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Abstract During rainfall events, the aquifers in Puerto Rico capture a small fraction of the rainfall and sometimes
can store it for years. Organic pollutants are degraded over time by microbial and chemical processes. The shorter
the travel time between raindrop and aquifer recharge the greater is the risk of contamination. Existing data from
non-pumping observation wells have been used to identify three areas at risk from superficial contamination. Highrisk areas have a high correlation between depth-to-water and temperature or respond quickly to rainfall events. The
high-risk areas are in Florida and in the adjoining municipality of Quebradrillas/Camuy and Manatí/Vega Baja. It is
proposed that production wells in the high-risk areas be instrumented to measure the rainfall and the temperature and
specific conductance of the pumped water and the rainwater. The hypothesis of this proposed experiment is that in
the high-risk areas the water pumped from the production well will show a reduction of temperature and specific
conductance within 24 hours of a heavy rainfall event. In this manner the travel time from rain drop to aquifer
recharge can be measured. The proposed paper will provide concrete data to improve the management of
groundwater resources in Puerto Rico.
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1. Introduction
Puerto Rico is an oceanic tropical island located between
the Caribbean Sea and the Atlantic Ocean. The estimated
population in 2014 was 3.5 million people [40]. Groundwater
provides 16 percent of the water used in Puerto Rico [21].
Groundwater becomes more important when surface water
is unavailable due to drought, as happened in 2015. At the
height of the drought many homes in the San Juan
metropolitan area had water two days per week [14].
Puerto Rico has one desalinization plant that produces
7600 cubic meters of water per day [26], which represents
about 0.3 percent of total water usage. Desalination is
energy intensive, and on an island where 98 percent of the
electricity is produced by burning fossil fuels [26],
increased use of desalination will increase air pollution
and emissions of climate changing gasses. The goals of
this study are to demonstrate a new use for existing
groundwater temperature data and to enhance the science
that is used to manage groundwater resources in Puerto
Rico. It is also expected that the techniques developed
here will be useful in other parts of the world.
“Intrinsic vulnerability represents the inherent
hydrogeological and geological characteristics which
determine the sensitivity of groundwater to contamination
by human activities; the term refers essentially to risk
associated to non-point sources. Intrinsic vulnerability
considers all kind of contaminants, opposed to specific
vulnerability” [8].

In both the United States and Europe a variety of
schemes have been developed to rank aquifer vulnerability.
These schemes are usually based on the geographical
distribution of characteristics like depth-to-water, aquifer
media, and recharge. There is no consensus about which
scheme works better [10]. This study will use the
correlation between groundwater levels and water
temperature and response time to rain events to examine
the intrinsic vulnerability of aquifers in Puerto Rico.
Heat can be used as a tracer [1], in many environments,
rainfall is colder than ambient conditions. In Kentucky, USA,
a spring was instrumented; after a rain event, the discharge
rose rapidly but the water temperature declined only after
a lag. The water that discharged between the rise in
discharge and the fall in temperature was interpreted as
the storage in the aquifer that drains into the spring [34].
In the Alps, wells are often drilled next to rivers, and
government regulations in Switzerland and Germany
require a travel time between the river and the production
well of 10 and 50 days respectively. The transmission of
the diurnal water temperature cycle of the river into the
aquifer was used to measure the travel time from river to
monitoring equipment located within one to two meters of
the river [12]. At mid-latitudes, which have a large annual
air temperature cycle the seasonal cycle can be detected
up to 50 m away from the river [20]. These techniques
will probably not be useful in Puerto Rico where both the
diurnal and annual temperature cycles are smaller than in
temperate, continental regions.
Organic contaminants are broken down into harmless
components by microbial and chemical processes that take
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time. The travel time between raindrop and aquifer
recharge is inversely proportional to the threat to
groundwater resources. Pesticides are broken down faster
in soils than in aquifers because the soil has more
dissolved oxygen, minerals, organic material, surface area,
and microbes than aquifers. The herbicide alachlor has a
degradation half-life of around 4 years in aquifers but only
20 days in soil [35]. The median degradation half-life in
soil of 11 pesticides detected in groundwater in Santa
Isabel, Puerto Rico is 60 days [32]. Atrazine is a pesticide
that degrades to deethylatrazine at a predictable rate and
the ratio of these two chemicals was used to identify a
region in western Santa Isabel where the groundwater is
older than average [32].
Compared to old aquifer water, recharge water is cold,
lower in dissolved solids, and higher in suspended solids,
oxygen, nutrients, and microbes. Of these variables,
temperature and specific conductance are the easiest to
measure in the field with electronic sensors that can
collect data at high frequency. If the rainwater reaches a
production well quickly then it will still be cold and the
pumped water will be cooler by the fraction of the pumped
water that is recently arrived recharge water. The specific
conductance will probably take longer than temperature to

reach equilibrium. There are large quantities of existing
hourly groundwater temperature data collected at nonpumping observation wells. There are no existing high
frequency data for any of the other variables on the list. In
Puerto Rico, groundwater is an important backup when
surface water is unavailable due to drought.
The two major aquifers on the island are the karst North
Coast Limestone (NCL) aquifer and the alluvial South
Coastal Plain (SCP) aquifer [19,27] describes the geology,
biology, and land use of the karst of Puerto Rico and calls
for it to be set aside for conservation. The NCL is a
northward sloping sedimentary wedge that was laid down
during the Oligocene and Miocene. The five geologic
units of the NCL, from oldest to newest, are the San
Sebastian Formation, the Lares Limestone, the Cibao
Formation, the Aguada Limestone, and the Aymamón
Limestone. The dip is northward and averages five
degrees. The list above is also the order that the
formations outcrop from south to north. In places,
particularly in the east, the NCL is overlain by
unconsolidated Quatenary deposits. A map of Puerto Rico
and a geologic map of the North Coast Limestone are
shown in Figure 1.

Figure 1. Location of the observation wells used in the study (upper panel) and a geologic map of the North Coast Limestone aquifer (NCL). The
circles with black centers are the five observation wells with a Pearson correlation coefficient between depth-to-water and water temperature above 0.85.
The highly correlated station in Salinas, in the South Coastal Plain aquifer, was excluded from the study because the water level is controlled by tides
and the pumping schedule of nearby production wells and not rainfall. The three red arrows show the locations of the high-risk areas in the NCL aquifer.
The base map for the upper panel is from the United States Geological Survey and the lower panel is from [22]

American Journal of Water Resources

Hydrogeologically, the NCL is divided into two
limestone dominated productive units with high hydraulic
conductivity. The productive units are separated and
underlain by clay-rich units of low hydraulic conductivity
[27]. The upper part of the Cibao Formation is high in
clay and low in hydraulic conductivity. This part of the
Cibao supports surface streams while the rest of the NCL
is dominated by subsurface flow. The upper unit of the
NCL includes the Aguada and Aymamón Limestones. The
lower unit of the NCL includes the Lares Limestone and
in some areas permeable parts of the Cibao formation such
as the Montebello Limestone. The lower unit has a longer
travel time between rainfall and aquifer recharge and the
methods of this study would probably be less useful. In
this study, there is more data from the upper unit than
from the lower unit.
In Puerto Rico, there is a longstanding discussion about
how to digitally model the NCL aquifer with its mix of
low-hydraulic conductivity matrix interspersed with
fractures and conduits of higher hydraulic conductivity.
Digital groundwater models have been developed for the
NCL aquifer in the area of Barceloneta [36], in the north
central coast between the Río Camuy and Río Grande de
Manatí [37], and in the Manati-Vega Baja area [3] and all
of these models have estimated an equivalent hydraulic
conductivity. In the opinion of [9], there are not enough
data to do a good job of modeling the NCL.
The SCP aquifer is the most important aquifer in
southern Puerto Rico, which is drier than the north of the
island [4]. The SCP aquifer is 70 km long and 3 to 8 km
wide. It consists of a series of fan deposits that have
coalesced. The size of the particles ranges from boulder to
silt. The depositional environment is complex and has
included downward moving grabens [27]. The SCP
aquifer is recharged both by direct rainfall and from
intermittent streams that flow out of the mountains that are
north of the coastal plain. Often these streams are
kilometers long and permanent in the mountains and then
the water sinks when the stream crosses onto the alluvium.
Some of the streams may not flow into the ocean for
months during the dry season.

2. Data Availability
This study will describe how existing data from nonpumping observation wells operated by the United States
Geological Survey (USGS) can be used to identify areas
with shorter travel times from raindrop to aquifer recharge
and are at higher risk from superficial contamination. For
most of the twentieth century water levels in observation
wells were measured by some type of float-counterweight
system. Early in the twenty first century the USGS
Caribbean Florida Water Science Center (USGS-CFWSC)
in Puerto Rico changed from floats to pressure transducers.
Floats detect the density difference at the air-water interface
while pressure transducers are located at a fixed location
below the lowest water level ever recorded. In a pressure
transducer the pressure and temperature are measured and
then the water level is calculated. The hourly water
temperature data were collected with no intention of using
the data except to calculate the water level.
If the rainwater reaches and recharges the aquifer
within a few hours, while it is still cold, then there will be
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a correlation between depth-to-water and water
temperature, both will decline after a heavy rain event. If
the rainwater takes months to travel from the surface to
the aquifer then it will have warmed to ambient
temperature and there will be no correlation between
depth-to-water and water temperature. A second method
to identify areas in the aquifer with a shorter response time
is to instrument the well with a rain gage. After a rainfall
event, the time until the water level rises can be measured.
A water level in an observation well that rises quickly
after a rainfall event does not prove that the water entering
the well is new recharge water from the recharge event. A
second possibility is that the rainfall event created a
pressure wave which moved ahead of the new recharge
water and forced old aquifer water into the well.
The journey of a rain drop that will recharge an aquifer
has three components: First as runoff the water quickly
moves across the land surface until an increase in the
hydraulic conductivity allows it to drop underground. The
second leg is downward until it reaches the water table. In
the third and longest section, it recharges the aquifer and
the water slowly moves horizontally to its discharge point
in a spring, seep, or pumping well. The speed of the water
is slower with each of the three legs of the journey.
When the rain drop hits the land surface it is relatively
cold, saturated with oxygen, and low in dissolved and
suspended solids. There has been little use of tracers in
Puerto Rico [9]. In Puerto Rico there are a small number
of studies that document the water quality of rain [23], and
more that document the water quality of runoff
[5,24,29,30,31]. As it crosses the land surface the runoff
picks up sediments, organic material, and microbes.
Runoff water in Puerto Rico often has the color of coffee
with milk.
The second leg of the journey is transient, occurs
underground, and is almost undocumented. In the NCL
the closed depressions where the runoff goes underground
are often clogged with mats of decomposing leaves and
logs mixed with inorganic sediments. The only study that
looks at the connection between the surface and the
aquifer is [33] which classified 58 springs as conduit and
nine as diffuse. Conduit springs are well connected to the
surface and during rainfall events conduit springs undergo
a rapid change in discharge and water quality including
sediment load. Diffuse springs integrate water over a long
period and do not undergo dramatic changes during
rainfall events. Heat can be used as a tracer to study the
water as moves vertically towards the water table.
Unlike the transient conditions in the flow of runoff and
the vertical stage of recharge water movement, the third
leg of the journey, the horizontal flowing groundwater
below the water table is a permanent feature and is easier
to study. In Puerto Rico thousands of wells have been
drilled and the vast majority is not pumped. According to
the [41], the National Water Information System (NWIS)
has on the webpage (Internet) 2492 wells with at least one
water level and 79 with 100 or more. At 87 wells water
level data have been collected in the past year.
Compared to some parts of the world, Puerto Rico has
vast amounts of groundwater data and much of it is
available on the Internet. At the same time there are
limitations to the groundwater data that exists for Puerto
Rico. NWIS has 1487 wells in Puerto Rico or the U.S.
Virgin Islands with at least one water quality sample but
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the first sampling of groundwater quality at regular
intervals began in 2011 [41]. Some published groundwater
models have been based on limited amounts of data. Data
are sparse for the model of northwest Puerto Rico from
Aguadilla to the Río Camuy [39]. The calibration of the
groundwater model in Santa Isabel is almost entirely
based on data from the Alomar 1 observation well [16].
Groundwater models have used hydraulic conductivity
data generated from slug tests or specific capacity data
that only measure the aquifer properties within a few
meters of the test well [9]. Multi-well aquifer tests which
could provide data over hundreds of meter are more
expensive but have seldom been performed. [17] Is a
study using a groundwater model in the SCP in Salinas
and noted the lack of multi-well aquifer tests.
Karst aquifers are dominated by solution processes.
Dissolution occurs more rapidly in environments that are
warm, wet, and have high levels of carbon dioxide. Puerto
Rico is tropical and is warmer than non-tropical areas. The
average annual rainfall in Puerto Rico is 1654 mm [18]
and this is more than in most places in the world. In the
humid tropics the biomass density is higher than in nontropical areas and the decomposition of this biomass raises
the concentration of carbon dioxide in the soil. In the
tropics, secondary porosity will develop in limestone more
rapidly than in non-tropical areas.
There are no studies on the travel time from the surface
to the aquifer. The upper unit of the NCL is recharged
almost exclusively by direct rainfall. The lower unit of the
NCL is recharged by direct rainfall and also by streams
that form on the volcanic rocks to the south and then
disappear underground when they cross onto the karst
rocks. In the karst NCL, aquifer recharge occurs when the
monthly rainfall exceeds 200 mm [15]. In all the studied
aquifers the generalized direction of flow is towards the
ocean. The volcanic core of the island has fractured-rock
aquifers that contribute to maintaining base flows in the
rivers but there is little groundwater production or data. It
is commonly assumed that the karst NCL aquifer is at
greater risk from the rapid movement of superficial
contaminants than the alluvial SCP aquifer. However the
intrinsic vulnerability of the NCL aquifer has not been
tested. A key question is if the NCL aquifer has consistent
vulnerability or needs to be broken down into smaller units.
Much of what we know about groundwater in Puerto
Rico is from the observation wells maintained by the
USGS-CFWSC and the data in this study is from a subset
of these wells. Typically in a groundwater study, the
USGS-CFWSC drills some piezometers, after the shortterm project, some of these piezometers become part of
the long-term network. The USGS-CFWSC constructed
piezometers used in this study in Naguabo [11,17,24,38].
These stations have been used to study the water-level
fluctuations in observation wells [28]. Long-term water
level data from these observation wells has been used to
calibrate groundwater models in Santa Isabel [16,17]. A
second source of observation well is wells that were
drilled to be production wells but then abandoned.
Two of the observation wells used in this study Hill 2,
Manatí and Palo Alto 2, Vega Baja, are part of a group of
six wells that were sampled for pesticides. The wells had
been drilled to study nitrate contamination near pineapple
fields [5]. Pineapples were grown in the area for many
years but by 2008 production had stopped. The herbicide

Bromacil was detected in all six wells with the highest
level, of 30 μg/L, at Hill 2 in February 1997 [6].
The United States Environmental Protection Agency
has classified the most contaminated sites in the United
States and its territories in the National Priority List, better
known as “Superfund” sites. Puerto Rico has 16 sites of
which 8 involve contaminated groundwater. [2] looked at
three of these sites and demonstrated that the benefits of
remediation exceed the costs.
High frequency groundwater temperature data are the
unintended free byproduct of the switch from floats to
pressure transducers. Globally, many hydrologic agencies
have switched to pressure transducers and probably have
large amounts of unused groundwater temperature data. In
the case of the USGS-CFWSC in Puerto Rico, the data
frequency is hourly. This study will determine if, in a
tropical environment the groundwater temperature data
can be used to identify areas at high risk from superficial
contaminants. A tropical environment with a reduced
annual and diurnal air temperature cycles simplifies some
aspects of this work.
This study will look at the correlation between depthto-water and water temperature in observation wells. The
hypothesis is that the average Pearson correlation coefficient
between depth-to-water and water temperature for the
observation wells in the karst upper unit of the NCL
aquifer will be higher than in the observation wells in the
alluvial SCP aquifer. If this hypothesis is correct, then the
karst upper unit of the NCL aquifer as a whole is at greater
risk from superficial contaminants than the alluvial SCP
aquifer. The null hypothesis is that the average Pearson
correlation coefficient in the karst upper unit of the NCL
is not significantly different than the alluvial SCP aquifer.
If the null hypothesis cannot be rejected then it would
mean that, in terms of intrinsic vulnerability, there are no
significant differences between the upper unit of the NCL
and the SCP aquifer. The hypothesis will fail if the ratio of
intra-aquifer to inter-aquifer differences is large. Either
result is useful to improve the management of groundwater
resources in Puerto Rico. In terms of aquifer vulnerability
it is important to know if the upper unit of the NCL is one
unit or needs to be managed on a smaller length scale. The
hypothesis applies to stations were the water level is
controlled by rainfall and not tides nor the cycling of
production wells.
The hypothesis of this part of the study is that the
Pearson correlation coefficient between the depth-to-water
and the water temperature will be higher in the upper unit
of the NCL than in the SCP. If the hypothesis is valid then
it means that the upper unit of the NCL aquifer as a whole
is at greater risk from superficial contamination than the
SCP aquifer. The hypothesis will not be valid if the intraaquifer variability is large relative to the inter-aquifer
variability.

3. Methods
Two methods were used to identify areas in Puerto Rico
that are at higher risk from superficial contamination than
other areas. At 33 non-pumping observations wells operated
by the United States Geological Survey (USGS) hourly
data were used to calculate the correlation between depthto-water and water temperature. At each station the time
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period was between 12 and 18 months. If available, data
from 2005 were used as this was a period when many
observation wells were at record highs. The idea is that those
stations with the highest correlation were those at the
highest risk. This applies only to stations where the water
level in the observation well is controlled by rainfall and not
tides or the pumping schedule of nearby production wells.
As of May 2015, the 33 stations used in this study have
been visited by USGS-CFWSC employees 5317 times.
The complete data for each station are in Appendix I. The
daily and monthly water level data, and metadata such as
location and well depth, are available on the Internet [41].
The hourly data, both water level and water temperature,
are unpublished.
The USGS has one observation well, Florida 7, Florida,
in the North Coast Limestone that also has a rain gage. At
this site the minimum rainfall needed to raise the water
level in the well and the lag time between rainfall and
water level rise were calculated. Florida 7 is an abandoned
production well that is now used as an observation well.
In this study, 39 percent of the observation wells were
piezometers that had been drilled by the USGS-CFWSC
for scientific studies, 61 percent were abandoned production
wells drilled for public supply, agriculture, industry, or an
orphanage. About 90 percent of all the production water
wells drilled in Puerto Rico are abandoned. Piezometers
are designed to obtain data from a specific point in the
aquifer, while production wells are designed to maximize
production. Compared to piezometers, production wells
tend to be larger diameter, deeper, and tend to be open to
the aquifer over a larger distance, the construction details
of piezometers are better documented than production
wells. There are many things about a well that cannot be
predicted before its construction. The unknowns include
its productivity, its response time to rain events, and what
will be the range in water level over time.
If a production well is producing large quantities of
clean water, it will not be abandoned and made available
to be an observation well. Compared to operating
production wells, abandoned production wells tend to
have lower hydraulic conductivity or are contaminated.
Tiburones, Barceloneta is a production well that was
abandoned after it became contaminated with carbon
tetrachloride from a nearby spill [13]. The 33 observation
wells used in this study range in diameter from 50 to 510
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mm, well depth ranges from 6 to 178 m, and average
depth-to-water ranges from 0.4 to 127 m.
This study used raw hourly water level and temperature
data from 33 non-pumping observation wells located
throughout the aquifers of the main island of Puerto Rico.
The locations are shown in Figure 1. The upper unit of the
NCL, the lower unit of the NCL, SCP, and the rest of
Puerto Rico have 12, four, 13, and four stations
respectively. Each station has 12 to 18 months of data.
Most years have 8760 hours, leap years have 8784. All of
the data were collected with DH-21 pressure transducers
and are courtesy of the USGS-CFWSC. The use of brand
names is for identification purposes only and does not
constitute endorsement by the Universidad del Turabo.
During bimonthly site visits, the water levels calculated by
the pressure transducer were compared to the water levels
measured independently. At the office, the raw data are
subject to several corrections, and the noon values are
published. These corrections will not change the
correlations presented here.
Using a p-value of 0.05 and a sample size of 250, a
Pearson correlation coefficient of around 0.12 is
significant. When the sample size reaches 10,000, a
Pearson correlation coefficient of 0.02 is significant. With
large sample sizes even relationships with very low
correlation can be significant.

4. Results
The data about the observation wells used in the study
of the correlation between the depth-to-water and the
water temperature. One observation well in Salinas in the
SCP was eliminated from the study because the water
level is controlled by tides and the pumping schedule of
nearby production wells. The four stations with the
highest correlations between the depth-to-water and water
temperature are in the upper unit of the NCL aquifer. The
station Cbgar in Quebradillas has a correlation between
the depth-to-water and the water temperature of 0.99
which is the highest of the 32 observation wells in the
study. The data from Cbgar are shown in Figure 2. An
example of an observation well with no correlation
between depth-to-water and water temperature is
Maguayo 2 in Dorado and the data are shown in Figure 3.

Figure 2. The hourly water level (black) and water temperature (grey) of the Cbgar observation well in Quebradillas, Puerto Rico from 1 July 2005 to
31 December 2006. This is station with the highest correlation between depth-to-water and water temperature of the 32 stations in the study. Data
courtesy of the USGS
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Figure 3. The hourly water level (black) and water temperature (grey) of the Maguayo 2 observation well in Dorado, Puerto Rico from 1 January 2005
to 31 March 2006. This is an example of a station with no correlation between depth-to-water and water temperature. Data courtesy of the USGS

The average Pearson correlation coefficient between the
depth-to-water and the water temperature in the upper unit
of the NCL aquifer is 0.29 with a standard deviation of
0.62 versus 0.01 and 0.50 in the SCP aquifer. The p-value
is 0.25. This means that the upper unit of the NCL aquifer
as a whole is not at higher risk from superficial
contamination. Rather than treat the entire unit as being atrisk the NCL aquifer needs to be broken up into smaller
at-risk units.
The two stations with the highest correlations between
the depth-to-water and water temperature are in
Quebradillas and the adjoining municipio of Camuy. In
Puerto Rico the municipio is the equivalent of county in
United States. The two stations with the third and fourth
highest correlation between the depth-to-water and water
temperature are in the adjoining municipios of Manatí and

Vega Baja. All four municipios are in the central part of
the north coast and are the two regions with the lowest
travel times between rainfall and aquifer recharge. The
two at-risk areas are about 50 km apart and are separated
by two rivers.
The Florida 7 observation well in Florida has a rain
gage at the wellhead. This observation well is in the lower
unit of the NCL aquifer. At times, during the rainy season,
the water level in the well goes up every day with the
afternoon rain storm. This pattern has seldom been
observed and indicates a better connection with the
surface than most observation wells. The water level in the
observation well goes up with as little as five millimeters
of rain and in less than three hours. There are no water
temperature data at this station. The relationship between
rainfall and the rise in water level is shown in Figure 4.

Figure 4. Rise in water level versus rainfall at the Florida 7 well, Florida. Data courtesy of USGS

The three regions with the shortest travel time between
rainfall and aquifer recharge are Quebradillas/Camuy,
Manatí/Vega Baja, and Florida. The locations of these
three areas are shown in Figure 1. These three areas are at
the highest risk of the rapid movement of superficial
contamination.

5. A Proposed Experiment
Using data from non-pumping observation wells, three
areas in the NCL aquifer were identified that are at higher
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risk from superficial contamination than either the rest of
the NCL aquifer or other aquifers in Puerto Rico. After a
heavy rainstorm, it is probable that in these three areas
that the rainwater recharges the aquifer in less than 24
hours. The following proposed experiment will for the
first time measure the travel time between rainfall and
aquifer recharge in Puerto Rico.
In the three identified areas there are production water
wells. Most production water wells in Puerto Rico are
owned and operated by the Puerto Rico Aqueducts and
Sewer Authority (PRASA). If electronic sensors were
installed to measure the temperature and specific
conductance of the water pumped out of the well, then the
hypothesis of this proposed experiment is that both
variables will drop within 24 hours of a heavy rainfall
event. At the wellhead the instrumentation will include a
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rain gage and sensors to measure the temperature and
specific conductance of the rainwater. The amount,
temperature, and specific conductance of rainwater are
useful to understand what fraction of the pumped water is
recent recharge water versus old aquifer water.
Figure 5 has synthetic data and shows what will happen
to the pumped water if the old aquifer water has a
temperature of 26 °C and a specific conductance 500
μS/cm. In the scenario the rainwater has a temperature of
22°C and a specific conductance of 50 μS/cm, the first
recharge water reaches the pumping well four hours after
the rainfall and by seven hours the pumped water is 20
percent new and 80 percent old water. At that mixture the
production water has a temperature of 25.2 °C and a
specific conductance of 510 μS/cm.

Figure 5. Synthetic data and shows what will happen to the pumped water if the old aquifer water has a temperature of 26 °C and a specific
conductance 500 μS/cm

6. Discussion
The idea of the experiment is to measure the travel time
between rainfall and aquifer recharge in the identified
high-risk areas. The hypothesis is that the new recharge
water will arrive at the production well in less than 24
hours and when this happens that both the temperature and
the specific conductance of the water will decline. It will
also be interesting to see how long after an isolated rain
event it will take the water temperature and specific
conductance to return to the pre-event values. Time-series
specific conductance data have never been used to study
groundwater in Puerto Rico. After a rain event, it is
probable that the water temperature will return to normal
faster than the specific conductance. It takes longer for
ions like calcite to enter solution than it does for
temperature to reach equilibrium. One goal of this
experiment is to better understand the time scale of which

specific conductance data can be used to measure travel
time between the rain event and aquifer recharge.
It is important to publish the results of the study of the
correlation between the depth-to-water and water
temperature because it provides useful information to
water resources managers. Traditional the karst NCL
aquifer has been viewed as being uniformly at risk. This
study documents that Quebradillas/Camuy, Manatí/Vega
Baja, and Florida are at higher risk than either the nonkarst aquifers or the rest of the NCL aquifer. These three
areas should receive the highest levels of attention to
prevent superficial contamination.
The Cbgar, Quebradillas and Zanja 4, Camuy stations
are both highly correlated. They are about 7.4 km apart
and they have different connections to the surface. In 18
months Cbgar had six events that caused the water level to
rise, while Zanja 4 had 26. Near Zanja 4 there are two
production wells, Zanja 2 and Zanja 3, which combined
pump 31 liters per second [39]. Both at-risk areas are
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rolling terrain with no surface drainage. The QuebradillasCamuy area was traditionally dairy farms, and the ManatíVega Baja area had pineapple production, but because of
access to good highways, housing construction has
increased in both areas in recent years.
It is too late to protect the aquifer in Manatí-Vega Baja.
Both Hill 2 and Palo Alto 2 were drilled by the USGSCFWSC to study nitrate contamination. The source of the
nitrates was the fertilizer that was used on the nowabandoned pineapple fields [5]. Hill 2 sits about 10 m
from an ephemeral channel that terminates in a nearby
sinkhole. At both of these observation wells, the
correlation between depth-to-water and water temperature
is higher in large rain events than in small rain events. In
addition to the nitrate contamination, between the two
observation wells there is an abandoned pesticide
warehouse that has been added to the Superfund list [25].
A description of the pesticide warehouse as having a
“semi-confined aquifer” [25] is in conflict with this study,
which finds that it is one of the most vulnerable areas in
Puerto Rico. The groundwater flow in this area was
modeled by [3] and there is no correlation between the
high risk area and a zone of high transmissivity identified
in the modeling study. The utility of the methodology of
this study is demonstrated by the fact that by studying the
physics of the aquifer, areas with high intrinsic
vulnerability can be identified. One of the two highest atrisk areas is already contaminated and this confirms the
validity of the technique.
Improved knowledge of the travel time between rainfall
and aquifer recharge will improve the management of
groundwater resources in Puerto Rico. Gasoline is the
most commonly transported hazardous material [42]. If
during a rainstorm a gasoline truck has an accident and
spills its load then these are the areas where the
contaminant will reach the aquifer the fastest and thus the
areas where the pumps on production water wells need to
be turned off the fastest.

7. Conclusion
This study is passive in the sense that no new data were
collected. Instead existing data are analyzed to better
understand the physical properties of the aquifers of
Puerto Rico to identify three areas where the travel time
from rainfall to aquifer recharge is less than normal. This
study uses hourly data from non-pumping observation
wells operated by the USGS-CFWSC to look at the
correlation between depth-to-water and water temperature.
The idea is that rain is cold and this correlation can be
used to identify areas with shorter travel times. A second
technique is the use the rainfall and water level data from
an observation well in Florida to study an area where the
rainfall rapidly causes the water level in the well to rapidly
rise.
The logical extension to the passive nature of this study
is a proposed experiment to measure the amount of
rainfall and the temperature and specific conductance both
of the rainfall and in the water pumped from a production
well. The hypothesis of the proposed experiment is that in
the high-risk areas, both temperature and specific
conductance will drop within 24 hours of a rain event. The
existing data were used to identify the high-risk areas and

the experiment will confirm the validity of this technique.
This experiment will be the first to measure the travel time
between the rainfall and the aquifer recharge. This
experiment will produce information that will improve the
management of groundwater resources in Puerto Rico.

Acknowledgment
This article has been published thanks to funding
provided by PR NASA Space Grant Consortium. Thanks
to the peer reviewers for their suggestions. The authors
are thankful to Dr. Jorge Ortiz (UPR Río Piedras) and Dr.
Eddy Laboy ( Universidad del Turabo).

References
[1]
[2]

[3]

[4]
[5]

[6]

[7]

[8]

[9]

[10]
[11]
[12]

[13]
[14]

[15]
[16]

Anderson MP. 2005. Heat as a Ground Water Tracer. Ground
Water. 43(6): 951-968.
Bosque A. 2011. Economic valuation of groundwater remediation
costs and benefits: Towards a more comprehensive approach.
Unpublished doctoral dissertation Universidad del Turabo School
of Science and Technology, Gurabo, PR.
Cherry GA. 2001. Simulation of flow in the upper North Coast
Limestone Aquifer, Manatí-Vega Baja area, Puerto Rico. United
States Geological Survey Water Resources Investigations Report
00-4266. San Juan, PR.
Colón-Torres JA. 2009. Climatología de Puerto Rico. La Editorial
Universidad de Puerto Rico. San Juan, PR.
Conde-Costas C, Gómez-Gómez F. 1999, Assessment of nitrate
contamination of the upper aquifer in the Manatí-Vega Baja area,
Puerto Rico, U.S. Geological Survey Water-Resources
Investigations Report 99-4040. San Juan, PR.
Dumas JA. 1999. Limestone soils: Interaction with pesticides and
its impact on the north coast aquifer of Puerto Rico. Unpublished
doctoral dissertation. Chemistry Department, University of Puerto
Rico at Río Piedras. San Juan, PR.
Ecoeléctrica. 2012. Aumentado la producción de agua en el sur.
[Internet] Available on
http://173.83.96.97/ecolectrica/?page_id=10
(Cited
on
26
November 2012).
Doerfliger N, Jeannin PY, Zwahlen F. 1999. Water vulnerability
assessment in karst environments: a new method of defining
protection areas using a multiattribute approach and GIS tools
(EPIK method). Environmental Geology. 39(2):165-176.
Ghasemizadeh R, Hellweger F, Butscher C, Padilla I, Vesper D,
Field M, Alshawabkeh A. 2012. Review of ground water flow and
transport models of karst aquifers, with particular reference to the
North Coast Limestone aquifer systems of Puerto Rico.
Hydrogeological Journal. 20(8):1441-1461.
Gogu RC, Dessargues A. 2000. Current trends and future
challenges in groundwater vulnerability assessment using overlay
and index methods. Environmental Geology 39(6):549-559.
Graves RP. 1989. Water resources of the Humacao-Naguabo area,
eastern Puerto Rico, U.S. Geological Survey Water-Resources
Investigations Report 87-4088. San Juan, PR.
Hoehn E, Cirpka OA. 2006. Assessing residence times of
hyporheic ground water in two alluvial flood plains of the
Southern Alps using water temperature and tracers. Hydrology and
Earth Systems Science. 10:553-563.
Hunter JM, Arbona SI. 1995. Paradise lost: an introduction to the
geography of water pollution in Puerto Rico. Journal of Society,
Science, and Medicine 40(10):1331-1355.
Janssen H. 2015. Puerto Rico residents face water rationing that
lasts up to 48 hours amid historic drought. Accuweather.com
[Internet] http://www.accuweather.com/en/weather-news/puertorico-drought-el-nino-tourism-local-water-restrictions/51647356.
(Accessed on 8 Feb 2016).
Jones IC, Banner JL. 2003. Estimating recharge thresholds in
tropical karst island aquifers: Barbados, Puerto Rico and Guam.
Journal of Hydrology. 278:131-143.
Kuniansky EL, Gómez-Gómez F, Torres-Gonzáles S. 2003.
Effects of aquifer development and changes in irrigation practices

American Journal of Water Resources

[17]

[18]
[19]

[20]
[21]
[22]

[23]

[24]

[25]

[26]
[27]

[28]

on ground-water availability in the Santa Isabel area, Puerto Rico.
United States Geological Survey Water-Resources Investigative
Report 03-4303. San Juan, PR.
Kuniansky EL, Rodríguez JM. 2010. Effects of Changes in
Irrigation Practices and Agricultural Development on Ground
Water Discharge to the Jobos Bay National Estuary Research
Reserve near Salinas, Puerto Rico. United States Geological
Survey Scientific Investigations Report 2010-5022. San Juan, PR.
Larsen MC. 2000. Analysis of 20th century rainfall and
streamflow to characterize drought and water resources in Puerto
Rico. Physical Geography. 21(6):494-521.
Lugo AE, Castro LM, Vale A, del Mar López T, Hernández PE,
García Martinó A, Pue2nte Rolón AR, Tossas AG, McFarlane DA,
Miller T, Rodríguez A, Lundberg J, Thomlinson J, Colón J,
Schellekens JH, Ramos O, Helmer E. 2001. Puerto Rican karst—
A vital resource. United States Forest Service General Technical
Report WO-65.
Molina-Giraldo N, Bayer P, Blum P, Cirpka OA. 2011.
Propagation of seasonal temperature signals into an aquifer upon
bank infiltration. Ground Water 49(4):491-502.
Molina-Rivera WL. 2014. Estimated water use in Puerto Rico. US
Geological Survey Open-File Report 2014-1117 35p.
Olcott PG. 1999. Groundwater atlas of the United States: Alaska,
Hawaii, Puerto Rico and the United States Virgin Islands. HA 730
N. Puerto Rico and the United States Virgin Islands North Coast
Limestone aquifer system. Available on
http://pubs.usgs.gov/ha/ha730N/ch_n/N-PR_VINorth_Coast.html.
(Accessed on 5 March 2016).
Osborne, ED. 1986. Acid rain in Puerto Rico. Final technical
report to U.S. Department of the Interior. Project #G930-02. Grant
Agreement #14-08-0001-G930. Engineering Research Center.
University of Puerto Rico in Mayagüez.
Pérez-Blair F. 1996. Ground Water Resources of Alluvial Valleys
in Northeastern Puerto Rico—Río Espíritu Santo to Río Demajaua
Area. United States Geological Survey Water Resources
Investigations Report 96-4201. San Juan, PR.
Puerto Rico Department of Health. 2005. Public Health
Assessment—Pesticide Warehouse III, Palo Alto, Manati County,
Puerto Rico EPA Facility ID: PRD987367299. U.S. Department of
Health and Human Services, Agency for Toxic Substances and
Disease Registry 52 p.
Puerto Rico Electric Power Authority (PREPA). 2013. [Internet]
Available on http://www.aeepr.com/ (Cited on 20 August 2013).
Renken RA, Ward WC, Gill IP, Gómez-Gómez F, RodríguezMartínez J. 2002. Geology and Hydrogeology of the Caribbean
Islands Aquifer System of the Commonwealth of Puerto Rico and
the U.S. Virgin Islands: U.S. Geological Survey Professional
Paper 1419. Reston, VA.
Richards RT. 2003. The barometric efficiency of observation
wells in Puerto Rico and the U.S. Virgin Islands. Unpublished
Masters Thesis, Physics Department, University of Puerto Rico at
Río Piedras. San Juan, PR.

76

[29] Rodríguez JM. 1996. Characterization of stormwater discharges at
[30]

[31]
[32]

[33]

[34]
[35]
[36]

[37]

[38]

[39]

[40]
[41]

[42]

the San Isidro Industrial Park, Canóvanas, Puerto Rico. U.S.
Geological Survey Open-File Report 96-348. San Juan, PR.
Rodríguez JM. 1999. Characterization of stormwater discharges at
the Guanajibo Industrial Park, Mayagüez, Puerto Rico, 1997-98.
U.S. Geological Survey Water-Resources Investigations Report.
San Juan, PR.
Rodríguez JM. 2001. Characterization of stormwater discharges
from Las Flores Industrial Park, Río Grande, Puerto Rico, 1998-99.
U.S. Geological Survey Open-File Report. San Juan, PR.
Rodríguez JM. 2012, Evaluation of groundwater quality and
selected hydrologic conditions in the South Coast Aquifer, Santa
Isabel area, Puerto Rico, 2008-09: U.S. Geological Survey
Scientific Investigations Report 2012-5254. San Juan, PR.
Rodríguez-Martínez J. 1997. Characterization of springflow in the
North Coast Limestone of Puerto Rico using physical, chemical,
and stable isotopic methods. U.S. Geological Survey WaterResources Investigations Report 97-4122. San Juan, PR.
Ryan M, Meiman J. 1996. An Examination of Short-Term
Variations in Water Quality at a Spring in Kentucky. Ground
Water 34(1): 23-30.
Sampat P. 2000. Deep trouble: The hidden threat of ground water
pollution. Worldwatch Paper 154, Worldwatch Institute,
Washington DC.
Torres-González A. 1985. Simulation of ground-water flow in the
water table aquifer near Barceloneta, Puerto Rico. United States
Geological Survey Water-Resources Investigations Report 844113.
San Juan, PR.
Torres-González S, Planert M, Rodríguez JM. 1996.
Hydrogeological and simulation of the ground-water flow in the
upper aquifer of the Río Camuy to Río Grande de Manatí, Puerto
Rico. United States Geological Survey Water Resources
Investigations Report 95-4286. San Juan, PR.
Troester JW. 1999. Geochemistry and hydrogeologic framework
of the saline-freshwater interface and the calculation of net
recharge in the Dorado area, north-central Puerto Rico, U.S.
Geological Survey Water-Resources Investigations Report 984030. San Juan, PR.
Tucci P, Martínez MI. 1995. Hydrology and simulation of groundwater flow in the Aguadilla to Río Camuy area, Puerto Rico. U.S.
Geological Survey Water Resources Investigations Report 954028. San Juan, PR.
United States Census Bureau (USCB). 2014. [Internet] Available
on www.census.gov (cited 21 March 2016).
United States Geological Survey (USGS). 2015. Groundwater
Levels for Puerto Rico [Internet] Available on
http://nwis.waterdata.usgs.gov/pr/nwis/gwlevels (Cited on 11
October 2015).
Verter V, Kara BY. 2001. A GIS-based framework for hazardous
materials transport risk assessment. Risk Analysis 21(6):11091120.

