, Kaye (1959) estimated that 
the shoreline at Punta Cabullones advanced about 75 ft during 
the 15-year period between 1936 and 1951 for an average 
progradation rate of 5 ft/yr. Kaye (1959) also estimated that as 
of 1951 the inland extent from the shore of the beach-eolian 
ridges was about 6,396 ft. By using the average progradation 
rate of 5 ft, Kaye (1959) estimated a time span of 1,280 years 
for the advance of the shoreline to its position of 1958. Kaye 

(1959) noted differences between the shape of the existing 
shoreline during 1951 and the shapes of older shorelines and 
attributed differences to the development of two small reefs, 
which cause the waves to diffract and refract, thus affecting 
the sedimentation pattern along the shoreline. Similar beach-
ridge complexes elsewhere have been documented as being 
the result of climatic events such as El Niño (Craigh, 1992; 
Goy and others, 2002).

The Punta Cabullones area consists of a series of 
interconnected environments such as wetlands, ephemeral and 
permanent lagoons, mangrove swamps, tidal flats, and saltflats 
created as a result of elimination of almost all of the beach 
ridges and low-lying swales by the sand-mining industry 
(fig. 1B). A series of small islets with mangrove thickets and 
fringing reefs occurs at a short distance offshore. A small 
fringing reef, about 300 ft in length and about 200 ft from 
the shoreline, partially encloses a back-reef lagoon. During 
storms, this back-reef lagoon is hydraulically connected 
with the low-lying swales through a channel that extends 
inland. In the absence of high-wave activity, the mouth of the 
inland channel is frequently blocked by the accumulation of 
sand, and the back-reef lagoon becomes either partially or 
completely isolated from the low-lying swales. 

The effect of the existing Toa Vaca and Cerrillos 
reservoirs combined with the construction (as of 2008) of 
the Portugués reservoir on the amount of sediment being 
supplied to the shoreline of Punta Cabullones is unknown 
(Soler-López, 2004, 2011). The Toa Vaca reservoir lies within 
the municipality of Villalba about 15 miles (mi) northeast of 
the Punta Cabullones area. This reservoir was constructed 
during 1972 in the upper part of the Rio Jacaguas basin that 
discharges into the Caribbean Sea about 2 mi east of Río 
Inabón. The Cerrillos reservoir was constructed during 1991 in 
the upper part of the Río Cerrillos basin about 5 mi northwest 
of the Punta Cabullones area within the municipality of Ponce. 
The Río Cerrillos, also known as Río Bucaná in its coastal 
reach, discharges into the Caribbean Sea about 1 mi west of 
the Punta Cabullones area. The Portugués reservoir is about 
7 mi northwest of the Punta Cabullones area.

Methods of Study
In order to accomplish the objectives of the study, data 

on the shallow subsurface geology, stable isotopic and main 
chemical constituents of surface water and groundwater, and 
hydraulic properties of the shallow aquifer were collected 
within the Punta Cabullones area. Data were also obtained 
on the seasonal variation of climatic conditions and on 
the physical properties characterizing surface water and 
groundwater. Use was also made of information from previous 
studies in Cabullones and other similar settings in the world to 
calculate properties such as evapotranspiration used to estimate 
the water budget of the study area. The means and methods 
used to obtain these data are listed and described below.
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Drilling and Installation of Piezometers, Well 
Points, and Shallow Auger Test Holes

Three piezometer nests with two components each (a 
shallow and a deep component) were installed to obtain 
information on the daily and seasonal fluctuations of the 
groundwater levels, to identify the groundwater-bearing 
strata, and to determine the vertical head distribution in the 
study area (fig. 1B and table 1). These three piezometer nests 
were completed in polyvinyl chloride (PVC) casing with an 
outside diameter of 4 inches. These piezometer nests were 
equipped with pressure transducers and data loggers to collect 
and store water-level and temperature data every 15 minutes. 
Five well points 10 ft deep were installed, and afterward 
eight shallow auger test holes not exceeding a depth of 5 ft 
were drilled to increase the spatial coverage of data on the 

physical and hydraulic properties as well as the chemical and 
stable isotopic composition of the shallow groundwater and 
the character of the near-surface lithologic facies (fig. 1B 
and table 1). The well points were also completed in PVC 
casing and slotted screen with an outside diameter of 4 inches. 
Similarly, well points 4 and 5 (WP4 and WP5, respectively) 
were also equipped with pressure transducers and data loggers 
to measure and store water-level measurements. Discrete 
measurements of specific conductance and temperature with 
depth were collected at the piezometer nests. Analysis results 
of grain-size distribution in the lithologic samples obtained 
from the auger test holes were used to estimate the range of 
average hydraulic conductivity values of the shallow material 
in the study area. The boreholes drilled for the installation of 
the piezometers provided data on the subsurface lithology of 
the study area.

Table 1.  Wells, piezometers, auger holes, well points, meteorological station, water-quality stations, and 
water-stage stations used in the Punta Cabullones study, 2007– 08.

[Latitude and longitude were measured with global positioning system; datum is North American Datum of 1927; USGS, 
U.S. Geological Survey] 

Identification number 
(see fig. 1B 

for location)
Name Latitude Longitude

1 USGS piezometer nest #1 (PN1) 175853.2 663425.2

2 USGS piezometer nest #2 (PN2) 175829.0 663444.1

3 USGS piezometer nest #3 (PN3) 175847.7 663508.6
4 Pozo Platanala 175947.0 663432.1
5 USGS well point #1 (WP1) 175853.2 663425.6
6 USGS well point #2 (WP2) 175828.4 663443.7
7 USGS well point #3 (WP3) 175847.5 663508.5
8 USGS well point #4 (WP4) 175807.9 663422.0
9 USGS well point #5 (WP5) 175832.8 663508.1
10 USGS auger hole #1 175807.7 663422.3
11 USGS auger hole #2 175810.7 663420.8
12 USGS auger hole #3 175811.3 663418.7
13 USGS auger hole #4 175823.8 663415.9
14 USGS auger hole #5 175824.2 663417.9
15 USGS auger hole #6 175839.5 663417.8
16 USGS auger hole #7 175816.9 663444.7
17 USGS auger hole #8 175823.8 663444.0
50113615 Cabullones station #1b 175825.9 663447.6
50113617 Cabullones station #2c 175814.5 663449.9
50113619 Cabullones station #3c 175813.8 663456.1
50113625 Cabullones station #4c 175822.5 663447.6
50114730 Cabullones station #5d 175832.0 663702.0
50113610 USGS meteorological station 175843.9 663525.8

a Water-supply well for agricultural purposes.
b Continuous record station measuring surface-water stage, temperature, and specific conductance.
c Non-continuous water-quality station.
d Tidal-gage station located in the Ponce Harbor 2.2 miles west of the study area.
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Groundwater samples were collected periodically at 
piezometers and well points to determine the spatial and 
temporal stable isotopic (deuterium [2H] and oxygen-18 [18O]) 
and major ion composition of the groundwater. One round 
of groundwater sampling was done specifically to determine 
the concentration of chlorofluorocarbons (CFCs) in order 
to estimate the age of groundwater and delineate probable 
groundwater flow paths. Groundwater-quality and stable-
isotope data from groundwater and surface water were also 
used in conjunction with CFC concentration data from 
groundwater to generally define any groundwater/surface-
water interaction and overall groundwater movement within 
the study area. The groundwater occurrence and movement 
considered in this study and discussed in this report is that 
of shallow groundwater-bearing units whose depths do not 
exceed 100 ft. It is reasonable to assume that groundwater 
at greater depths will exert little, if any, influence on the 
hydrogeology and hydrology of the wetlands in the Punta 
Cabullones area. This assumption is based on prior work by 
Bennett (1972) indicating that ET is the most influencing 
factor in the groundwater system of the study area; the depth 
of influence of ET is limited to a depth not exceeding 10 ft 
below land surface. In addition, resistivity surveys conducted 
in the northern part of the Punta Cabullones area indicate the 
occurrence of saline to hypersaline water at shallow depths 
overlying either brackish or freshwater (Rodriguez-Martínez 
and others, 2005). 

Installation of Surface-Water Stations

Surface-water stage data were collected at two sites 
in the study area; one is within the wetland interior (station 
50113615), and the other (station 50113625) is near the 
outlet of one of the two main channels of the wetland 
system (fig. 1B). Additionally, at station 50113615, specific 
conductance and water temperature were measured hourly. A 
tidal-gage station (50114730) located within the Ponce Harbor, 
about 2 mi west of the study area, was used to measure 
sea-level fluctuations caused by tides and storm surges and 
to correlate these changes to water levels of the wetland 
and shallow aquifer in the study area. Physical properties of 
the water within the wetland, such as specific conductance, 
temperature, pH, salinity, dissolved oxygen, and percent 

oxygen saturation, were measured monthly at surface-water 
stations 50113615, 50113617, 50113619, and 50113625 
(fig. 1B). Water samples from surface-water station 50113615 
were collected twice, once each during the dry and wet season, 
to determine the stable isotopic (2H and 18 O) and major ion 
composition of the surface water. 

Collection of Meteorological Data

Meteorological station 50113610 was installed within the 
premises of the Costa Caribe Resort to collect hourly measure-
ments of temperature, rainfall, solar radiation, wind speed and 
direction, relative humidity, and barometric pressure (fig. 1B). 
The meteorological data were used to estimate the ET in 
that subarea of the Punta Cabullones study area underlain by 
fan-delta and coastal plain alluvial deposits north of the line 
X–X' (fig. 2). 

Estimation of Hydraulic Conductivity

Conventional hydraulic tests within the Punta Cabullones 
area were not conducted due to budget and logistic constraints. 
In substitution, a series of proven empirical methods that relate 
selected statistical parameters of the grain-size distribution of 
the aquifer material with the hydraulic conductivity were used 
to obtain values of hydraulic conductivity (K ). 

The empirical formulas developed by Slitcher (1899), the 
U.S. Bureau of Reclamation (USBR), Odong (2008), Vukovic 
and Soro (1992), Kozeny and Carman (1956), and Alyamani 
and Sen (1993) were considered to estimate the hydraulic 
conductivity based on various statistical parameters of the 
grain-size distributions of sediments collected from shallow 
auger holes drilled within Punta Cabullones to depths not 
exceeding 5 ft below land surface (presented in table 1 and 
fig. 1B with ID numbers 10 thru 17). The grain-size distribu-
tion was obtained for sequential samples of sediment collected 
from land surface to the depth of the water table (Friedman, 
1967). Values of kinematic viscosity, a property that measures 
how easily a fluid flows and that varies with temperature, were 
used to convert the K values obtained into hydraulic conduc-
tivity estimates (Kozeni and Carman, 1956; Alyamani and 
Sen, 1993). Kinematic viscosity values of 0.94 square foot per 
second (ft2/s) and 1.16 ft2/s were used to obtain the hydraulic 
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conductivity of freshwater and of the hypersaline water 
representative of Punta Cabullones, respectively, except in the 
method by Alyamani and Sen (1993). These kinematic values 
are based on a temperature of 20 degrees Celsius (°C), while 
the value of 1.2 ft2/d for the hypersaline water in the study 
area was derived from an average temperature of 26 °C and 
average salinity of about 50 parts per thousand. The method 
by Alyamani and Sen (1993) does not consider the properties 
of the moving fluid and consequently does not require a value 
of kinematic viscosity in its estimation of horizontal K. 

The method of Alyamani-Sen was preferred over the 
other methods of analysis because, in general, the K values 
obtained with this method emphasized the importance of the 
finer-grained, lower portion of the grain-size distribution curve 
as an important factor in the K estimate (Odong, 2008). Another 
advantage of the Alyamani-Sen method over the other methods 
is that it is based on a larger portion of the particle-size distri
bution and particle shape for the sample(s) being considered 
(Odong, 2008). The K values obtained with the Alyamani-Sen 
method are assumed to be more accurate for the type of 
sediments collected from the auger holes in Punta Cabullones 
than those values obtained with the other methods. The 
sediments collected from the auger holes in Punta Cabullones 
are predominantly loose and moderately to well sorted. 

The Alyamani-Sen method emphasizes the important 
role that an increasing amount of fine-grained material has 
in reducing the K value of a sediment sample. With the 
Alyamani-Sen method, emphasis is placed on grain sizes 
with diameters of d50 and d10 and I0, the zero-intercept of the 
grain-size distribution curve. The d50 and d10 are those grain 
diameters in a sediment sample, obtained from a grain-size 
distribution curve, larger than the 50 and 90 cumulative 
percent weight, respectively, of the total grains in the sample. 
The value obtained with the Alyamani-Sen method is in 
essence that of the intrinsic permeability of the porous medium 
because it does not consider the moving fluid properties. 

Estimation of Evapotranspiration Rates

The temporal variation in ET for that part of the study 
area underlain by fan-delta and alluvial deposits was estimated 

for the time period between March 2007 and March 2008 by 
using two variants of the Penman semi-empirical equation 
(Custodio and Llamas, 1996). One of the variants of the 
Penman semi-empirical equation, presented as Penman 1, 
uses latitudinal annual means for meteorological parameters, 
such as solar radiation and temperature, as well as a non-
dimensional reduction coefficient. The reduction coefficient 
values were obtained by Penman for each month of the year 
from tests in surfaces covered by ray-grass in southeastern 
England (Snyder and others, 2010). The other variant of the 
Penman semi-empirical equation, presented as Penman 2, uses 
meteorological data collected at a meteorological station to 
estimate potential ET (for details see Custodio and Llamas, 
1996). Both variants of the Penman semi-empirical equation 
result in an evaporation rate from an assumed free-water 
surface, which is then multiplied by a crop coefficient to 
obtain an ET rate that is based on the type of vegetation 
present in the area of interest (Snyder and others, 2010). An 
average crop coefficient value of 0.8 accounts for an assumed 
equally distributed mix of grass, low shrub, and wild-growing 
cotton cover and was used as the crop coefficient for this 
portion of the study area. 

Available methodologies to estimate ET, such as the 
Penman semi-empirical method, are based on freshwater 
(Beven, 1979) and consequently are of no use in brackish to 
hypersaline environments such as the wetlands, saltflats, and 
mangrove forests of the Punta Cabullones wetland subarea 
(fig. 2). Estimated ET values for brackish to hypersaline 
settings in Puerto Rico are non-existent. In the case of the 
Punta Cabullones wetland subarea (includes wetland and salt-
flats; figs. 1B and 2), ET estimates were obtained from similar 
land-cover types in other tropical brackish to hypersaline 
settings to estimate a long-term average ET. In order to further 
refine the ET estimate for the Punta Cabullones wetland area, 
the long-term seasonal rainfall patterns were divided into wet 
and dry periods. Each subarea with a different land-cover type 
was assigned an average salinity corresponding to wet and dry 
periods. An annual ET rate for each land cover type present 
in the study area was then estimated. The wet period includes 
the months between August and October for a total of 92 days, 
while the dry period spans the remaining 9 months of the year 
for a total of 273 days (assuming a year of 365 days). 
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Study Area Climate
During 2008, rainfall in the Punta Cabullones area 

followed the long-term seasonal pattern of the south coast 
of Puerto Rico. The wettest period is between August and 
October, and the driest months are February and March. Total 
rainfall measured during 2008 at the Bucaná meteorological 
station (50113610; fig. 1B) was 36 inches, which is slightly 
above the long-term annual average of 32 inches for the 
coastal plain near Ponce (fig. 4; Rodríguez-Martínez and 
others, 2005). The wettest month in 2008 was September with 
about 22 inches of rainfall, which was 60 percent of the total 
annual rainfall (fig. 4). More than half of the September 2008 
rainfall fell during September 21 and 22.

The 2008 monthly values of mean, median, maximum, 
and minimum temperatures calculated by using daily values 
were 25.7, 25.7, 33.9, and 14.6 °C, respectively (fig. 5). The 
monthly minimum temperature of 14.6 °C during 2008 was 
measured in December. The monthly mean temperature ranged 
from 23.7 °C during January to 27.7 °C during July and August. 
The monthly maximum temperature ranged from 27.5 °C in 

January to 30.8 °C in July. The monthly minimum temperature 
ranged from 14.6 °C during December to 21.7 °C during July. 

The estimated 2008 mean and median wind speeds 
were 8 and 7 miles per hour (mi/h), respectively. The 2008 
maximum and minimum wind speeds were 26 and 2 mi/h, 
respectively (fig. 6A). The monthly mean wind speeds during 
2008 ranged from 6 mi/h in November to 9 mi/h in July 
with minimum and maximum wind gusts of 16 and 26 mi/h 
occurring during November and April, respectively. The 
monthly median wind speed ranged from 5 mi/h in November 
to 8 mi/h in June and July. The monthly minimum wind speeds 
ranged from 2 mi/h during the months of September, October, 
November, December, and January to 3 mi/h in June and July. 

The predominant wind direction in Punta Cabullones 
during 2008 varied from northeast to southeast (fig. 6B). This 
predominant direction is the result of the easterly trade winds 
originating in the Atlantic Ocean. Other less frequent wind 
directions at Punta Cabullones are west, northwest, and due 
north. Occasionally, winds with a strong northern component 
are associated with cold fronts that originate in northern 
North America. 
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Figure 4.  Monthly rainfall and corresponding percentage of total rainfall during 2008 in the Punta Cabullones area, 
southern Puerto Rico.

Figure 4.  Monthly rainfall and corresponding percentage of total rainfall during 2008 in the Punta Cabullones 
area, southern Puerto Rico.
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Figure 6.  Wind (A) magnitude and (B) direction during 2008 at 
station 50113610, southern Puerto Rico.

Figure 5. Monthly statistics of air temperature in the Punta Cabullones study area during 2008 as measured at  
station 50113610, southern Puerto Rico.

Figure 6.  Wind (A) magnitude and (B) direction during 2008 at 
station 50113610, southern Puerto Rico.
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Figure 5.  Monthly statistics of air temperature in the Punta Cabullones study area during 2008 as measured at  
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Figure 7.  Monthly distribution of hourly solar radiation during 2008 
as measured at station 50113610, southern Puerto Rico.
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Figure 8.  Monthly distribution of barometeric pressure during 2008 as measured at station 50113610, southern Puerto Rico.

In 2008, the monthly hourly mean solar radiation ranged 
from 223 watts per square meter (w/m2) in December to 
307 w/m2 in April (fig. 7). The monthly hourly median solar 
radiation ranged from16 w/m2 in December to 36 w/m2 in 
April and May. The monthly hourly maximum ranged from 
996 w/m2 in January to 1,426 w/m2 in April, while the monthly 
hourly minimum ranged from 3 to 8 w/m2 in April and 
September, respectively. 

The barometric pressure (bp) stayed within the range of 
758 to 764 millimeters (mm; 29.84 to 30.07 inches) much of 
the time in 2008, except during a few occasions (fig. 8). The 
extreme lows in bp of 756 mm (29.76 inches) on September 3 
and October 15 and 16 were associated with the passage of 
tropical storms near the south coast of Puerto Rico (fig. 8).

Figure 7.  Monthly distribution of hourly solar radiation during 2008 
as measured at station 50113610, southern Puerto Rico.

Figure 8.  Monthly distribution of barometric pressure during 2008 as measured at station 50113610, southern Puerto Rico.
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Surface Water
The seasonal variations in rainfall and ET are the main 

controlling factors in the long-term water quality and stage of the 
wetland in Punta Cabullones; however, short-term influence in 
the water quality and stage of the wetland in Punta Cabullones 
is exerted by episodic high-energy events such as storms that 
introduce substantial amounts of freshwater and seawater. The 
diurnal tidal fluctuations are of short range, and as a result, their 
influence on the water quality and stage of the wetland is minor 
and limited to areas close to the shoreline. However, when the 
wetland channels are open to the sea, usually during and after 
storms, the tidal effect extends farther into the wetland.

Surface-Water Stage
The wetland in the Punta Cabullones area consists of a series 

of elongated and semi-curved temporary ponds that generally 
follow the orientation of the low-lying swales formed between 
consecutive beach ridges (fig. 1B). The main water body of the 
wetland has two inlet/outlet channels to the sea. The westernmost 

inlet/outlet channel remains open throughout the year. The 
entrance to the easternmost inlet/outlet channel is generally 
blocked by a sand bar and only remains open for several days 
when a storm event occurs, allowing the inflow of seawater. 

Continuous surface-water stage data were collected 
from stations 5011615 and 50113625 within the Punta 
Cabullones area, and tidal-gage data were collected from 
station 50114730, located in Ponce Harbor about 1.25 mi 
west of the Río Bucaná (figs. 1B, 9, and 10). The Ponce 
Harbor stage data include normal tidal fluctuations as well 
as the water stage associated with storm events passing 
along or in the vicinity of the Puerto Rico south coast. The 
water stage at station 50113625, located near the mouth of 
one of the inlet/outlet channels connecting the wetland to 
the sea, varied from slightly less than 2 to 3.50 ft amsl. The 
water stage measured at station 50113615, located within the 
interior of the wetland’s easternmost channel, ranged from 
0.96 to 4.75 ft amsl. The lowest stages occurred during April 
(fig. 9). The highest water stages at the two stations were 
measured during the months that are normally wet and include 
most of the hurricane season (June through December).   

Figure 9.  Variation of daily mean water stage at (A) station 50113615 and (B) station 50113625 during 2008 (see figure1B for location).
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Figure 9.  Variation of  daily mean water stage at (A) station 50113615 and (B) station 50113625 during 2008 (see fig. 1B for location).
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Figure 10.   Variation of daily mean water stage at stations 50113625 and 50113615 and the daily mean tidal fluctuation at 
station 50114730 during 2008 (see figure 1B for station locations).
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Figure 10. Variation of daily mean water stage at stations 50113625 and 50113615 and the daily mean tidal fluctuation at 
station 50114730 during 2008 (see fig. 1B for station locations).

During the study period, the maximum tidal range at the 
Ponce Harbor, as measured at station 50114730, was slightly 
above 1.0 ft (fig. 10). The tidal cycle was predominantly 
diurnal, with one daily minimum and maximum. On occa-
sions, secondary maximums and minimums were measured.

The daily mean water stage at station 50113625 generally 
follows the pattern of the daily mean tidal range measured and 
recorded at station 50114730 (fig. 10). (The daily mean tidal 
range was used as a surrogate for the hourly data collected 
at station 50114730 to minimize the clustering of data in the 
plots.) Similarly, except during the dry months of February 
through April, the daily mean water stage at station 50113615 
exhibits a minor response to the effects of the daily mean 
tidal cycle (fig. 10). The minor response of the stage at station 
50113615 is explained by its location within the wetland 
interior, the small tidal range in the area, and the formation of 
a sand bar at the easternmost inlet/outlet channel that during 
normal weather conditions, particularly during the dry months, 
is able to minimize and even completely impede the inflow of 
seawater into the wetland. The sea only flows freely into the 
wetland during and after storm events when the sand bar is 
not present; at those times, the fluctuations in water stage at 
station 50113615 are the same or similar to the tidal fluctua-
tions (fig. 11).

Surface-Water Quality
Samples were collected from four monitoring stations 

(50113615, 50113617, 50113619, and 50113625) each month 
between January 2008 and March 2009 for analyses of water 
temperature, pH, dissolved oxygen, salinity, and specific 
conductance (fig. 1B; table 2). In addition, temperature 
and specific conductance were measured and recorded at 
15-minute intervals at station 50113615 (fig. 1). Salinity 
values at station 50113615 were also derived through a linear 
regression analysis from the local empirical relation between 
salt content and specific conductance.

Water Temperature
Temperatures were higher at the three stations located 

within the eastern channel (stations 50113615, 50113617, 
and 50113619) than the temperatures measured at station 
50113625, which is located near the sea and near the inlet/
outlet of the easternmost channel (table 2). Of these four 
stations, 50113625 is the most affected by ocean surges and 
tidal fluctuations. Figure 12 shows the continuous and discrete 
monthly temperature measurements at station 50113615 as 
well as the hourly air temperature measured at the meteoro-
logical station (50113610). 



Surface Water    17

1.0

0.4
0.6
0.8

1.2
1.4

1.6

0.2

–0.4

–0.2
0

4/12/07 4/22/08 5/2/08 5/12/08 5/22/08 6/1/08 6/11/08 6/21/08 7/1/08 7/11/08

A.  Station 50114730

B.  Station 50113615

C.  Station 50113615

Figure 11.  Selected partial records during 2008 of (A) tidal stage at Ponce Harbor (station 50114730), (B) daily mean 
water stage at station 50113615, and (C) water stage at station 50113615, southern Puerto Rico.

W
at

er
 s

ta
ge

, i
n 

fe
et

 a
bo

ve
 m

ea
n 

se
a 

le
ve

l

2.00

1.50

1.75

2.25

2.50

1.25

1.00
4/02/07 4/12/07 4/22/08 5/2/08 5/12/08 5/22/08 6/1/08 6/11/08 6/21/08 7/1/08 7/11/08

Storm event

3.0

2.0

2.5

3.5

4.0

4.5

5.0

1.5
7/31/08 8/20/08 9/9/08 9/29/08 10/19/08 11/08/08

Date
11/28/08 12/18/08 1/7/09 1/27/09

Figure 11.  Selected partial records during 2008 of (A) tidal stage at Ponce Harbor (station 50114730), (B) daily mean 
water stage at station 50113615, and (C) water stage at station 50113615, southern Puerto Rico.



18    Hydrogeology and Hydrology of the Punta Cabullones Wetland Area, Ponce, Southern Puerto Rico, 2007– 08

Table 2.  Selected surface-water-quality parameters measured at the Cabullones wetland between January 2008 and March 2009.

[pH measurements are in standard units; T, temperature in degrees Celsius; SC, specific conductance in microsiemens per centimeter at 25 degrees Celsius; 
SAL, salinity in parts per thousand; DO, dissolved oxygen in milligrams per liter]

Date and time of sample pH T SC SAL DO

Cabullones wetland station 50113615

January 17, 2008, 12:57 p.m. 8.2 28.4 25,930 15.9 5.3
February 19, 2008, 12:30 p.m. 7.8 29.6 49,080 32.1 6.6
March 18, 2008, 12:03 p.m. 7.9 28.1 79,930 47.8 3.1
April 17, 2008, 9:30 a.m. 8.3 28.6 61,730 41.4 6.7
May 15, 2008, 10:10 a.m. 7.6 31.1 74,850 50.9 1.8
June 10, 2008, 4:43 p.m. 8.2 36.6 80,230 55.4 9.2
July 29, 2008, 10:05 a.m. 7.4 31.4 95,590 68.6 2.3
October 2, 2008, 10:50 a.m. 8.0 31.6 37,560 23.8 7.0
November 5, 2008, 11:15 a.m. 7.2 28.8 53,570 35.3 1.0
November 24, 2008, 11:50 a.m. 7.8 26.6 67,080 45.6 1.5
December 10, 2008, 12:45 p.m. 7.5 26.1 78,250 54.4 0.6
January 20, 2009, 11:45 a.m. 7.3 26.6 105,000 76.9 0.4
March 16, 2009, 10:52 a.m. 7.4 24.9 94,500 68.0 0.1

Cabullones wetland station 50113617

January 17, 2008, 12:05 p.m. 8.1 28.7 26,470 16.3 7.6
February 19, 2008, 12:05 p.m. 7.8 34.2 53,190 34.8 7.6
March 18, 2008, 12:10 p.m. 8.2 28.9 84,630 59.5 2.5
April 17, 2008, 9:00 a.m. 7.6 30.1 76,370 52.9 6.4
May 15, 2008, 9:40 a.m. 7.4 29.8 68,570 46.7 1.6
June 10, 2008, 2:15 p.m. 8.0 35.3 75,260 51.7 9.0
July 29, 2008, 9:30 a.m. 7.4 30.6 81,130 58.0 2.2
October 2, 2008, 11:30 a.m. 8.3 33.8 23,560 14.2 11.2
November 5, 2008, 10:20 a.m. 7.5 35.5 53,940 35.5 7.2
November 24, 2008, 11:15 a.m. 7.5 27.5 67,410 45.8 5.2
December 10, 2008, 12:00 p.m. 7.4 28.4 75,900 52.5 6.6
January 20, 2009, 11:10 a.m. 7.5 30.1 110,300 81.4 5.2
March 16, 2009, 10:20 a.m. 8.0 28.0 67,250 45.7 6.7

Cabullones wetland station 50113619

January 17, 2008, 12:20 p.m. 7.9 26.9 28,840 17.9 4.9
February 19, 2008, 12:05 p.m. 7.8 33.7 52,860 34.6 7.6
March 18, 2008, 12:30 p.m. 8.3 29.2 79,850 56.2 2.8
April 17, 2008, 9:15 a.m. 7.2 30.2 67,460 45.9 6.7
May 15, 2008, 9:50 a.m. 7.6 30.9 71,020 48.6 2.2
June 10, 2008, 4:25 p.m. 8.1 36.4 73,560 50.3 11.2
July 29, 2008, 9:10 a.m. 7.5 30.7 80,210 46.0 2.2
October 2, 2008, 11:50 a.m. 8.1 32.4 21,970 13.1 8.5
November 5, 2008, 10:40 a.m. 7.4 29.2 55,600 36.7 4.8
November 24, 2008, 11:35 a.m. 7.8 26.2 68,030 46.4 1.6
December 10, 2008, 12:15 p.m. 7.9 29.2 60,750 40.7 10.0
January 20, 2009, 11:20 a.m. 7.7 29.3 110,500 81.9 5.7
March 16, 2009, 10:30 a.m. 8.0 27.4 65,260 44.2 6.6
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Table 2. Selected surface-water-quality parameters measured at the Cabullones wetland between January 2008 and March 2009.   
—Continued

[pH measurements are in standard units; T, temperature in degrees Celsius; SC, specific conductance in microsiemens per centimeter at 25 degrees Celsius; 
SAL, salinity in parts per thousand; DO, dissolved oxygen in milligrams per liter]

Date and time of sample pH T SC SAL DO

Cabullones wetland station 50113625

January 17, 2008, 9:45 a.m. 7.1 24.5 54,700 36.2 2.6
February 19, 2008, 11:30 a.m. 6.4 25.5 59,830 40.1 3.5
March 18, 2008, 2:00 p.m. 7.8 26.9 67,200 45.7 7.2
April 17, 2008, 10:00 a.m. 7.0 29.2 67,220 45.6 2.3
May 15, 2008, 9:00 a.m. 6.7 28.6 64,190 43.3 0.7
June 10, 2008, 3:30 p.m. 7.1 32.1 64,780 43.6 4.5
July 29, 2008, 10:50 a.m. 8.0 31.0 56,240 47.0 5.0
October 2, 2008, 9:40 a.m. 6.8 28.4 49,510 32.3 0.5
November 5, 2008, 10:00 a.m. 7.2 27.6 55,170 36.5 1.8
November 24, 2008, 10:35 a.m. 7.0 26.1 56,000 37.2 1.1
December 10, 2008, 11:25 a.m. 7.0 25.5 59,640 39.9 1.9
January 20, 2009, 10:35 a.m. 6.9 25.9 65,210 44.2 2.4
March 16, 2009, 9:40 a.m. 7.0 24.7 72,310 49.8 2.7

38

36

34

32

30

28

26

24

22

20
11/14/0700 1/3/0800 2/22/0800 4/12/0800 6/1/0800 7/21/0800 9/9/0800

Month/day/hour
10/29/0800 12/18/0800 2/6/0900 3/28/0900 5/17/0900

Te
m

pe
ra

tu
re

, i
n 

de
gr

ee
s 

Ce
ls

iu
s

Hourly temperature at station 50113615 

Discrete monthly temperature values

Air temperature at station 50113610

EXPLANATION

Figure 12.  Temporal variation in hourly and discrete water-temperature measurements at station 50113615 and in 
hourly air temperatures at station 50113610, January 2008–March 2009, southern Puerto Rico. 
Figure 12.  Temporal variation in hourly and discrete water-temperature measurements at station 50113615 and in 
hourly air temperatures at station 50113610, January 2008–March 2009, southern Puerto Rico. 
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In general, spatial differences in water temperatures 
among the three stations farther inland within the eastern-
most channel were minimal. Temporal variations in water 
temperature at each of these three stations were related to 
seasonal changes in rainfall, tidal activity, and ambient air 
temperature. Abrupt decreases in temperature are mainly due 
to influxes of rainfall and seawater to the wetland area. Water 
temperatures ranged from 24.1 to 36.6 °C at stations 50113615 
and 50113619, respectively. The highest temperature of 
36.6 °C was measured at station 50113615 on June 10, 2008, 
and the lowest temperature of 24.1 °C was measured at 
stations 50113619 and 50113615 during November 5 and 
December 10, 2008, respectively. The measured temperatures 
at station 50113625 ranged from 24.5 to 32.1 °C. The 
continuous temperature (hourly) record at 50113615 shows 
a seasonal trend with the highest temperatures occurring 
between June and August and the lowest occurring between 
December and February (fig. 12).

pH
The pH of a sample of water is a measure of the concen-

tration of hydrogen ions (Covington and others, 1985). The 
pH of water controls the solubility and biological availability 
of chemical constituents such as nutrients. In addition, pH can 
be an indicator of biological processes because photosynthesis 
consumes dissolved carbon dioxide (CO2  ). The removal of 
CO2 reduces the acidity of the water, and pH increases as a 
result. In contrast, respiration produces CO2, which dissolves 
in water as carbonic acid, thereby lowering the pH. 

As in the case of temperature, spatial differences in 
pH among the three inland stations were minimal. At these 
three stations, the highest pH value, 8.3 standard units, was 
measured in samples collected from stations 50113615, 
50113617, and 50113619 on April 17, 2008, October 2, 2008, 
and March 18, 2008, respectively. The lowest value, 
7.2 standard units, was measured in samples collected from 
stations 50113615 and 50113619 on November 5, 2008, and 
April 17, 2008, respectively (table 2). Until October 2, 2008, 
the pH of water samples from station 50113625 ranged from 
6.4 to 8.0 standard units. After this date, the variations in pH 
at this station were smaller than the variations in pH from 
January through July 2008, probably due to the blockage of 
the easternmost channel inlet/outlet by sand, which minimized 
the inflow of seawater.

Dissolved Oxygen
The concentration of dissolved oxygen (DO) in an 

aquatic system is controlled primarily by variables such 
as water temperature, wind speed, salinity, and by photo-
synthetic and respiration activity. In general, the highest 
DO concentrations were measured in water samples from 
stations 50113619 and 50113617, with values ranging from 

1.6 to 11.2 milligrams per liter (mg/L) (table 2). Extremely 
low values of less than 1.0 mg/L were measured in samples 
collected from station 50113615 during the driest months 
of December 2008 through March 2009; during this period, 
the influx of freshwater and seawater into the wetland area is 
minimal. DO concentrations ranging from 7.0 to 11.2 mg/L 
were measured in samples collected on October 2, 2008, from 
the water-quality monitoring stations, with the exception of 
station 50113625, probably due to influx of seawater and 
rainfall runoff. The DO concentrations in samples collected 
from station 50113625 ranged from 0.7 to 7.2 mg/L before 
October 2, 2008; in samples collected from October 2, 2008, 
through March 16, 2009, concentrations ranged from 
0.5 to 2.7 mg/L.

Specific Conductance and Salinity
Specific conductance (SC) is a measure of the capacity 

of water (or other substance) to conduct an electrical current; 
thus, SC is directly related to the type and concentration 
of dissolved solids (electrolytes and minerals) present. In 
this report, SC is expressed in microsiemens per centimeter 
(µS/cm) and corrected to 25 °C. Commonly, the concentration 
of dissolved solids (in milligrams per liter) is 55 to 75 percent 
of the SC (Marion and Babcock, 1976). 

Monthly SC measurements were made at the sites of four 
monitoring stations (table 2). In addition, SC measurements 
were recorded at 15-minute intervals at station 50113615 
(fig. 13). Monthly measurements of SC within the Punta 
Cabullones area ranged from 21,970 to 110,500 µS/cm, with 
a temporal variation at each station. Spatial variations in the 
monthly measurements among the four stations were not 
substantial (table 2). The highest SC values correspond with 
the dry weather months due to lack of rainfall and inflow from 
the sea. 

SC values cycle annually, with an increase beginning 
with the dry season that generally starts in December or 
January and lasts until March. Similarly, the decrease in 
SC values coincides with the beginning of the rainy season 
that generally begins in August and extends to November. 
Decreases in SC may result from the mixing of seawater, 
brought inland by storm surges, with existing hypersaline 
water in the wetland. The occurrence of storm surges and 
rainfall runoff into the wetland sometimes coincides, and the 
decrease in SC is accentuated. Water salinity values for Punta 
Cabullones are derived from the local empirical relation 

	 Salinity = (0.0007× SC) – 2.7, 	 (1)

where
	 0.0007	 is the constant of proportionality  

of the equation,
	 salinity	 is in parts per thousand, and
	 SC	 is in microsiemens per centimeter. 
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This equation was derived from linear regression modeling 
of the relation between salinity and SC in the Punta 
Cabullones area with a correlation coefficient, r2, of 0.99 
(appendix fig. 1–1). Tidal fluctuations are readily transmitted 
into the wetland interior during high water-stage conditions 
associated with tropical weather disturbances, as indicated by 

the cyclical variations in SC and, thus, of salinity (fig. 14). The 
simultaneous decrease in salinity and increase in water stage 
at station 50113615 result from the inflow of seawater and 
rainfall runoff associated with the passing of a tropical storm 
on December 8, 2007.
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Figure 13. temporal variation of specific conductance as measured at station 50113615, November 2007–May 2008, 
southern Puerto Rico. 
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Figure 14.  Salinity and water stage at station 50113615, December 5–10, 2008, southern Puerto Rico.
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Figure 13.  Temporal variation of specific conductance as measured at station 50113615, November 2007–May 2008, 
southern Puerto Rico. 

Figure 14.  Salinity and water stage at station 50113615, December 5 –10, 2008, southern Puerto Rico.
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Subsurface Geology
Historical lithologic logs and information obtained from 

boreholes drilled for the piezometers indicate the general 
shallow (equal to or less than 100 ft deep) subsurface distri
bution of the main sedimentary facies in the Punta Cabullones 
area (fig. 15). The uppermost strata in the subsurface consist 
predominantly of very fine- to medium-grained sand, with 
minor interbeds of coarse and pebbly-lithic sand. Locally the 
uppermost strata may be overlain by a surficial zone of medium-
brown clayey soil ranging in thickness from 3.9 to 9.8 ft. This 
clayey soil (for example in PN3) may include caliche, a calcium 
carbonate residue formed by evaporation. The uppermost unit 
of very fine- to medium-grained sand varies spatially between 
24.9 and 44.9 ft in thickness and with depth may become 

clayey or interbedded with thin clay beds. This uppermost unit 
is underlain and largely replaced at PN2 and PN3 by a stratum 
of coarse to pebbly, poorly consolidated to non-consolidated, 
calcareous coarse-grained and pebbly skeletal sand that may 
have been a shoal deposit or may have been deposited during 
a high-energy event such as a storm. Although the maximum 
depth of the deeper piezometers was 100 ft, at PN1, lithologic 
data indicate that a sequence of lithic and pebbly sand with 
skeletal sand similar to those described above extends to a depth 
of about 400 ft at the CPR-3 oil test well, which was drilled 
near the shoreline in the 1960s (Commonwealth of Puerto Rico 
Number 3; fig. 1B). Limestone, presumed to be the subsurface 
time equivalent to the limestone of middle Tertiary age that 
is exposed to the north of the study area, was found at depths 
greater than 400 ft at CPR-3. 

Figure 15.  Lithologic logs showing main shallow sedimentary facies and screened intervals in the Punta 
Cabullones study area, southern Puerto Rico. The location and identification numbers of piezometers are 
shown in figure 1 and presented in table 1, respectively.
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study area, southern Puerto Rico (location and identification numbers of piezometers are shown in fig. 1 and listed in 
table 1, respectively).
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The sequence of rock types in samples collected from the 
boreholes drilled for the piezometers and those registered in 
the historical log of oil test well CPR-3, as well as the current 
spatial distribution of surficial lithologic facies and ecotones 
within Punta Cabullones, results from a prograding coastline 
in a high sea-level stand. A transition occurs from predomi-
nantly marine conditions (middle to inner carbonate platform), 
to a mixed marine-terrestrial environment (near-shore settings 
such as a back-reef lagoon, tidal-mud flats, tidal inlets, and 
beach deposits), and then to a final phase in which terrestrial 
conditions predominate with more of a fluvial-type deposition, 
such as interfan alluvial deposits, toward the northernmost part 
of the study area.

Hydrogeology
The main groundwater type within the Punta Cabullones 

area varies from a calcium-bicarbonate type in the northern-
most part to a predominantly sodium-potassium-chloride type 
southward. The stable isotopic composition provides evidence 
that most of the salinity within the Punta Cabullones area 
is due to high evaporation of meteoric water with dissolved 
paleosalts. The stable isotopic composition also indicates 
that the role of modern seawater in the formation of these 
saltflats, although locally important, is secondary to that of 
dissolved paleosalts. 

Groundwater flow within the relic shorelines area of 
Punta Cabullones is driven by density differences caused by 
the high salinity. The highly dense hypersaline groundwater 
and surface water may induce a convective-cell-type move-
ment of groundwater with distinctive vertical flow compo-
nents—upward and downward groundwater flows. 

Groundwater occurs within beds composed predomi-
nantly of silisiclastic sands and gravels with minor amounts of 
calcium carbonate. Depth to groundwater is generally less than 
4 ft below land surface. Salinity decreases downward, at least 
to a depth of 100 ft below land surface. Evapotranspiration 
accounts for most of the groundwater withdrawn within the 
Punta Cabullones area.

Groundwater Quality

The temporal and spatial distribution of salinity serves 
as an overall first indicator of the groundwater quality within 
the Punta Cabullones study area. Salinity contours and profiles 
indicate a decrease in salinity with depth at all of the piezo
meter nests (figs. 16 and 17). Salinity generally decreases with 
distance from the center of a hypersaline mound. The influx 
of seawater and freshwater reduces the hyper-salinization 
effect of ET in the study area. In all three piezometer nests, the 
salinity is lower in the deepest piezometer than in the shallow 
piezometer in each nest. The decrease in salinity from the 
shallow to the deep piezometers could result from the higher 
ET effect on the shallow aquifer and surficial sediments laden 
with paleosalts. 

Historical groundwater-quality data for the Punta 
Cabullones area are limited to SC values included in the 
report by Bennet (1972). These SC values ranged from 
2,000 to 7,000 µS/cm in test holes located within 1,500 ft of 
the coastline and generally penetrating to depths just below 
the water table. SC values during 2008 at these same depths 
below the water table and approximately at the same distance 
from the coast generally exceeded 20,000 µS/cm. These high 
SC values probably result from seawater intrusion induced by 
reduction in regional groundwater flow caused by an increased 
and sustained groundwater withdrawal north of the study area 
since the 1970s (fig. 1B).

Water samples were collected from select wells and 
surface-water sites within the Punta Cabullones area for major 
ion composition analysis (table 3). The main groundwater type 
in the southern portion of the Punta Cabullones area (Punta 
Cabullones wetland and saltflats subarea) is characterized as a 
sodium-potassium-chloride type. In the northern portion (fan-
delta and alluvial deposits) of the study area, the predominant 
groundwater type is a calcium-bicarbonate type (fig, 18). The 
sodium-potassium-chloride type is representative of the saline 
to hypersaline groundwater in the Punta Cabullones wetland 
area, whereas the calcium-bicarbonate type corresponds to 
the freshwater of the regional groundwater flow system in the 
northern part of the study area.
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Figure 17.  Temporal variation of specific conductance at selected piezometers in the Punta 
Cabullones study area during 2007–2008.
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Figure 17.  Temporal variation of specific conductance at selected piezometers in the 
Punta Cabullones study area during 2007–08.

Figure 18.  Piper diagram showing the main groundwater types within the Punta Cabullones study area.
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Figure 19.   Air temperature measured at station 50113610 and groundwater temperatures and groundwater levels at 
(A) PN1S and PN1D and at (B) PN2S and PN2D and (C) groundwater temperature at PN1S and PN1D, southern Puerto Rico.
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Figure 19.  Air temperature measured at station 50113610 and groundwater temperatures and groundwater levels at 
(A) PN1S and PN1D and at (B) PN2S and PN2D, and (C) groundwater temperature at PN1S and PN1D, southern Puerto Rico. 
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Figure 19.   Air temperature measured at station 50113610 and groundwater temperatures 
and groundwater levels at (A) PN1S and PN1D and at (B) PN2S and PN2D and (C) groundwater 
temperature at PN1S and PN1D, southern Puerto Rico.—Continued
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Figure 19. Air temperature measured at  station 50113610 and groundwater temperatures and 
groundwater levels at (A) PN1S and PN1D and at (B) PN2S and PN2D, and (C) groundwater 
temperature at PN1S and PN1D, southern Puerto Rico.— Continued 

The variation during 2008 in the groundwater tempera-
ture within the Punta Cabullones area is shown in figures 19A 
and 19B. At piezometer PN1D, the average groundwater 
temperature was higher than the average air temperature 
throughout most of the dry season (January 2008 through 
early May 2008). However, during the rest of 2008, the water 
temperature at PN1D was lower than the air temperature. 
Also, the groundwater temperatures at PN1S and PN1D 
either respond slightly or do not respond at all to the diurnal 
fluctuations of air temperature during a typical dry day such 
as March 8, 2008 (fig. 19C ). The groundwater temperature 
decreases with depth at PN1 and is generally higher at the 
shallow piezometer, PN1S, than at the deep piezometer, 
PN1D; this difference in temperature could be caused by the 
decreasing effect with depth of the sun’s heat and the higher 
influx of cooler regional groundwater flow at PN1D than at 
PN1S (fig. 19A). At PN1, the average difference in ground-
water temperature between the shallow and deep piezometers 
during dry weather may reach 2 °C. 

The partial record of water temperature data for PN2 
indicates that the difference in the average groundwater 
temperature between the deep and shallow piezometers is 
less than 1 °C during dry months or months with little rain 
(fig. 19B ). Note that the difference in temperature with 
depth between the shallow and deep piezometers at PN2, as 
measured and registered in the pressure transducers and data 
loggers, is less than at PN1 (figs. 19A and 19B). The difference 
in groundwater temperature between the shallow and deep 
piezometers from monthly discrete measurements with depth 
at PN1 and PN2 ranges from 0.9 to 1.3 °C. The complex 
interaction of various factors such as the cooling effects of 
sea breezes on the air and the differences in heat capacity 

among freshwater, saline water, air, and land may explain the 
occurrence of a higher temperature at PN1 than that of the air 
measured at station 50113610 (fig. 19C ). During the rainy 
months, the average water temperature at PN2S could be 
lower than the air temperature because of the cooling effects 
of recharging rainfall (fig. 19B).

Stable Isotopic Composition

The stable isotopes of oxygen and hydrogen occur 
naturally, and the ratios are used mainly as tracers of ground-
water source areas and as indicators of surface and shallow 
groundwater evaporation. Isotopic fractionation is the process 
by which the stable isotopic content of a substance changes as 
a result of evaporation, condensation, freezing, melting, and 
biological processes (Clark and Fritz, 1999). The condensation-
precipitation history of the atmospheric water controls the 
18O and 2H content of precipitation. As a result, there are 
strong continental trends in the average annual isotopic 
composition of precipitation and a strong seasonal variation 
in the time-averaged isotopic composition of precipitation at a 
given location. The ratios 18O/16O and 2H/1H are expressed as 
δ18O (delta 18O) and δ2H (delta deuterium; shortened as δD), 
respectively, and are reported as per mil (‰) normalized with 
respect to Vienna Standard Mean Oceanic Water (VSMOW). 
The δ18O and δD obtained from global precipitation surveys 
correlate according to the relation δ2H(‰)=8 δ18 O +10, known 
as the global meteoric water line (GMWL) (Clark and Fritz, 
1997). Linear correlations between δ18O and δ2H with coef-
ficients slightly different from that of the GMWL are obtained 
from isotopic surveys of local precipitation.
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The δ18O and δD of soil water, shallow groundwater, 
and surface water become increasingly positive with respect 
to VSMOW when affected by evaporation. Evaporation 
preferentially removes the light isotopes, 16O and 1H, while the 
remaining liquid water becomes enriched in 18O and 2H. The 
evaporation effect is expressed as a departure from the global 
and local meteoric water lines. 

Samples collected for stable isotope analysis at the Punta 
Cabullones area included monthly rainfall composites from 
the Bucaná meteorological station (50113610), groundwater, 
and surface water and seawater from the Caribbean Sea 
(table 4; fig. 20). Groundwater isotopic-composition data 
were also obtained for the Platanal well, located north of the 
study area and representative of the regional groundwater flow 
system. The stable isotopic data collected and analyzed during 
this study indicate temporal and spatial variations in the δ18O 
and δD in the groundwater, surface water, and precipitation. 
The exception is the seawater samples, in which the temporal 
variations in the δ18O and δD are minimal. The isotopic data 
indicate that the surface water within Punta Cabullones is 
a mixture of seawater and meteoric water strongly affected 
by evaporation as indicated by its significant offset from the 
local meteoric water line. The correlation plots of the δ18O 
and δD indicate a predominant meteoric-water origin for the 
groundwater at PN1D and Platanal well, whereas the water 
at PN1S originates mostly as a varying mixture of meteoric 
water, which is slightly to moderately affected by evaporation, 
and modern seawater. According to the isotopic-composition 
data, the contribution of meteoric water at PN2S and PN2D 

is subordinate to that of modern seawater. The groundwater 
at PN3S originates as a mixture of modern seawater with 
a subordinate amount of meteoric water highly affected by 
evaporation. Groundwater at PN3D might also originate 
as modern seawater but is mixed with a higher fraction of 
meteoric water than the groundwater at PN3S. The meteoric 
water at PN1S and PN1D may originate as local direct rainfall 
or regional groundwater flow from north of the study area 
as is the case in the Platanal well; however, the meteoric 
water present at the other piezometers and well points likely 
originate solely from local direct rainfall. 

The temporal variations in the δ18O and δD in precipitation 
result from the differences in the origin and evolution of the 
vapor source producing the rain (Clark and Fritz, 1997). In the 
case of the Punta Cabullones area and Puerto Rico in general, the 
precipitation highly enriched in the lighter isotopes (16O and 1H) 
originates or results mostly from cold fronts moving east from as 
far away as the continental United States and Canada. In some 
cases, the precipitation highly enriched in the lighter isotopes 
of oxygen and hydrogen may be associated with the passage 
of tropical disturbances originating near the equatorial coast of 
Africa. In this last case, the enrichment in the lighter isotopes 
may result from the cooling effects that the air mass experiences 
at high altitudes (Clark and Fritz, 1997). A groundwater sample 
was collected from PN1S after rainfall associated with a 
cold front that affected Puerto Rico on December 7, 2008. 
The δ18O and δD of –8.31 and –52.54 ‰, respectively, in the 
sample attest to the recharging effect that a rainfall event of 
considerable magnitude could have on the aquifer. 

y=7.6914x+9.9622 
 R2=0.99136 

Trendline equation 
for rainfallRainfall tr

endline

y=4.6604x+1.1217 
R2=0.99662 

Trendline equation
for surface water

Surface-water tre
ndline

–80 

–70 

–60 

–50 

–40 

–30 

–20 

–10 

0 

10 

20 

30 

40 

50 

D
el

ta
 d

eu
te

riu
m

, i
n 

pa
rt

s 
pe

r m
il 

–12 –10 –8 –6 –4 –2 0 2 4 6 8 10 

Figure 20.  Deuterium and oxygen-18 concentrations in the groundwater, surface water, and rainfall within the 
Punta Cabullones study area, southern Puerto Rico. Data values are listed in Table 4.
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Figure 20.  Deuterium and oxygen-18 concentrations in the groundwater, surface water, and rainfall within 
the Punta Cabullones study area, southern Puerto Rico (data values are listed in table 4).
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Table 4.  Delta oxygen-18 and delta deuterium concentrations in samples from selected wells and surface-water sites, 
and in monthly rainfall composites from the Bucaná meteorological station, Punta Cabullones study area, 2007–08.

[Concentrations shown are per mil, normalized with respect to VSMOW]

Well name 
 (identification number 

within parentheses, 
see fig. 1B for location)

NWIS 
identification 

number
Sample date

Delta 
oxygen-18

Delta 
deuterium 

Groundwater

WP1 (5) 175853066342602 7/20/2007 –2.44 –10.31
PN1S (1) 175853066342601 3/27/2008 – 0.61 0.44
PN1S (1) 175853066342601 3/7/2007 –1.5 –5.88
PN1D (1) 175853066342600 7/3/2007 –3.02 –11.8
WP2 (6) 175828066344402 3/26/2008 0.72 4.27
WP2 (6) 175828066344402 7/3/2007 0.63 4.4
PN2S (2) 175828066344401 3/26/2008 0.4 1.74
PN2S (2) 175828066344401 7/3/2007 0.58 3.45
PN2D (2) 175828066344400 3/26/2008 –1.65 –7.19
PN2D (2) 175828066344400 7/3/2007 0.23 1.14
WP4 (8) 175808066342200 3/26/2008 –1.39 –7.05
WP4 (8) 175808066342200 7/20/2007 –1.26 –5.72
PN3S (3) 175847066350801 7/7/2007 1.57 7.92
PN3D (3) 175847066350800 3/27/2008 –1.66 –7.04
PN3D (3) 175847066350800 7/7/2007 2.1 9.01
WP1 (5) 175853066342602 8/8/2007 – 0.38 0.86
PN1D (1) 175853066342600 3/27/2008 –2.54 –10.8
PN1D (1) 175853066342600 8/28/2007 –3.09 –12.29
PN1S (1) 175853066342601 8/27/2007 –1.46 –4.5
PN2D (2) 175828066344400 8/28/2007 0.12 –2.04
PN2S (2) 175828066344401 8/28/2007 0.42 3.35
WP2 (6) 175828066344402 8/28/2007 0.5 5.02
PN3D (3) 175847066350800 9/5/2007 0.95 6.83
WP4 (8) 175808066342200 8/28/2007 –1.63 –7.47
PN3S (3) 175847066350801 9/5/2007 1.44 8.34
Pozo Platanal 175947066343200 8/28/2007 –3.08 –12.11
PN1S (1) 175853066342601 10/10/2007 – 0.56 0.63
PN1D (1) 175853066342600 10/11/2007 –2.64 –10.02
PN2S (2) 175828066344401 10/11/2007 0.39 2.21
PN3S (3) 175847066350801 10/11/2007 1.57 9.3
PN3D (3) 175847066350800 10/11/2007 – 0.76 –2.14
Auger hole #6 (15) 175840066341800 4/28/2008 – 0.86 –5.28
Auger hole #5 (14) 175824066341800 4/28/2008 0.57 0.11
Auger hole #8 (17) 175824066344400 4/29/2008 1.69 7.99
Auger hole #4 (13) 175824066341600 4/28/2008 –1.03 –5.61
Auger hole #1 (10) 175808066342200 4/28/2008 –1.83 –10.03
Auger hole #7 (16) 175817066344500 4/29/2008 1.29 10.38
WP4 (8) 175808066342200 10/8/2008 –2.84 –16.02
PN1D (1) 175853066342600 10/8/2008 –2.83 –10.79
PN1S (1) 175853066342601 10/8/2008 –8.31 –52.54
WP5 (9) 175833006635080 7/29/2008 1.35 5.4
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Well name 
 (identification number 

within parentheses, 
see fig. 1B for location)

NWIS 
identification 

number
Sample date

Delta 
oxygen-18

Delta 
deuterium 

Monthly rainfall composites

Bucaná Met Sta, Ponce 50113600 8/22/2007–10/12/2007 –2.29 –7.7
10/12/2007–10/29/2007 –9.26 –62.1
6/5/2007–8/22/2007 –2.43 –10.13
8/22/07–10/12/07 –2.41 –8.05
10/29/2007–12/17/2007 –4.87 –27.95
12/17/07–1/30/08 –2.83 –7.63
1/30/08–2/27/08 –3.47 –17.38
2/27/08–3/25/08 –3.63 –18.88
3/25/08–4/27/08 –3.67 –18.5
4/27/08–5/23/08 –3.65 –17.95
5/23/08–6/19/08 –3.59 –17.7
6/19/08–7/19/08 –3.65 –18.04
7/19/08–8/28/08 –1.56 –3.69
8/28/08–9/26/08 – 6.64 –39.78

Surface water

PN1 canal 175853066342603 10/11/2007 –2.52 –10.15
Wetland interior 50113615 10/11/2007 7.72 36.26
Wetland interior 50113615 8/28/2007 2.79 14.11
PN3 stream 175847066350802 10/11/2007 – 0.18 – 0.98
Drainage canal near  

well point #5
175832066350800 7/29/2008 3.7 18.5

Wetland interior 50113615 3/26/2008 4.63 24.21
Caribbean Sea

Caribbean Sea 175806066341100 3/26/2008 1.26 10.2
8/28/2007 0.79 8.04
7/29/2008 1.12 8.21

Table 4.  Delta oxygen-18 and delta deuterium concentrations in samples from selected wells and surface-water sites, 
and in monthly rainfall composites from the Bucaná meteorological station, Punta Cabullones study area, 2007–08.—
Continued

[Concentrations shown are per mil, normalized with respect to VSMOW]
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Groundwater Occurrence

Groundwater in the Punta Cabullones area is contained 
within sand and minor gravel strata (fig. 15). Groundwater 
is also within the skeletal calcareous sand. During the study, 
the groundwater elevation (above mean sea level without 
correction to equivalent freshwater heads or elevations) varied 
according to the seasonal changes in rainfall; the elevation was 
higher during the rainy months between August and November 
and lower during the drier months of February and March 
(fig. 21). The difference in groundwater elevation between the 

dry and wet season averaged about 2 ft. The maximum eleva-
tion of groundwater was about 3.9 ft amsl at PN1D. During 
the rainy season, the water levels at the deep and shallow 
piezometers occasionally intersected and even rose above the 
land surface. The groundwater levels at PN1 and PN3 exhibit 
an artesian-like response, with an upward decrease in saline 
hydraulic head between the deep and the shallow piezometer. 
At the PN2 site, however, the incomplete record indicated 
that the head is higher in the shallow piezometer than in the 
deeper piezometer, which suggests that the saline water head 
diminishes with depth. 
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Figure 21.  Temporal variations in groundwater levels at the piezometers PN1, PN2, and PN3S in the Punta 
Cabullones study area, southern Puerto Rico.
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Isotopic data presented in figure 20 indicate that modern 
seawater does not significantly affect the groundwater at 
PN1 and has a minimal to moderate affect at PN2. Seawater 
is present at PN3 at a depth within 40 ft below land surface, 
which could indicate that the basal seawater interface does 
extend beyond PN3 but may not have fully reached the PN1 
site by the time of this study (2008–2009). At present, no 
subsurface hydrologic data indicate that the seawater interface 
is below a depth of 100 ft below land surface at piezometers 
PN1 and PN2. Groundwater flow modeling studies by Bennet 
(1972) predicted that elimination of furrow irrigation, which 
was the main recharge source to the aquifer, and the subse-
quent increase of groundwater withdrawal for public supply 
north of the Punta Cabullones area during the 1970s would 
cause a major landward shift of the basal seawater zone with 
an accompanying depletion of the fresh groundwater zone 
and cessation of offshore groundwater discharge. As of 2008, 
available water-quality and isotopic data do not conclusively 
indicate whether complete interception of the shoreward 
groundwater flow has occurred and only meteoric water in 
storage is available, or if groundwater flow is still entering 
the Punta Cabullones area. Isotopic data collected during this 
study indicate that meteoric water still predominates at the 
Platanal well and is a major component at piezometer PN1. 
Isotopic data also indicate that a minor seawater component 
is moving toward piezometer PN1, either by storm runoff 
or as a result of seawater intrusion. At the Platanal well, 
the concentrations of dissolved solids and chloride have 
increased from 561 to 995 micrograms per liter (µg/L) and 
from 150 to 287 µg/L, respectively, from 1964 to 2011 
(J.M. Rodríguez, U.S. Geological Survey, written commun., 
2013). Additional field work would be needed to confirm if 
localized seawater intrusion is occurring.

Groundwater Movement
The general direction of the regional groundwater flow 

in the Ponce coastal area, which includes Punta Cabullones, 
is southward toward the coast (Bennet, 1972; Rodriguez-
Martinez and others, 2005). Stable-isotopic, chemical, and 
hydraulic-head data indicate that fresh groundwater from the 
regional flow system to the north of the study area could still 
be entering the Punta Cabullones area. However, the ground-
water movement within the Punta Cabullones wetland—within 
the relic shorelines, saltflats, and mangroves area—is complex 
and cannot be defined with the simple form of Darcy’s 
equation that assumes constant density (Fan and others, 1997). 
Due to variations in salinity, both vertically and horizontally, 
groundwater flow within the Punta Cabullones area is assumed 
to be mainly driven by density variations. In addition to 
high ET, other factors within the study area that may add to 
the complexity of groundwater flow include changes in sea 
stage resulting from barometric pressure variations, tidal 
fluctuations, and storm surges. Groundwater flow in the Punta 
Cabullones area may also be affected by spatial and temporal 
variations in rainfall recharge. 

Changes in Sea Stage and Barometric Pressure

In general, the magnitude of the response of the ground-
water levels within the Punta Cabullones area to the marine 
tides and related abnormal sea-wave activity depends on 
the distance from the shoreline and from any of the wetland 
channels within the study area. In particular, the effects of sea 
tides on the groundwater levels are even greater if the nearby 
channel’s connection to the sea is not blocked by sediment. 
The attenuation of the marine tide within a channel that is 
well connected to the shore is substantially less than that 
through the aquifer-mineral matrix; the attenuation of the tidal 
signal increases as the permeability of the aquifer decreases. 
Piezometer nest PN1 is located farthest inland and highest 
above mean sea level of any of the piezometers used for this 
study and is near a poorly connected channel to the sea. At 
piezometers PN1D and PN1S, the groundwater level increased 
by 1.6 ft and 1 ft, respectively, as a response to the increase in 
sea stage induced by a weather disturbance that passed near 
the south coast in December 2007 (fig. 22). The maximum 
response of the water level at PN1S and PN1D to the tidal 
fluctuation registered at the Ponce Harbor (and mimicked at 
station 50113625) after the passage of that weather disturbance 
was an increase of about 0.1 ft. This slight sensitivity of 
the groundwater level at PN1 to tidal fluctuations may be 
explained by the water head in this piezometer nest being 
higher than the maximum tidal ranges occurring in the Punta 
Cabullones area. The minimal changes in water temperature 
at PN1S and PN1D suggest that the minor fluctuations of the 
water level could be minor pulses caused by backwater effects 
induced during the rising tide component (flood flow) and that 
actual seawater does not make its way to PN1 as indicated by 
isotopic and chemical data already discussed. 

 The effect on the groundwater level at PN2S of the same 
weather disturbance on December 10, 2007, was an increase 
in groundwater level of about 2 ft (fig. 23A). The response of 
groundwater at PN2S to tides during high sea-stage events is 
stronger than at PN1S, with groundwater level changes up to 
0.2 ft (fig. 23A). This stronger response at piezometer PN2S 
than at piezometer PN1S could result from the hydraulic 
continuum established between the aquifer and the nearby 
channel during above-normal wave activity. This hydraulic 
connection allows the tidal fluctuation to be transmitted 
along the channel toward piezometer PN2S. This stronger 
response to tidal fluctuations at piezometer PN2S than at 
piezometer PN1S during high-water events could also be due 
to the fact that piezometer PN2S is at a lower elevation than 
PN1S; thus, the water level at PN2S is at a lower elevation. 
During fair weather, or when the inlet/outlet to the sea of the 
nearest channel is blocked by a sand bar, the response of the 
groundwater level at PN2S to tides, as at PN1S, is minimal 
(fig. 23B and 23C). 
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(station 50114730), and water stage at station 50113625 during and after a weather disturbance, 
December 7–December 17, 2007.
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50114730), and water stage at station 50113625 during and after a weather disturbance, December 7–17, 2007.
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Figure 23.   Relation of the groundwater level and temperature at PN2S, tidal stage at Ponce Harbor 
(station 50114730), and water stage at station 50113615 (A) during a time period  that included a 
weather disturbance on December 10, 2007, (B) during dry and fair weather prior to a weather 
disturbance on September 21, 2008, and (C) during dry weather in January 2008.
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Figure 23.  Relation of the groundwater level and temperature at PN2S, tidal stage at Ponce Harbor 
(station 50114730), and water stage at station 50113615 (A) during a time period that included a weather 
disturbance on December 10, 2007, (B) during dry and fair weather prior to a weather disturbance on 
September 21, 2008, and (C) during dry weather in January 2008.
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The strongest response of the groundwater level to tidal 
fluctuations during normal weather conditions and high-energy 
events was registered at PN3S (fig. 24). Piezometers PN2 and 
PN3 are almost at the same distance from the coastline, but 
PN3 was installed near two channels that are well connected 
to the sea, as shown in figure 1B.

Measurable rapid changes in the temperature of ground-
water at a particular site may indicate the sudden influx of 
surface water (figs. 22–24). In a coastal setting, temperature 
fluctuations may indicate subsurface inflow or surface 
infiltration of seawater as well as recharge from rainfall. Minor 
cyclical fluctuations in temperature occur at the piezometers 
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Figure 24.  Groundwater levels and water temperature at PN3S, tidal stage at Ponce Harbor (station 50114730), and 
water stage at station 50113615 during a period that included a rainfall event on June 2, 2008.

PN2S and PN3S and usually coincide with the response of 
groundwater levels to tidal fluctuations. Such in-phase (or 
near in-phase) occurrences of temperature and groundwater 
level fluctuations attest to the regular influx of water from 
tides. At piezometer nest PN1, temperature fluctuations caused 
by the tidal cycle are extremely small or absent and are not 
usually discernible from those caused by other factors, such 
as the normal daily variations in solar radiation. However, 
the decreases in temperature at piezometer PN1 and at the 
other piezometers that are caused by rainfall recharge are 
substantially greater than decreases in temperature caused by 
tidal fluctuation or any other factor.

Figure 24.  Groundwater levels and water temperature at PN3S, tidal stage at Ponce Harbor (station 50114730), and 
water stage at station 50113615 during a period that included a rainfall event on June 2, 2008.
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Figure 25.  Groundwater levels at PN1D and PN1S and the barometric pressure measured at station 50113610, 
January 23–24, 2008, in the Punta Cabullones study area, southern Puerto Rico.
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Figure 25.  Groundwater levels at PN1D and PN1S and the barometric pressure measured at station 50113610, 
January 23 –24, 2008, in the Punta Cabullones study area, southern Puerto Rico.

The groundwater levels within the Punta Cabullones 
area respond to daily fluctuations in barometric pressure 
occurring during fair weather (non-stormy weather with 
normal wave and tidal activity), as shown in figure 25. The 
response of the groundwater level is a mirror image of the 
variation in barometric pressure; the water level increases and 
decreases with decreases and increases in barometric pressure. 

Groundwater levels may change up to a maximum of about 
0.03 ft in response to a fluctuation in barometric pressure of 
0.5 millimeter of mercury (mm Hg). The effects of barometric 
pressure persist with depth as evidenced by the responses of 
groundwater levels at piezometers PN1S and PN1D. However, 
the effect of changes in barometric pressure seems to decrease 
with depth.
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Variations in Groundwater Density:  
Conversion of Saline-Water Heads  
Into Equivalent Freshwater Heads

Hydrometers with variable specific conductance values 
were used to originally determine groundwater densities 
within the study area. The following empirical relation 
between SC and density of groundwater was obtained by 
linear regression modeling and was used to obtain the density 
values of groundwater within the Punta Cabullones study area: 

y=9E-06x+0.9314
R²=0.9874
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Figure 26.  Specific conductance and water density in the Punta Cabullones study area, southern Puerto Rico. 
Data are listed in table 5.

Table 5.  Selected physical characteristics of groundwater used to determine the specific conductance and 
density relation for the Punta Cabullones study area, 2007–08 (see figure 26).

[°F, degrees Fahrenheit; µs/cm, microsiemens per centimeter; g/cm3, grams per centimeter]

Well name 
 (identification number 

within parentheses, 
see fig. 1B for location)

Sampling 
date

Water 
temperature, 

in °F

Density 
measured

Correction 
factor

Specific 
conductance, 

in µs/cm

Density 
relation,
in g/cm3

WP4 (8) 03/26/2008 74 1.012 0.001 33,100 1.013
WP5 (9) 08/28/2007 74 1.041 0.001 74,800 1.042
PN2D (2) 10/11/2007 74 1.052 0.001 90,200 1.053
PN2S (2) 10/11/2007 72 1.074 0.001 113,000 1.075
PN3D (3) 10/11/2007 73 1.025 0.001 52,300 1.026
PN3S (3) 10/11/2007 73 1.046 0.001 80,000 1.047
PN2D (2) 08/28/2007 72 1.053 0.001 90,900 1.054
Pozo Platanal (4) 08/28/2007 72 0.99 0.001 1,534 1.000
PN1S (1) 10/10/2007 72 1.016 0.001 35,100 1.017
PN1D (1) 10/11/2007 72 1.002 0.001 8,850 1.003
WP1 (5) 08/28/2008 72 1.006 0.001 16,760 1.007

	 Density = 9 (10 –6SC ) + 0.9314 (R2 of 0.99), 	 (2)

where
	 density	 is in grams per cubic centimeter, 
	 SC	 is in microsiemens per centimeter 

(µS/cm), and 
	 R2	 is the coefficient of correlation 

(fig. 26; table 5; appendix fig. 1–2). 

Figure 26.  Specific conductance and water density in the Punta Cabullones study area, southern Puerto Rico 
(data are listed in table 5). 



40    Hydrogeology and Hydrology of the Punta Cabullones Wetland Area, Ponce, Southern Puerto Rico, 2007– 08

Temporal variations in groundwater density at various 
piezometers within the study area are shown in figure 27. The 
groundwater densities correspond to the screened interval of 
each piezometer and range from about 1.1 gram per cubic 
centimeter (g/cm3) at piezometer PN1D to about 2.2 g/cm3 at 
piezometer PN2S. In general, groundwater density is higher in 
the shallow piezometers than in the deep piezometers because 
specific conductance and salinity are greater near land surface 
and decrease with depth.

The following equation obtained from Guo and Langevin 
(2002) was used to convert saline-water heads into equivalent 
freshwater heads to account for the density variations in the 
groundwater of the Punta Cabullones area:

	 hf  = ( ρ/ρf  ) h – [(ρ – ρf ) /ρf  ] Z,	 (3)

where 
	 hf	 is the equivalent freshwater head, in feet 

above mean sea level, 
	 ρf	 is the freshwater density, in grams per  

cubic centimeter, 
	 ρ	 is the density of the saline water, in  

grams per cubic centimeter, 
	 h	 is the total head of saline water, in  

feet above mean sea level, and
	 Z	 is the elevation of the head-measuring 

point, in feet above mean sea level. 
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Figure 27.  Temporal and spatial variation of groundwater density in the Punta Cabullones study area, southern Puerto Rico. 

Figure 1–2 in appendix 1 presents the estimated equivalent 
freshwater heads for the Punta Cabullones area. A potentio-
metric surface, expressed in equivalent freshwater equivalent 
heads, and groundwater flow directions were then calculated 
for the Punta Cabullones area (fig. 28). The reliability of 
groundwater flow directions rests on the assumption that the 
elevations of the various wells used as data points are nearly the 
same (W.E. Sanford, U.S. Geological Survey, written commun., 
2010). This condition is met in the Punta Cabullones area where 
the difference in elevation between the highest and lowest 
well does not exceed 1.98 ft. In addition, the reliability of the 
estimated potentiometric surface and resulting groundwater 
flow directions could be compromised if the relation described 
below does not apply to high salinity values, such as those in 
the Punta Cabullones area. Also, given the substantial varia-
tion with depth of groundwater density, (fig. 27), the estima-
tion of vertical hydraulic gradients in the Punta Cabullones 
area is not feasible with the data currently available (W.E. 
Sanford, U.S. Geological Survey, written commun., 2010).

The configurations of the potentiometric-surface maps 
and the inferred general groundwater flow directions based on 
equivalent freshwater heads (EFHs) are similar for the shallow 
and deep piezometers during both the dry and wet seasons. 
The EFHs in an area near piezometer PN2 are the highest in 
the Punta Cabullones area. This finding implies a predominant 
outward groundwater flow from the area around piezometer 
PN2. The patterns of the distribution of EFHs and estimated 
groundwater flow directions are similar to that of salinity 

Figure 27.  Temporal and spatial variation of groundwater density in the Punta Cabullones study area, southern Puerto Rico. 
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Figure 28.  Potentiometric surface of the Punta Cabullones wetland subarea in equivalent freshwater heads during the wet 
season (October 10, 2008) corresponding to a depth (A) less than 20 feet below land surface and (B) greater than 20 feet below 
land surface, and during the dry season (March 26 –28, 2008) corresponding to a depth (C) less than 20 feet below land surface 
and (D) greater than 20 feet below land surface. 
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Figure 28.  Potentiometric surface of the Punta Cabullones wetland subarea in equivalent freshwater heads during the wet 
season (October 10, 2008) corresponding to a depth (A) less than 20 feet below land surface and (B) greater than 20 feet below 
land surface, and during the dry season (March 26 –28, 2008) corresponding to a depth (C) less than 20 feet below land surface 
and (D) greater than 20 feet below land surface. —Continued
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Figure 28C.  Potentiometric surface of the Punta Cabullones wetland subarea in equivalent freshwater heads during the wet season 
(Oct. 10, 2008) corresponding to a depth (A) less than 20 feet below land surface and (B) greater than 20 feet below land surface and 
during the dry season (March 26–28, 2008) corresponding to a depth (C) less than 20 feet below land surface and (D) greater than 
20 feet below land surface. 
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Figure 28.  Potentiometric surface of the Punta Cabullones wetland subarea in equivalent freshwater heads during the wet 
season (October 10, 2008) corresponding to a depth (A) less than 20 feet below land surface and (B) greater than 20 feet below 
land surface, and during the dry season (March 26 –28, 2008) corresponding to a depth (C) less than 20 feet below land surface 
and (D) greater than 20 feet below land surface. —Continued
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Figure 28.  Potentiometric surface of the Punta Cabullones wetland subarea in equivalent freshwater heads during the wet 
season (October 10, 2008) corresponding to a depth (A) less than 20 feet below land surface and (B) greater than 20 feet below 
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distribution in groundwater shown in figure 16. In general, 
the computed EFHs are higher in the deep piezometers than 
in the shallow piezometers during the dry season, except at 
piezometer PN2. At and near piezometer PN2, a temporary 
downward vertical gradient may form during the dry season 
as a result of the extremely high densities (salinity) of the 
surface water and shallow groundwater system. However, the 
true nature of the horizontal and vertical groundwater flow 
movements in Punta Cabullones appear to be rather complex 
considering the temporal and spatial variations in groundwater 
density (A. Provost and W.E. Sanford, U.S. Geological 
Survey, written commun., 2010; fig. 27). The difference 
between the regional groundwater flow pattern, in which the 
Platanal well and piezometer nest PN1 were completed, and 
the groundwater flow pattern within the Punta Cabullones 
area is evident when comparing groundwater age, salinity, and 
deuterium concentrations (fig. 29) determined for groundwater 
samples collected during the dry season from March 26 
through March 28, 2008. An increase in age, salinity, and 
relative deuterium enrichment occurs within the regional 
groundwater flow system southward from the Platanal well 
to piezometers PN1D and PN1S. In contrast, southward from 
piezometer PN1D, the trend of increased groundwater age 
with salinity and relative deuterium enrichment is not present. 
For example, the water from piezometer PN2D is the second 
youngest after that of Platanal well while having the highest 
salinity. This lack of relation between groundwater age, 
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Figure 29.  Salinity, deuterium concentration, and age 
since recharge of groundwater samples collected 
during March 26–27, 2008, at selected wells within the 
Punta Cabullones study area, southern Puerto Rico.

salinity, and deuterium depletion may indicate the occurrence 
of multiple downward and horizontal groundwater flow paths 
driven by salinity differences south of piezometer PN1. The 
occurrence of these vertical and horizontal flow paths may 
result in a convective-cell type of groundwater flow typical of 
coastal aquifers with groundwater of varying density (fig. 30; 
Cooper and others, 1964).
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Figure 30.  Block diagram showing proposed convective-cell type groundwater flow in the Punta Cabullones area, 
southern Puerto Rico.

Figure 29.  Salinity, deuterium concentration, and age 
since recharge of groundwater samples collected during 
March 26 –27, 2008, at selected wells within the Punta 
Cabullones study area, southern Puerto Rico.

Figure 30.  Block diagram showing proposed convective-cell-type groundwater flow in the Punta Cabullones area, southern Puerto Rico.
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Table 6.  Average horizontal hydraulic conductivity (Kh) values at selected boreholes in the Punta Cabullones study area computed 
using the Alyamani and Sen Method (1993).

[I0 is the zero intercept of a grain-size distribution curve. It approximates the smallest grain size in a sediment sample; d50 and d10 are the grain sizes in a  
sediment sample larger than the 50 and 10 cumulative percent weight, respectively, of the total grains]

Auger hole 
 (identification 
number within 
parentheses, 

see fig. 1B 
for location)

Depth interval, 
in millimeters 

below land 
surface

I0 d50 d10 Kh, 
in meters per 
day for depth 

interval

Result of Kh  
× fraction of 
total depth of 

corresponding 
interval

Weighted 
average Kh, 
in meters 
per day In millimeters

Auger hole #1 
(10)

0 –178 0.13 0.43 0.18 23.00 5.009 16.24

178–305 0.10 0.30 0.15 14.61 5.47
305– 432 0.05 0.20 0.13 3.61 0.564
432–559 0.08 0.23 0.08 8.32 1.3
432–813 0.08 0.23 0.08 8.32 3.9

Auger hole #3 
(12)

0 –203 0.13 0.40 0.18 22.7 4.54 13.62

203– 457 0.05 0.46 0.14 4.50 1.125
457– 660 0.10 0.37 0.15 14.00 2.8
660 –1,016 0.10 0.37 0.18 14.73 5.1562

Auger hole #6 
(15)

0 –127 0.06 0.41 0.12 6.51 0.8565 118.80

127–305 0.11 0.43 0.18 16.00 2.94
305– 457 0.13 0.46 0.28 22.00 3.47
457– 660 0.47 0.67 0.48 289.00 60.84
660 –737 0.15 0.56 0.23 33.55 2.65
737–838 0.36 0.89 0.46 174.00 18.31
838–965 0.41 0.94 0.51 226.00 29.736

Auger hole #7 
(16)

102–254 0.20 0.51 0.38 59.36 17.8069 178.14

254–356 0.51 0.74 0.56 354.02 70.80508
356 –508 0.45 0.84 0.51 299.42 89.826

Auger hole #8 
(17)

0 –178 0.30 0.60 0.36 135.09 17.19368 107.61

178–381 0.08 0.25 0.10 8.98 1.30657
381–559 0.36 0.76 0.38 186.70 23.7618
559–711 0.30 0.66 0.36 135.62 14.79
711–864 0.10 0.25 0.13 15.85 1.72
864 –1,067 0.46 0.72 0.48 309.99 45.0897
1,067–1,397 0.10 0.38 0.23 15.85 3.7468

Hydraulic Conductivity

Figures 2–1, 2–2, and 2–3 in appendix 2 show the grain-
size distribution, and table 6 presents the K values obtained 
from the Alyamani-Sen method discussed in the section on 
methods. The K values obtained with the Alyamani and Sen  
method (1993) ranged from a minimum of 44.67 feet per day (ft/d) 
at test hole 12 (auger hole 3) to a maximum of 584 ft/d at test 
hole 16 (auger hole 7). The only distinctive spatial pattern in the 
K variation is that the lowest values are those for the auger holes 

nearest to the shore line. Values of K of similar orders of magni-
tude were obtained for beach sands in Cape Cod, Massachusetts, 
from the analysis of tidal load effects (Urish and McKenna, 2004).

The K values presented here are permeability estimates 
for the uppermost 3 – 4 ft of the sediment and, thus, may 
be assumed representative of only the shallow near-surface 
sediment and not the deeper water-bearing units in the Punta 
Cabullones area. Furthermore, disturbances of the sediment 
samples during retrieval could have caused slight departures 
from the in situ K values.
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Groundwater/Surface-Water Relations
The groundwater is near the land surface in the Punta 

Cabullones area and seems to be well connected with the 
surface water. However, the nature of the groundwater/surface-
water relation is complex and seems to be highly influenced 
by the density variations in both groundwater and surface 
water and external factors such as the sea-wave and tidal 
activity as well as the localized recharge mounds resulting 
from precipitation. Water from the wetland, because of its high 
density, may migrate downward into the aquifer, particularly 
in the vicinity of piezometer nest PN2 (fig. 1B) as indicated 
by the higher salinity at PN2S and the nearby wetland than 
found at PN2D. Dry-season salinities derived from the specific 
conductance data collected at station 50113615, specifically 
when the channel inlet/outlet to the sea is blocked by a sand 
bar, and at the wetland branch nearest to PN2 generally 
average about 65 parts per thousand, which is about twice 
that of the average salinity of the nearby Caribbean Sea. The 
recharge contribution of this hypersaline surface water to 
the aquifer is unknown. This downward movement into the 
aquifer of hypersaline surface water adds complexity to the 
groundwater movement in the Punta Cabullones study area 
and may provide a mechanism by which salt is transported 
from areas of higher salinity to those of less salinity and, thus, 
this mechanism may play an important role in the salt balance 
of an area with high evaporation such as Punta Cabullones. 
Rodríguez-Rodríguez and others (2005) used this model, 
referred to as the brine-reflux model, to explain in part the 
high density groundwater flow in a closed basin in the locality 
of Fuente de Piedra in Spain. 

Origin of Salinity in Water
Stable-isotopic concentration data and geochemical 

indicators or indexes such as the chloride versus sulfate and 
chloride/bromide ratio versus chloride indicate that salinity 
within the study area originates from paleosalts dissolved in 
meteoric water and modern seawater or a variable mixing 
between these two end members (figs. 20 and 31; Kim 
and others, 2003). The data indicate that the main source 
of salinity at PN3 is the mixing of modern seawater and 
paleosalts in meteoric water, enhanced by evaporation. At 
PN1, the data indicate that the main source of salinity may be 
paleosalts dissolved in modern meteoric water, with seawater 
playing a secondary role. The dissolution of paleosalts by 
modern meteoric water as a source of salinity is indicated 
by the relation between salinity and deuterium concentration 
presented in figure 31C, in which delta deuterium values 
for hypersaline water correspond to modern meteoric water. 
Although not discussed in this report, the recharge of the 
aquifer by hypersaline surface water may be another indirect 
mechanism to make salt available for the preservation of the 
saltflats (Rodríguez-Rodríguez and others, 2005).
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Evapotranspiration Estimates
The ET estimate obtained with the Penman 1 variant of 

the Penman semi-empirical method was 29 inches (fig. 32; 
for method details, see Custodio and Llamas, 1996). The ET 
estimate obtained with the Penman 2 variant of the Penman 
semi-empirical method was 37 inches (fig. 32). The ET esti-
mate obtained with the Penman 2 variant was based on average 
daily values of meteorological parameters measured at the 
USGS Bucaná meteorological station 50113610 (for method 
details, see Custodio and Llamas, 1996). Both variants of the 
Penman semi-empirical equation result in an evaporation rate 
from an assumed free-water surface, which is then multiplied 
by a crop coefficient to obtain an ET rate that is based on the 
type of vegetation present in the area of interest (Snyder and 
others, 2010). An average crop coefficient value of 0.8 accounts 
for an assumed equally distributed mix of grass, low shrub, and 
wild-growing cotton cover and was used as the crop coefficient 
for this portion of the study area. These two estimated values 
for ET are either equal or very close to the measured rainfall 
of 35 inches during 2008 and the long-term annual mean 
rainfall of 31 inches estimated for the Ponce coastal zone by 

Bennet (1972). The proximity between the calculated ET and 
various rainfall values is expected considering rainfall is the 
only available source of water for ET in a semi-arid setting, 
such as the Ponce coastal zone, where ET in areas with high 
solar radiation and unlimited water can potentially reach 
80 in/yr (Ramos-Ginés, 1994; Rodríguez-Martínez and others, 
2005). These ET values closely approximate the estimate of 
31 in/yr by Giusti (1978) for the Ponce lower coastal zone. 
The minor differences of the ET estimates from the annual and 
long-term average annual rainfall may be caused by the use of 
climatic-parameter values from other areas, such as the reduc-
tion coefficients from southeast England and the assumption of 
a uniformed evaporation surface. Another limiting factor when 
using the Penman semi-empirical method is the varying nature 
of the crop coefficient with time. According to the Penman 
semi-empirical equation, the estimated ET for that part of the 
study area within the coastal fan-delta and alluvial deposits 
north of Punta Cabullones follows a similar seasonal variation 
to that of air temperature, with the highest values occurring 
during the summer months between June and August and the 
lowest values occurring during the winter months between 
December and February (fig. 32).
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Table 7.  Estimated annual evapotranspiration (ET) values within the Punta Cabullones wetland subarea based on land-cover types.

[m2, square meter; m3/yr, cubic meter per year; acre-ft/yr, acre feet per year; —, no data or not applicable]

Land- 
cover type 

(see 
location 

and 
description 

in fig. 2)

Areal 
extent, 
in m2

Direct 
rainfall 

expressed 
as a 

volumetric 
rate, 

in m3/yr

Recharge from 
direct rainfall 

(assuming 
10 percent of 

annual rainfall 
recharges 

aquifer)

Net direct 
rainfall 
on land 
surface 

after 
recharge

ET during 
wet months 

August – 
October 
(92 days)

ET during 
rest of year
(273 days)

Total ET Total ET,
in 

acre-ft/yr

In cubic meters

SFSV 7,195,401.71 5,849,920 584,992 5,264,928 a4,633,838 a' 7,660,944 12,294,782 9,967

MFSW 498,071.28 404,936 — — b 633,319 b'1,879,307 2,512,626 2,036

LWCI 444,703.41 361,547 — 361,547 c 361,547 — 361,547 293

CRBO 109,819.81 88,954 — — d 65,672 c'164,892 230,564 187

COSW 53,225.82 43,113 — — e 31,829 d ' 94,449 125,738 102

Total 8,301,222 — — — — — 15,525,257 12,586

ET rates (meters per day): 
      a 0.007, b 0.014, c entire rainfall assumed to evaporate, d 0.0065, e 0.0065  
      a' 0.0039, b' 0.014, c ' 0.0055, d ' 0.0065

The ET daily rates for the different land covers in 
the wetland subarea are presented in table 7. The ET rate 
commonly used elsewhere for subareas with healthy mangrove 
stands in normal seawater similar to those in Punta Cabullones 
is 0.67 inches per day (in/d; Twilley and Chen, 1998). This 
ET rate of 0.67 in/d was used throughout the entire year for 
the healthy mangrove stands in Punta Cabullones because the 
average seawater salinity remains constant throughout the year 
within the subarea where these stands are located. An average 
ET rate of 0.22 in/d was used for those channels within Punta 
Cabullones that are generally blocked from the sea during the 
dry period (Kokya and Kokya, 2008). An ET rate of 0.25 in/d 
was used for these same channels during the wet period, when 
these channels are opened to the sea and readily accessible to 
the tidal and storm-surge effects (Kokya and Kokya, 2008). 
An ET rate of 0.28 in/d, as determined for a prevalent average 
salinity of about 22 parts per thousand (Kampf and others, 

2005), was used for the thin-layer saltflats throughout the 
wet months, when the groundwater normally intercepts the 
land surface and ponding of the rainfall occurs. An ET rate 
of 0.15 in/d was used for the saltflats during the remaining 
months of the year when evapotranspiration is mostly from the 
shallow hypersaline groundwater where the salinity exceeds 
that of the seawater (Kampf and others, 2005).

The total annual ET in the Punta Cabullones wetland 
subarea is estimated to be 12,586 acre-feet per year. This ET 
estimate, when normalized by the areal extent, is equivalent 
to a water column with a height of 75 inches throughout 
the Punta Cabullones wetland subarea. The difference in 
magnitude of the ET values between the two subareas of the 
study area may be explained by the availability in the wetland 
subarea of a relatively unlimited supply of saline to hypersa-
line surface water and groundwater that also contributes to the 
water requirements of ET. 
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Table 8.  Water-budget scenarios within the Punta Cabullones wetland subarea.

[Amounts of water in acre-feet per year (acre-ft/yr) and million gallons per day (Mgal/d), in parentheses; PRASA, Puerto Rico Aqueduct and Sewer Authority;  
ET, evapotranspiration]

Description of scenario1

Input: 
Groundwater  
inflow from  
north into  

Punta 
Cabullones 
wetland 2 

Input:  
Rainfall recharge 

within Punta 
Cabullones 

wetland 
(assumed about 

 10 percent 
of rainfall)

Total input:  
Groundwater 
inflow plus  

rainfall 
recharge

into Punta  
Cabullones  

wetland

Output: 
ET in acre-ft/yr  

from Punta 
Cabullones 

wetland 
(see table 7)

Input minus 
output: 

Amount of 
seawater 
consumed 

by ET3

1st scenario
Regional groundwater flow 
into Punta Cabullones wetland 
is not captured by pumpage in 
Restaurada well field

1,541
(1.4 )

479
(0.4)

2,020
(1.8)

12,586
(11.2)

10,600
(9.4)

2nd scenario 
One-fourth of regional  
groundwater flow into  
Punta Cabullones wetland is 
captured by PRASA pumpage

1,200
(1)

479
(0.4)

31,700
(1.5)

12,586
(11.2)

11,000
(9.7)

3rd scenario 
One-half of the regional  
groundwater flow into  
Punta Cabullones wetland  
is captured by PRASA pumpage

813
(0.7)

479
(0.4)

31,300
(1.2)

12,586
(11.2)

11,300
(10)

4th scenario 
Entire regional groundwater 
flow is captured by  
PRASA pumpage 

86
(0.08)

479
(0.4)

3565
(0.5)

12,586
(11.2)

12,000
(10.7)

1As of 2008, PRASA withdraws about 2,015 acre-ft/yr from a portion of the Ponce coastal aquifer to the north of Punta Cabullones.
2 Includes about 86 acre-ft/yr of rainfall recharge in subarea of Punta Cabullones underlain by delta fan and alluvium north of Punta Cabullones wetland— 

this recharge is assumed not captured by PRASA pumpage. 

3 Values have been rounded.

Water Budget

The water budget estimate presented in table 8 is restricted 
to that portion of Punta Cabullones already defined that includes 
the relic shorelines, wetland, and saltflats and is referred to as the 
Punta Cabullones wetland subarea. The inputs considered in the 
water-budget estimate are rainfall recharge within the wetland 
subarea and groundwater inflow from the subarea underlain 
by fan-delta and alluvial deposits. The only output considered 
in the water-budget estimate is ET. The flow of groundwater 
and surface water to and from the sea was not measured and 
consequently is not considered in the water budget. 

The groundwater flow components used in the water 
budget estimate presented in table 8 are based upon the 
groundwater flow analog model results by Bennet (1972); 
consequently, the accuracy of the groundwater flow 

components is limited by the assumptions made in the 
modeling exercise. Because of the limitations of the analog 
modeling by Bennet (1972) and scant field data, the values 
of the components used to estimate the water budget are 
considered to be first-order approximations. According to 
Bennet (1972), about 1.3 Mgal/d (1,500 acre-ft/yr) entered the 
Punta Cabullones wetland after cessation of irrigation recharge 
and prior to the increase in pumpage during the late 1970s of 
about 1.5 Mgal/d (1,700 acre-ft/yr) in the Restaurada well field 
located northwest of the study area. This flow estimate into the 
Punta Cabullones wetland included 0.08 Mgal/d (86 acre-ft/yr) 
of rainfall recharge in the subarea of the Punta Cabullones 
area that is underlain by fan-delta and alluvial deposits north 
of line X–Xʹ (fig. 2). Another input into the wetland subarea is 
the assumed 10 percent average recharge from direct rainfall 
of 0.4 Mgal/d (470 acre-ft/yr) for a total groundwater inflow 
of about 0.5 Mgal/d. 



Summary and Conclusions    51

The four water-budget scenarios presented in table 8 
assume that the entire groundwater flow entering and 
generated within the wetland subarea is available and, thus, 
used up by ET. The water-budget scenarios differ in the 
percentage of regional groundwater flow that is intercepted 
by the Restaurada well field. The two extreme scenarios are 
the first and fourth scenarios, which assume that the regional 
groundwater flow is not intercepted or is entirely intercepted, 
respectively, by PRASA pumpage at the Restaurada well field. 
Even in the first scenario, in which no regional groundwater 
flow is assumed to be intercepted by pumpage, the available 
groundwater does not entirely meet the ET needs in the 
wetland subarea, and the excess ET requirements within the 
wetland subarea are satisfied by surface saline to hypersaline 
water, which may include seawater and meteoric water with 
dissolved salts affected by evaporation. The amount of surface 
saline and hypersaline water that satisfies the ET requirements 
within the wetland subarea increases as a major interception 
of the regional groundwater flow by the Restaurada well field 
pumpage is considered. The other extreme case, represented 
by the fourth scenario, assumes that all of the regional 
groundwater flow is intercepted by pumpage at the Restaurada 
well field. In this case, ET requirements within the wetland 
subarea are met by the estimated 0.5 Mgal/d, which consists of 
0.08 Mgal/d of groundwater flow coming from the adjoining 
subarea underlain by delta-fan and alluvial deposits and 
0.4 Mgal/d of groundwater flow generated by direct-rainfall 
recharge within the wetland itself, and by surface saline to 
hypersaline water. 

Hydrologic, isotopic, and geochemical data collected 
during the study indicate that fresh groundwater is still present 
beneath the Punta Cabullones wetland subarea despite the 
long-term well-field pumpage that, according to Bennet (1972) 
and the previous estimated water balance, should exceed the 
groundwater flow into this subarea. The increase in SC in the 
most seaward parts of the study area indicates that seawater 
intrusion could be occurring in response to the total or partial 
interception of groundwater inflow into the area by pumpage. 
However, the collected data are insufficient to indicate if 
the fresh groundwater in some areas beneath the Punta 
Cabullones wetland subarea is from still existing but reduced 
groundwater inflow, active rainfall recharge, or remnants of 
storage being continuously decreased by the Restaurada well 
field pumpage and replaced by seawater. The assumption of 
groundwater being used entirely to meet the ET requirements, 
made while estimating the water budget, may not be valid; ET 
is mostly satisfied by surface saline to hypersaline water, and 
fresh to brackish groundwater flow persists locally at depth, 
below the salinization and ET effects. Additional work in the 
form of geophysical surveys, test hole drilling, and isotopic 
and chemical analyses within the Punta Cabullones wetland 
subarea and the coastal plain to the north is needed to define 
the long-term effect that the Restaurada well field pumpage has 
had on the regional groundwater flow, particularly to determine 
the extent of seawater intrusion into the coastal aquifer. 

Summary and Conclusions
The Punta Cabullones area is a unique coastal ecological 

system located in the Municipio of Ponce in southern Puerto 
Rico. This ecological system is made up of a wetland, saltflats, 
patches of mangrove forests with associated swamps, and 
an offshore fringe reef. The Municipio of Ponce opted to 
conserve the Punta Cabullones area as part of the wetlands 
mitigation effort required by Federal and State agencies in 
compensation for the effect of dredging the Ponce Bay to build 
the Las Américas Transshipment Port.

In order to develop a management plan for the Punta 
Cabullones area, the U.S. Geological Survey (USGS), in 
cooperation with the Municipio of Ponce and the Puerto 
Rico Department of Natural and Environmental Resources 
(PRDNER), conducted a study of the area’s hydrogeology 
and hydrology as well as factors that control the spatial and 
temporal changes in the chemical and physical properties 
of the surface water and groundwater within the Punta 
Cabullones study area. 

Total rainfall measured during 2008 within the Punta 
Cabullones area was 36 inches, which is slightly greater than 
the long-term annual average of 31 inches for the coastal plain 
near Ponce. Punta Cabullones is mostly underlain by beach-
eolian sand deposits of Quaternary age that are interspersed 
by mangrove-swamp deposits also of Quaternary age. The 
deposits of Quaternary age are underlain by sedimentary rocks 
of middle Tertiary age assumed to be time equivalent to the 
carbonate and terrigenous units of the same age exposed north 
of the study area. By the middle of the 20th century, Punta 
Cabullones had an average progradation rate of 5 feet per year, 
the highest of any coast in Puerto Rico. 

The wetland in Punta Cabullones consists of a series 
of elongated and semi-curved ponds that generally follow 
the low-lying swales formed between consecutive beach 
ridges. The main water body of the wetland has two inlet/
outlet channels to the sea. The westernmost inlet/outlet 
channel remains open throughout the year. The entrance to 
the easternmost inlet/outlet channel is blocked by a sand 
bar most of the time and remains open only during storm 
events and a few days afterward, allowing the free inflow of 
seawater. The water stage of the wetland in the interior of the 
easternmost channel, as measured at surface-water station 
50113615, ranged from 0.96 to 4.75 feet (ft) above mean sea 
level. During the study period, the maximum tidal range at the 
Ponce Harbor, as measured at tidal-gage station 50114730, 
was slightly above 1.0 ft. 

 Spatial differences in temperature within the interior of 
the easternmost channel were minimal. Temporal variations 
in temperature within the interior of the easternmost channel 
were related to seasonal changes in rainfall, tidal activity, and 
ambient air temperature. During the study period, the water 
temperature ranged from 24.6 to 36.6 degrees Celsius (°C) 
within the wetland interior. The temperature of the water at 
station 50113625, the closest station to the sea and mouth of 
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the easternmost channel, ranged from 24.5 to 32.1 °C, with 
temporal variations due to seasonal changes in rainfall, tidal 
activity, and ambient air temperature. 

Spatial differences in pH among the wetland innermost 
stations were minimal. At the three innermost stations, the pH 
ranged from 7.2 to 8.3 standard units. At station 50113625, the 
pH ranged from 6.4 to 8.0 standard units.

Spatial variations in dissolved oxygen concentration 
within the wetland interior were not substantial; however, the 
temporal variations were of considerable magnitude. Within 
the wetland interior, the dissolved oxygen concentration 
ranged from less than 1 to 11.2 milligrams per liter. The lowest 
values are indicative of near-anoxic conditions that result 
from the shallowing and stagnation of the water during the 
dry weather months and blockage of the easternmost channel 
mouth by a sand bar. 

Monthly measurements of specific conductance (SC) 
of the wetland water ranged from 21,970 to 110,500 micro-
siemens per centimeter with a major temporal variation at 
each station. Spatial variations in SC were not substantial 
throughout the wetland. The monthly measurements and 
continuous record of SC of the wetland water show the same 
general temporal variations that result from the alternation of 
the wet and dry annual seasons in Puerto Rico. The annual 
increase in SC begins with the onset of the dry season that 
generally occurs either during December or January. Similarly, 
the decrease in SC coincides with the duration of the rainy 
season, which generally extends from August to November. 

In the Punta Cabullones wetland subarea, a general 
decrease in groundwater salinity occurs away from a central 
hypersaline mound. The salinity of groundwater is higher at 
shallow depths and decreases to a depth of about 100 ft. No 
data are available to indicate whether this decreasing trend in 
salinity persists at depths greater than 100 ft.

Throughout most of the study area, the groundwater 
average temperature was generally higher than the air temper-
ature. The groundwater temperature was lower than the air 
temperature only during the rainy season of the year (August 
through November) and during major rainfall events. Also, the 
groundwater temperature either responded slightly or did not 
respond at all to the diurnal fluctuations of air temperature. 

The high concentration values of constituents such as 
chloride, sodium, sulfate, and potassium as well as the relation 
between chloride and the ratio of chloride to bromide, in the 
groundwater indicate that salinity of the groundwater origi-
nates from the dissolution of paleosalts in modern meteoric 
water and from modern seawater. In general, the main 
groundwater type changes seaward are a calcium-bicarbonate 
type, which is influenced by fresh to slightly saline ground-
water in the northernmost portion of the Punta Cabullones 
study area, and a predominant sodium-potassium-chloride 
groundwater type within the wetland subarea (that includes the 
relic shorelines).

The stable isotopic data indicate that there is both a 
temporal and spatial variation in the isotopic compositions 
of oxygen-18 and deuterium (ratios of 18 O /16 O and 2 H /1H 
expressed as δ18 O and δ2D, respectively) in the groundwater, 
surface water, and precipitation. However, the temporal 
variations in the stable isotopic composition of the seawater 
from the Caribbean Sea were minimal. The δ18 O and δD data 
indicate a strong evaporation effect on the groundwater and 
surface water within Punta Cabullones manifested as a marked 
enrichment in the heavier oxygen and hydrogen isotopes. 
According to the stable isotope data, the groundwater within 
the Punta Cabullones area originates mostly from slightly to 
highly evaporated meteoric water with dissolved paleosalts 
and modern seawater.

The groundwater in the study area is predominantly 
contained within sand and gravel strata. Groundwater also 
is within the skeletal-calcareous sand facies locally present 
within the study area. In general, the difference in groundwater 
elevation between the wet and dry seasons decreases seaward. 
During the rainy season, the water levels at the deep and 
shallow piezometers occasionally intersected and even rose 
above the land surface. 

The groundwater flow within Punta Cabullones, particu-
larly within the wetland subarea, is complex and cannot be 
defined with the simple form of Darcy’s equation that assumes 
constant density. Due to spatial and temporal variations in 
salinity, groundwater flow within the Punta Cabullones area 
is reasonably assumed to be mainly driven by density varia-
tions. Downward movement of surface- hypersaline water 
from the wetland into the aquifer may be of importance in 
inducing a convective type of groundwater flow in the study 
area. Processes within the study area that may add to the 
complexity of groundwater flow by enhancing density varia-
tions, changing the groundwater level or physically driving 
groundwater flow include evapotranspiration, tidal fluctuations 
and above-normal sea-wave activity, rainfall recharge, and 
temporal variations in barometric pressure.

Hydraulic conductivity estimates for the surficial 
sands within the relic shorelines area were obtained from 
various empirical formulas based on statistical analyses. The 
hydraulic conductivity values obtained with the Alyamani and 
Sen method were considered to be the most representative 
for the sediments of Punta Cabullones and ranged from 
44.67 to 584.29 ft/d.

The groundwater and surface water in the study area 
are intermingled. Surface hypersaline water in the wetland 
migrates downward into the aquifer due to density differences 
from that of groundwater. This difference is particularly 
evident in the vicinity of the piezometer nest PN2. 

Two estimates for annual evapotranspiration rates, 
29 and 37 inches, were obtained for the subarea of the Punta 
Cabullones area that is underlain by fan-delta and alluvial 
deposits by using two variants of the Penman semi-empirical 
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equation. The annual evapotranspiration rate estimated for 
the wetland subarea was 12,586 acre-feet per year that when 
normalized for the wetland subarea extent is equivalent to a 
water column with a height of 75 inches.

The balance of evapotranspiration, in excess of about 
0.5 million gallons per day (Mgal/d) of groundwater flow 
within the wetland, is supplied by saline to hypersaline surface 
water that may include seawater and meteoric water highly 
affected by evaporation with dissolved salts. In one of the 
extreme scenarios in which no groundwater is intercepted by 
pumpage at the Restaurada well field, the amount of saline to 
hypersaline water in the wetland consumed by evapotranspira-
tion is about 10.5 Mgal/d. In the opposite extreme in which the 
entire regional groundwater flow is intercepted by pumpage 
in the Restaurada well field, the entire evapotranspiration 
requirement is met by saline to hypersaline water. The water-
budget estimates confirm that ET plays the dominant hydro-
logic role within the Punta Cabullones area. The water-budget 
estimate also indicates that either all of or a large portion of 
the regional groundwater flow to Punta Cabullones had been 
captured by the increased pumpage at the Restaurada well 
field, which suggests that seawater is actively intruding the 
Punta Cabullones area and replacing the fresh groundwater.
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Figure 1–1.  Specific conductance and salinity for surface water and groundwater in the Punta Cabullones study area.
Data used in the linear regression modeling are included.

Figure 1–2.  Specific conductance and density for surface water and groundwater in the Punta Cabullones study area
used to estimate equivalent freshwater heads.
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Appendix 1

Figure 1–1.  Specific conductance and salinity for surface water and groundwater in the Punta Cabullones 
study area.

Figure 1–2.  Specific conductance and density for groundwater and surface water in Punta Cabullones used to 
estimate equivalent freshwater heads	.
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Figure 2–1.  Grain-size distribution with depth in auger hole #1 in the Punta Cabullones study area.
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study area.
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Figure 2–2.  Grain-size distribution in auger holes #3 and #6 in the Punta Cabullones study area.
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Cabullones study area.
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Figure 2–3.  Grain-size distribution in auger holes #7 and #8 in the Punta Cabullones study area.
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