Environmental Pollution 237 (2018) 298—307

=

Contents lists available at ScienceDirect
ENVIRONMENTAL
POLLUTION

Environmental Pollution

journal homepage: www.elsevier.com/locate/envpol

Check for
updates

The influence of hydrogeological and anthropogenic variables on
phthalate contamination in eogenetic karst groundwater systems™

Norma I. Torres 2, Xue Yu °, Ingrid Y. Padilla *~, Raul E. Macchiavelli ¢,
Reza Ghasemizadeh ”, David Kaeli ¢, Jose F. Cordero ¢, John D. Meeker °,
Akram N. Alshawabkeh °

@ Department of Civil Engineering and Surveying, University of Puerto Rico, Mayagiiez, PR 00681, USA

b Department of Civil and Environmental Engineering, Northeastern University, Boston, MA 02115, USA

¢ Department of Agroenvironmental Sciences, University of Puerto Rico, Mayagiiez, PR 00681, USA

d Department of Electrical and Computer Engineering, Northeastern University, Boston, MA 02115, USA

€ Department of Epidemiology and Biostatistics, University of Georgia, Athens, GA 30602, USA

f Department of Environmental Health Sciences, University of Michigan School of Public Health, Ann Arbor, MI 48109, USA

ARTICLE INFO ABSTRACT

Article history:

Received 14 July 2017

Received in revised form

30 January 2018

Accepted 30 January 2018
Available online 27 February 2018

Keywords:

Groundwater contamination
Phthalates

Karst aquifers

Logistic regression model

This study investigates the occurrence of six phthalates and distribution of the three most-detected
phthalates in the karst region of northern Puerto Rico (KRNPR) using data from historical records and
current field measurements. Statistical data analyses, including ANOVA, Chi-Square, and logistic
regression models are used to examine the major factors affecting the presence and concentrations of
phthalates in the KRNPR. The most detected phthalates include DEHP, DBP, and DEP. At least one
phthalate specie is detected above DL in 7% of the samples and 24% of the sampling sites. Concentrations
of total phthalates average 5.08 + 1.37 ug L™, and range from 0.093 to 58.4 ugL~'. The analysis shows
extensive spatial and temporal presence of phthalates resulting from dispersed phthalate sources
throughout the karst aquifers. Hydrogeological factors are significantly more important in predicting the
presence and concentrations of phthalates in eogenetic karst aquifers than anthropogenic factors. Among
the hydrogeological factors, time of detection and hydraulic conductivities larger than 300 md~" are the
most influential factors. Persistent presence through time reflects continuous sources of phthalates
entering the aquifers and a high capacity of the karst aquifers to store and slowly release contaminants
for long periods of time. The influence of hydraulic conductivity reveals the importance of contaminant
fate and transport mechanisms from contamination sources. This study improves the understanding of
factors affecting the spatial variability and fate of phthalates in karst aquifers, and allows us to better
predict their occurrence based on these factors.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

to plastics (Stanley et al., 2003; Godwin, 2010). DEHP is among the
most frequently used plasticizers in the market (Stanley et al.,

Phthalate acid esters, also known as phthalates, are widely used
in many consumer products (U.S. EPA, 2012; Zota et al., 2014). High
molecular weight phthalates, such as Di-(2-ethyl hexyl) phthalate
(DEHP), butyl benzyl phthalate (BBP), and di-n-octyl phthalate
(DnOP), are used as plasticizers to impart flexibility and durability
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2003), and is commonly used in flooring tiles, hoses, paint lac-
quers, medical devices and materials, shoes, food and beverage
packaging, and wiring cables (Godwin, 2010). Low molecular
weight phthalates, such as di-n-butyl phthalate (DBP), di-ethyl
phthalate (DEP) and di-methyl phthalate (DMP), are commonly
used as solvents in many consumer products and pharmaceuticals
(Stanley et al., 2003) to help solubilize necessary ingredients or in
application of the product (Godwin, 2010). They are commonly
used in cosmetics creams, fragrances, candles and shampoos,
among other uses. Because phthalates are not chemically bound to
plastics (Navarro et al, 2010) and other phthalate-containing
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products, they can be released in the environment. Exposure to
phthalates may occur by ingestion, inhalation and dermal expo-
sure, and could pose a serious threat to human health (Latini, 2005;
Schettler, 2006; Wittassek et al., 2011).

The toxicity of phthalates depends on the chemical structure,
time of exposure and life stage (Howdeshell et al., 2008), and may
include endocrine disruption (Ponzo and Silvia, 2013), male
reproductive system malformation, and developmental impair-
ment (Gray et al., 2000; Lyche et al., 2009; Braun et al., 2013).
Because of their toxicity, prevalence in the environment, wide-
spread use, and potential human exposure, phthalates are of
particular concern. The US Environmental Protection Agency (U.S.
EPA) includes 6 phthalates as priority pollutants for the current
management plan: DEHP, BBP, DBP, DnOP, DEP, and DMP (U.S. EPA,
2012). Therefore, it is imperative to document the concentration
distributions of phthalates, evaluate occurrence patterns, and
examine factors controlling the presence of phthalate in the
environment.

Widespread use and the relatively long residence times result in
ubiquitous presence and long-term potential exposure of phtha-
lates in aquatic systems. Presence of phthalates in water systems
has been reported worldwide, both in rural and urban surface
waters (Hashizume et al, 2002; Wang et al, 2008;
Sirivithayapakorn and Thuyviang, 2010; He et al., 2013; Sun et al,,
2013; Dominguez-Morueco et al., 2014; Zheng et al., 2014). Fewer
studies have reported their presence in ground water. Liu et al.
(2010) reported DEHP and total phthalate concentrations of
0.1 pgL~'and 6.35 pg L1, respectively, in wells impacted by landfill
leachate in Wuhan, China. Sorensen et al. (2015) reported DEHP
(dry season: 22 ugL~'; wet season: 5pugL~") and total phthalate
(dry: 45 pgL~1; wet: 51 ugL™") concentrations in urban ground-
water in Africa. Huang et al. (2012) and Zhang et al. (2009) reported
presence of multiple phthalates in different areas of China, with
total phthalate concentrations ranging from no detection to
6.7 ug L~ L. DEHP and DBP were the most detected phthalates, and
their source was mostly attributed to surface water.

Extensive use of phthalates results in spatially-widespread
sources that are difficult to identify. Although the presence of
phthalates may be related to land use patterns, their detection and
concentrations in groundwater are also influenced by system
characteristics. A spatial study of measured detection and con-
centrations provides insight into sources of contamination, extent
and severity of contamination, and system vulnerability to
contamination. It is, therefore, important to understand the his-
torical and spatial patterns of phthalates in aquifers.

Because of the high potential for contamination, it is particularly
important to assess phthalate contamination in eogenetic karst
aquifers. These aquifers are formed by dissolution of carbonate
rocks and characterized by the presence of conduits in rock
matrices having high primary porosity and permeability. They are
found throughout the world in islands, such as Barbados, Guam and
Puerto Rico, and continental settings (Anaya et al., 2014). Strong
connections between surface and subsurface features associated
with sinkholes, sinking streams, caves, conduits, springs, and highly
transmissive zones provide for direct recharge into karst aquifers.
These characteristics make groundwater systems in karst areas
highly productive and important freshwater resources for human
consumption and ecological integrity of streams, wetlands, and
coastal zones. These same characteristics facilitate entry of pollut-
ants and make karst aquifers highly susceptible to contamination.

Groundwater contamination in Puerto Rico has indeed become
a major problem affecting the management of water resources of
the island, and has resulted in a significant decrease of groundwater
use as a public drinking water source since 2005 (Molina-Rivera
and Gomez-Gomez, 2008). Padilla et al. (2011) reported potential

high risk of phthalate exposure due to groundwater contamination,
particularly in the northern karst region. Cantonwine et al. (2014)
documented prevalent detectable concentrations of phthalate
metabolites among pregnant women in northern Puerto Rico.
Presence of phthalate metabolites in pregnant women have pre-
viously been related to high rates of preterm birth (Meeker et al.,
2009a, 2009b), and are suspected contributors to the high pre-
term birth in Puerto Rico (Cordero et al., 2012).

In this study, we assess the occurrence of phthalates in karst
aquifers of northern Puerto Rico, explore the spatial distribution
patterns of their concentrations, and evaluate factors affecting the
spatial variability of phthalate detections and concentrations. It is
hypothesized that: (i) widespread use of phthalates and their
relative easy entry into karst subsurface environments fosters
extensive distribution of these contaminants in karst aquifers of
eogenetic character; and (ii) presence and concentration distribu-
tions of phthalates in karst groundwater are associated with
hydrogeological characteristics, land use, and potential sources of
contamination. This study, which is the first to evaluate phthalate
detections and concentrations in eogenetic karst aquifers, improves
our understanding of the factors affecting spatial variability and
fate of phthalates in karst aquifers. It further advances our ability to
predict the occurrence of phthalates in these aquifer, and provide
tools to study possible link between phthalate contamination in
groundwater and potential health impacts.

2. Site description

The island of Puerto Rico (PR) is located in Caribbean (Fig. 1). It
has a relatively warm and humid climate with average monthly
temperatures ranging from 19.4 to 29.6 'C and an average annual
precipitation of 1700 mm. The full year can be generally categorized
as having two seasonal periods based on the amount of monthly
rainfall: the wet (May through November) and dry (December
through April) seasons (Cherry, 2001; Yu et al., 2015).

The karst region of northern Puerto Rico (KRNPR; Fig. 1) covers
19% of the island and contains two of the most extensive and
productive freshwater aquifers in PR (Lugo et al., 2001). It contains
three major hydrogeological units (Fig. 1): an upper aquifer system,
a lower aquifer, and a confining unit that separates most of the
upper and lower aquifer systems (Renken et al., 2002). The upper
aquifer system is mostly unconfined and linked to the surface
throughout most of its outcrop area. The lower aquifer is confined
toward the coastal zone and outcrops to the south of the upper
aquifer, where it is recharged. Outcrop areas are much more
vulnerable to contamination due to direct interaction with the
surface (Padilla et al., 2015). A direct connection between the upper
and lower aquifer exists along the outcrop of the confining unit,
allowing groundwater flow from the unconfined parts of the lower
aquifer into the upper aquifer (Torres-Gonzdlez et al., 1996).
Groundwater flows regionally toward the north, and locally to
surface streams and wetlands (Renken et al., 2002). The five major
streams flowing through the KRNPR study area (Fig. 1) are hy-
draulically connected to the aquifer systems (Torres-Gonzalez et al.,
1996; Cherry, 2001). Stream density over this region is lower than
the rest of the island (Fig. 1) due to the large subsurface drainage
capacity of the karst and high number of sinking streams.

Sinkholes, which may serve as direct input of water and con-
taminants into the subsurface, are widespread in KRNPR. The
density distribution of sinkholes varies spatially (Fig. 2), with the
highest density generally associated with the outcrop of the upper
aquifer. The KRNPR aquifers are characterized by highly variable
hydraulic conductivities ranging from less than 30 to greater than
300md-! (Renken et al., 2002, Fig. 2).

High aquifer productivity and water availability in KRNPR,
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among other reasons, prompted the settlement of many pharma-
ceutical, chemical, and manufacturing industries, with subsequent
growth in population and urban development. It also fostered the
development of agricultural activity. About 14% (532,350) of the
island population live within the study area, which includes the
municipalities of Arecibo, Barceloneta, Florida, Manati, Vega Baja,
Vega Alta, Dorado, and Toa Baja (Fig. 1). Major land uses in the re-
gion (Fig. S1) include natural land (67%), developed land (18%),
waters (9%), and agriculture (6%). Developed lands incorporate 62%
residential, 5% industrial, and 33% construction and other uses.
Many of the settled industries have relied on the use of hazardous
materials, which can enter the karst groundwater from accidental
spills and deliberate disposals. Population and associated urban
growth brought construction of unlined municipal landfills and
clandestine waste disposal sites. Many of the clandestine sites have
been developed in sinkhole depressions, which serve as a direct
route of contaminants into the underlying karst formations. The
unintended consequence of the industrial and urban development
has therefore been an extensive contamination of the groundwater
resources in the northern karst system. The degradation of this
important resource has subsequently resulted in a reduction of the
extraction capacity and an increase of the environmental cost of
water use (Padilla et al., 2011).

The high potential for contamination in the KRNPR is reflected
in a high density of Resource Conservation and Recovery Act (RCRA)
and Superfund sites in the region. RCRA sites are active facilities
that manage solid and/or hazardous waste. Superfund sites are
highly contaminated sites that pose significant risk to the popula-
tion and the environment. At this time, the KRNPR contains 291

RCRA sites (U.S. EPA, 2015a) in the area. Serious contamination with
toxic chemicals has prompted inclusion of 12 superfund and 15
RCRA Corrective Action (RCRA-CA) sites in KRNPR (Fig. 1) (Padilla
et al., 2011; Irizarry, 2014; Yu et al., 2015), making the study area
one with the highest densities of Superfund sites in the nation
(Irizarry, 2014). Eight of the Superfund sites are active, but the
others could have contributed to contamination at the system level.
Four of the sites (Barceloneta Landfill (1), Pesticide Warehouse III
(2), Scorpio Recycling (3), and Vega Baja Solid Waste Disposal (4))
have reported phthalate contamination (Fig. 1), mostly with DBP
and DEHP, although BBP, DNOP, and DEP have also been reported at
the Vega Baja Solid Waste Disposal (Padilla et al., 2011; Irizarry,
2014; U.S. EPA, 2015b; Yu et al., 2015).

3. Methods
3.1. Data collection

Phthalate data were collected from both historical records and
our own field sampling campaign. Historical records were obtained
from various sources, including the U.S. Geological Survey (USGS),
U.S. EPA, and Puerto Rico Department of Health (PRDOH) (Padilla
et al., 2011; Irizarry, 2014; Yu et al., 2015). Although not all sam-
ples (n=1803) were analyzed for all these phthalates, the data
records show analyses for DEP, DBP, DEHP, BBP, DMP and DNOP. The
historical survey sites include 197 well sites and 4 spring sites, with
data ranging from 1981 to 2013.

Our own field sampling campaign involved collecting 201
samples in 4 springs and 17 wells (Fig. 1), and analyzing for DEP,
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distribution in the study area (adapted from Renken et al., 2002).

DBP, and DEHP. The sampling sites were selected based on prox-
imity to potential contamination sources, accessibility, and spatial
representation (Irizarry, 2014). Samples and duplicates at each site
were collected in the spring and fall of each year, from 2011 through
2013. The analysis of collected samples and blanks followed
modified procedures of U.S. EPA methods 3510C and 8270D (Cotto,
2015; Table S1). Limitations from these procedures are provided in
Table S2. Detection limits were set at the instrument detection limit
(IDL), which was assumed as the lowest point in the calibration
curve that the instrument measures. Generally, the IDL for phtha-
lates was 1 pgL~L

Ancillary data, including hydrogeological and topographic
characteristics, groundwater quality, population information, land
use, and potential sources of contamination were collected for our
analyses. Population data was obtained from the City Population
Website (City Population, 2016). Land elevation, land use, and hy-
drogeology were obtained from Giusti (1978), Renken et al. (2002),
USGS (2008), and Kwast et al. (2011). Seasonal variations were
based on the historical rainfall patterns reported by Cherry (2001).
Potential sources of contamination included Superfund, RCRA-CA,
and land(fill sites (Irizarry, 2014; U.S. EPA, 2015a, 2015b). Phtha-
late data was compiled into a central database for the Puerto Rico
Testsite for Exploring Contamination Threats (PROTECT) Center in
Northeastern University for current and future studies (Cordero
et al,, 2012).

The high diversity of data sources used in this study strength-
ened the analysis by increasing the number of data points. Because
various agencies and institutions collected the data for different
objectives, the sampling frequencies varied. This resulted in an
uneven distribution of data in space and time, and uneven total
numbers of samples (n) analyzed for the different target

contaminants and water quality parameters: DBP (n=295), BBP
(n=89), DEHP (n = 1995), DEP (n = 302), DMP (n = 96), and DNOP
(n=102).

3.2. Data analysis

For the analysis, detections of phthalate concentrations were
grouped into four levels: not detected (ND), detected but below DL,
above DL and below maximum contaminant level (MCL) for DEHP,
and above MCL for DEHP. The MCL for DEHP in drinking water is
6ug L' (US. EPA, 1995). MCL values for other phthalates have not
been established by the U.S. EPA. DLs varied due to differences in
data sources, equipment used, phthalates species, and analysis
protocols and ranged from 0.03 to 22 ug L~!. We used the DLs re-
ported in the data, for both the historical data sets and our own
field data.

Principal factors affecting the variability of phthalate distri-
bution were analyzed from two perspectives: hydrogeological
factors (time, hydraulic conductivity, elevation, sinkhole density,
aquifer system, and seasonality), and anthropogenic (population,
land use, and potential sources of contamination). Hydraulic
conductivity distributions and sinkhole density (Fig. 2) were used
to estimate values at each sampling site. Correlation with phtha-
late distributions were based on categorical analysis for hydraulic
conductivities (<30, 30—300, and >300md~1), sinkhole density
(<1, 1-10, 1120, and >21%), population (increments of 25,000
persons), population density (increments of 300 persons per
km?), and topographical elevation (increments of 50 m). Season-
ality analysis was based on the time of sample collection in
relation to historically wet and dry seasons. The effect of land use
on phthalate contamination was evaluated by extracting the major
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land use within a 1.6-km radius buffer at each sampling site using
ArcMap 10.4. The information was extracted from a 2010 land use
map (Kwast et al., 2011) with respect to 4 categories: water
coverage, natural, developed, and agriculture. We also applied a
proximity analysis to known potential sources of contamination,
including Superfund sites, RCRA-CA sites, and landfills. The
proximity analysis involved creating 1.6, 3.2, 4.8, 6.4, and 8-km
radius buffers around each potential source of contamination,
and calculating the number and percent detection of phthalates
downstream of the site for each radius buffer along distance in-
tervals of 1.6 km.

For spatial analysis, we applied Inverse Distance Weighting
(IDW) method of interpolation using the Spatial Analyst Tool in the
software ArcMap 10.4. Average concentrations at each site were
used to perform the spatial interpolation analysis. They were
calculated using all concentrations above DL for each well/spring
site having at least one detection for the period of analysis. Samples
having concentrations below detection limit were considered as
ND, and were not included in the average calculations. Wells and
springs having ND throughout the entire analysis period were
considered to have zero concentration. The IDW method was
applied for sites located in the upper aquifer and lower aquifer
separately. The southern and northern physical boundaries were
integrated as zero concentration data points because the aquifers
do not extend beyond these limits. The coastal line was delineated
as the northern boundary. The southern boundary was delineated
as the southern limit of the lower aquifer outcrop (i.e., contact
between volcanoclastic/rock and the limestone lower aquifer;
Fig. 1).

Multiple statistical methods were applied to examine phthalate
detection and concentration distributions, and assess principal
factors influencing their distributions. DEHP was used as the main
phthalate species to perform temporal and statistical analysis of
phthalate detections and concentrations because of its dominant
presence. The statistical analyses were conducted using Minitab (v.
17, Minitab, State College, PA). We used simple statistics (mean,
confidence intervals, min and max), Pearson Correlation, and fre-
quency quantile analysis to evaluate trends in the data. One-way
Analysis of Variance (ANOVA) and Chi-Square tests were used to
test the statistical differences between the mean concentrations
and detections of the different phthalates being analyzed,
respectively, using an alpha («) of 0.05 to test significance. Mul-
tiple logistic regression models were applied to assess the asso-
ciation between multiple hydrogeological and anthropogenic
factors and the detection of phthalates. A logistic regression model
of the form

logit[p(x)] = log [%} =a+ Y bixi
i=0

was applied to assess the influence of multiple independent vari-
ables including aquifer type, sinkholes density, hydraulic conduc-
tivity, seasonality, elevation, population, land use, distance from
potential contamination sites, number of potential contaminated
sites per municipality, and time, on predicting the presence of
phthalates (dependent variable). The influence was tested among:
individual categories within each variable; all hydrogeological
variables; all anthropogenic variables; and all variables. In this
model, “p” is the probability of detection, “a” is the constant of the
equation and “b;” represents the coefficients associated with each
of the predictor variables “x;” (Burns and Burns, 2009). We defined
a site with no phthalate detection as ND (0) and a site with at least
one detection above DLs as detected (1).

4. Results
4.1. Phthalate detection frequencies

Among the sampled phthalates (DBP, BBP, DEHP, DEP, DMP and
DNOP), only DBP, DEHP, DEP, and DNOP were detected above DLs, as
single entities and mixtures. BBP and DMP were only reported at
concentrations below DLs. The most detected phthalate was DEHP,
which was present in 61% of the samples that were analyzed for
DEHP, 4% above DL and 1% above MCL. The least detected phthalate
was DEP, which was detected in only 29% of the samples that were
analyzed for DEP, with 9% above DL. Although DNOP was detected
in about 38% of the samples analyzed for DNOP, only 1% showed a
concentration above DL. Overall, 35% of the total samples showed
no phthalates detection, 58% were below DL, 7% above DL and less
than 1% above MCL. Out of 197 total sampling sites, at least one type
of phthalates was present in 92% of the sites, although only 24%
showed detection above DL. DEHP was the most commonly found
phthalate, with 89% of the sites sampled for DEHP showing
detection (4% above the MCL). Approximately 20% of the sites
showed concentration above DLs for DEP, DBP, and DEHP. For
phthalate concentrations above DL, 19% of sites sampled for DEP,
DBP, and DEHP contained mixtures having two or more phthalates
species. The most dominant mixture contained DEP, DBP, and DEHP
(60% of the mixtures), followed by DEP-DEHP (20%), DBP-DEHP
(13%), and DEP-DBP (7%). DEHP was found in 93% of all mixtures.

Of the total 2004 phthalate samples, 1561 and 443 were taken in
the shallow and lower aquifers, respectively. Of these, 7% of the
samples in the upper aquifer and 6% in the lower aquifer showed
phthalate concentrations above DLs. All of the detections in the
lower aquifer (100%) were for DEHP, whereas detections in the
upper aquifer showed DEHP (49%), DBP (46%), DEP (26%), and DNOP
(<1%) as single or multiple phthalate entities.

4.2. Phthalate concentrations

In general, phthalate contamination was frequent at low con-
centrations, with a high percentage below DLs. Because the un-
certainty on concentration levels below DLs (as many records do
not report concentrations below DLs), the statistical analysis was
conducted on samples and sites with values above DLs. All other
values were assumed as no detection.

Analysis of the detected phthalates showed that DEP, DBP and
DEHP were the dominant phthalates present in the groundwater of
the KRNPR. Mean concentrations for all samples above DL were
576 +2.6ugL™" for DEP, 416+195ugL™! for DBP, and
4.02 + 1.54 ug L' for DEHP (Fig. 3a). Total phthalate concentrations
(sum of the three most-detected phthalates above DLs) averaged
5.08+1.37 pgL ! and ranged from 0.093 to 58.4 pgL . Concen-
tration means for the most-detected phthalates (DEHP, DEP, DBP)
were not found to be statistically different (p=0.511) from each
other. Cumulative quantile plots (Fig. 3b) for phthalates with con-
centrations above DL showed that the majority of the concentra-
tions were in the low range, with DEP and DEHP showing higher
concentration ranges. DEHP showed the highest concentration
range with a highly skewed distribution toward low concentra-
tions, yielding a median of 1.0 pg L~! and a significant number (15%
of all samples above DL) of samples with high-concentrations
outliers (Fig. 3a and b). DBP showed the lowest concentration
range, with some skewness toward low concentrations, but a
higher median (3.5 pgL™!) than DEHP and DEP (Fig. 3a and b).

4.3. Spatial and temporal phthalate occurrences

The sampling frequencies varied significantly over time due to
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differences in sampling objectives of the various data sources.
Driven by regulatory requirements, sampling frequency increased
for DEHP in water supply wells after 1995. Sampling frequencies for
DEP and DBP were limited before 2010, when we began our sam-
pling campaign, due to lack of monitoring requirements by regu-
latory stakeholders. Overall, DEHP concentrations and detection
above DL have increased through time, although at a variable rate
(Fig. 4a). Maximum detected concentrations of phthalates have also
shown to increase over time.

Concentration distributions for the most detected phthalates
and total phthalates varied spatially, and showed particular hot-
spots (areas with higher probability of phthalate detections and
concentrations) in the upper aquifer of the Arecibo-Barceloneta
and Vega Alta-Dorado areas (Fig. 5). The lower aquifer showed
fewer hot-spot areas, mostly in the Arecibo-Barceloneta area. The
highest percent detection frequency (df) occurred in the western
side of the study area, including the municipalities of Barceloneta
(df =6.0%), Arecibo (df =5.2%), and Florida (df =4.9%), followed
by Toa Baja (df=4.5%), Dorado (df=3.7%), and Vega Alta
(df = 2.8%) on the eastern side. Manati (df = 2.51%) and Vega Baja
(df =0.91%), in the central region of the study area, showed the
lowest detection frequencies. The highest DEHP concentrations
were found in the municipalities of Manati (45.9 ug L"), Arecibo
(23.7 pg L~1), and Barceloneta (19.8 ug L!) on the western side of
the study area, although Dorado (179pgL~!) and Toa Baja
(15.0ugL™") on the eastern side also showed concentrations
above MCL.
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4.4. Hydrogeology and anthropogenic effects

DEHP detections and concentrations were slightly higher for the
upper aquifer (7%, 4.81+2pgL~', n=53) than the lower aquifer
(6%, 2.45 +2.79 pg L=, n=27). Detection frequencies were signifi-
cantly different (p = 0.0104), but mean concentrations between the
groups were not (p =0.176). The upper aquifer showed a higher
number of samples with high concentrations (Fig. 6a) and a wider
range of concentrations. DEHP concentrations in springs
(16.46 +59 gL, n=5) of the upper aquifer were significantly
higher than those in wells (3.19 + 1.52 ug L1, n = 75, p < 0.0005). In
general, higher relative percent of DEHP detection was observed in
regions with higher hydraulic conductivities (K) (12.3% of detection
for K higher than 300 m d~, compared to 2.8% and 2.7% for K less
than 30 and from 30 to 300 md~, respectively) and higher sink-
hole coverage (6.9% for sinkhole coverage higher than 21% of the
area, compared to 2.1%, 4.4% and 5.5% for sinkhole coverage area
less than 1%, from 1 to 10% and from 11 to 20%, respectively). Higher
concentration distributions were, however, observed for regions of
lower hydraulic conductivities and sinkhole coverage (Fig. 6b and
c). The detection of DEHP was not significantly different (p =
0.0663) for the different groups of sinkhole coverage, but signifi-
cantly different for the different groups of hydraulic conductivities
(p<0.0001). Topographic elevations were initially postulated to
affect the number of detections and concentrations of phthalates
because of the higher number of potential sources of contamination
and greater capture areas of contaminated groundwater at the
downstream areas of lower elevations. Results showed higher
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Fig. 4. (a) Temporal distribution of phthalate concentrations, (b) Plot of phthalate concentrations vs elevation.
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number of phthalate detections and concentrations at lower
elevation ranges (Fig. 4b), but significant difference was only
observed for DEHP detection frequencies (p < 0.0001), and not for
concentration distribution (p = 0.482) among the different eleva-
tion categories. Although DEHP detection frequency and average
concentrations were slightly higher in dry seasons (df=4.10%;
499+25ugl™!, n=34) than in wet seasons (df=3.95%;
3.30+215pgL"!, n=46), they showed no significant difference
between wet and dry samples. While this was true even for the
lower DEHP concentration range, the lag between quantile curves
for wet and dry seasons (Fig. 6d) increased for higher DEHP con-
centrations, suggesting strong sensitivity of measured concentra-
tions to changes in hydrologic seasonality.

4.4.1. Population and land use

DEHP average concentrations were not statistically correlated
with population variables: population (r = 0.082, p = 0.469), pop-
ulation density (r=0.103, p = 0.360), nor population categories
(p = 0.396). Similarly, DEHP detection frequencies showed no
correlation with these population variables. No significant differ-
ences were observed for DEHP detection frequencies (p = 0.471)
among land use categories (agricultural df = 4.5%, natural df = 4.4%,
industrial df=2.7%, residential df=2.4%, and other developed
df =2.2%). Pearson Correlation tests showed no significant corre-
lation between DEHP concentration and industrial (r = —0.017, p =
0.88), residential (r = —0.175, p = 0.121), agricultural (r =0.073,p =
0.522), or natural (r = —0.092, p = 0.417) land use patterns.

4.4.2. Potential source site impacts

Proximity analysis showed that highest DEHP detection fre-
quencies downstream of potential contamination sites occur be-
tween 0 and 1.6 km from RCRA-CA sites, superfund with phthalates,
and landfills and between 1.6 and 3.2 km from all Superfund sites.
DEHP detection frequencies were significantly different for dis-
tance intervals from RCRA-CA sites (p < 0.0005) and landfills (p =
0.02), but not for Superfund (p = 0.366). DEHP concentrations
showed a tendency to decrease with distance from Superfunds,
RCRA-CA sites, and landfills, although they were not significantly
different at the different distance intervals.

4.5. Multidimensional factors impact

Among hydrogeological factors, time, elevation, hydraulic con-
ductivities greater than 30 m d ', and sinkhole density greater than
11% significantly influenced the presence of DEHP in karst
groundwater when these factors were tested within each individ-
ual category. Rainfall seasonality, low hydraulic conductivities, and
low sinkhole densities were not significant predictors of DEHP
presence above DL. When tested among all hydrogeological vari-
ables, only time (p = 0.008) and hydraulic conductivities greater
than 300md~! (p <0.0005) were significant predictors of detec-
tion frequencies. None of the anthropogenic factors evaluated
within or among population, land use, and distance to potential
contaminated site categories were significant in predicting the
presence of DEHP. When evaluating the combination of hydro-
geological and anthropogenic factors, the logistic model indicated
that time (p = 0.02) and high hydraulic conductivities (p = 0.008)
were the statistically significant variables in predicting the detec-
tion frequencies for DEHP.

5. Discussion
Our results show that phthalates are prevalent in karst

groundwater of eogenetic character, and indicate high vulnerability
of karst to contamination with these types of pollutants. Average

phthalate concentrations (e.g. DEHP: 4.02+1.54pgL~), total
phthalate: 5.08 + 1.37 ug L~') and maximum DEHP concentrations
(e.g., DEHP=459pugL"!, total phthalate=584pgL™!) in the
KRNPR are among the highest reported in groundwater, even for
sites impacted by landfills and urban development (Liu et al., 2010;
Sorensen et al., 2015). This suggest easy entry and transport pro-
cesses that favor persistence of phthalates in the karst system. A
significant number of samples (19%) show the presence of phtha-
late mixtures, suggesting that the sources of contaminations for the
different species of phthalates are similar.

The presence of phthalates in 24% of sampled sites is relatively
high and their widespread spatial concentration distribution show
extensive contamination throughout the karst system (Fig. 5). The
widespread distribution suggests that the sources of phthalates are
spatially disperse, from multiple sources and difficult to delineate.
High concentration hotspots are located among the most produc-
tive groundwater zones of the region (Irizarry, 2014; Padilla et al.,
2015; Yu et al,, 2015), increasing the potential for contaminant
exposure. The locations of these hotspots are associated with po-
tential sources of contamination and influenced by hydrogeological
factors.

Hydrogeological factors affect the rate at which phthalate con-
taminants enter, move, and are attenuated and stored in the sys-
tem, hence affecting their detection, concentrations and
distributions. Higher detection frequencies of DEHP in the upper
aquifer than the lower aquifer is attributed to the larger outcrop
area of this aquifer for phthalate to enter the aquifer. Similar DEHP
concentration in the upper and lower aquifers suggest comparable
types of sources. The higher concentrations in springs, which serve
as discharge outlets of internal drainage features in karst systems,
reflect the capacity of these features to collect and transmit con-
taminants toward focal discharge points. Similar to the study by
Sorensen et al. (2015), higher DEHP detection frequencies and
concentrations in dry seasons than in wet seasons (Fig. 6d) indicate
that dilution processes from aquifer recharge during the wet season
play a greater role than the additional mass load from runoff of
non-point phthalate sources (Sun et al., 2013). Higher presence of
phthalates in regions of higher hydraulic conductivities is attrib-
uted to higher capacity of the system to transport anthropogenic
contaminants in the subsurface, whereas the influence of high
sinkhole coverage is associated with areas of direct contaminant
input and high drainage capabilities. Phthalate concentrations are
slightly higher in regions of low hydraulic conductivity and sink-
hole coverage, reflecting higher storage capacity and lower diluting
flow through these regions. Similar detection frequencies and
concentrations at different elevation ranges suggest that the effect
of locally distributed phthalate sources may influence phthalate
distributions to a greater extent than cumulative transport from
higher to lower elevations.

Anthropogenic factors address the influence of potential sources
of contamination on the presence of phthalates. Population and
land use factors do not significantly influence the detection fre-
quencies and concentrations of DEHP. The relative lack of influence
from population and land use is attributed to the higher effect
posed by hydrogeological factors. Other studies (Zhang et al., 2009;
Huang et al., 2012) have also reported that hydrogeological factor,
such as strong hydraulic connection between groundwater and
surface water, are more important in predicting the presence and
concentrations of phthalates in groundwater than population and
land use. Proximity analysis to localized potential sources suggest
greater likelihood of finding phthalates more frequently near
RCRA-CA and landfill sites and, similar to Liu et al. (2010), a po-
tential significant contribution of landfills to phthalate contami-
nation. Although the presence of phthalates may be associated with
some particular superfund sites (Fig. S2), in general there is no



306 N.I Torres et al. / Environmental Pollution 237 (2018) 298—307

significant different in DEHP detection frequencies and concen-
trations as a function of distance from Superfund sites. It is,
therefore, considered that superfund sites contribute to phthalate
contamination at about the same level than other widespread
sources.

Logistic modeling of multiple explanatory variables indicates
that hydrogeological factors are significantly more important in
predicting the detection of phthalates in karst aquifers of eogenetic
character. Of these, time of detection and high hydraulic conduc-
tivities (>300md~!) are the most influential factors. The signifi-
cance of time as a variable is attributed to high and increasing
detection frequencies through time. Significant detection in regions
of high hydraulic conductivity denotes the importance of contam-
inant transport from sources of contamination to potential points of
exposure.

6. Conclusions

Analysis of phthalate presence and concentrations in the karst
aquifers of northern Puerto Rico indicate that there is extensive
spatial and temporal contamination of phthalates as single entities
or as mixtures in the area of study. Results show that at least one
type of phthalate is present above DLs in 7% of the samples and 24%
of the sampling sites during the study period. The most detected
contaminant, DEHP, is present in both upper and lower aquifers.
Widespread spatial detections indicate that these widely-used
contaminants enter the aquifer system as dispersed sources that
are difficult to isolate and delineate. Population and land use do not
show to influence the distribution of DEHP in karst aquifers,
perhaps because of the higher impact of hydrogeological charac-
teristics on their presence. Higher presence of DEHP is observed
near landfills and some heavily contaminated sites, but data anal-
ysis and logistic regression models suggest that high phthalate
distributions in karst groundwater are more strongly associated
with hydrogeological factors, particularly time and hydraulic con-
ductivities. While higher detections frequencies are associated with
regions of high hydraulic conductivities, higher concentrations are
observed in areas of low hydraulic conductivities having lower
water flux and high storage capacity. Persistent contamination
through time reflects continuous sources of phthalates entering the
aquifer system. It also reflects the high capacity of the karst aquifers
to store and slowly release contaminants for long periods of time.
Our results indicate that the distribution of phthalates contami-
nants entering karst aquifers over dispersed sources are strongly
controlled by the same hydrogeological characteristics that make
these aquifers highly productive. As a result, karst aquifers pose
high risk of exposure to phthalate contamination.

Acknowledgements

Support of the work described is provided through Award
Number P42ES017198 from the National Institute of Environmental
Health Sciences of the National Institute of Health to the Puerto
Rico Testsite for Exploring Contamination Threats (PROTECT)
Superfund Research Program Center [Grant number P42ES017198]
and the National Science Foundation [Grant No. 1061124]. The
content is solely the responsibility of the authors and does not
necessarily represent the official views or policies of the National
Science Foundation, National Institute of Environmental Health
Sciences and the National Institute of Health. We express our
appreciation to Dr. Sarah Michele Harmon and the anonymous
reviewers for their careful and detailed reviews and insightful
comments, which helped to improve the final manuscript.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.envpol.2018.01.106.

References

Anaya, A.A., Padilla, 1., Macchiavelli, R., Vesper, D.J., Meeker, ].D., Alshawabkeh, A.N.,
2014. Estimating preferential flow in karstic aquifers using statistical mixed
models. Groundwater 52, 584—596. https://doi.org/10.1111/gwat.12084.

Braun, J.M., Sathyanarayana, S., Hauser, R., 2013. Phthalate exposure and children’s
health. Curr. Opin. Pediatr. 25, 247-254. https://doi.org/10.1097/
MOP.0b013e32835e1eb6.

Burns, R.P,, Burns, R., 2009. Chapter 24-logistic regression. In: Business Research
Methods and Statistics Using SPSS. SAGE Publications Ltd., p. 560

Cantonwine, D.E., Cordero, J.F, Rivera-Gonzdlez, L.O., Anzalota Del Toro, L.V,
Ferguson, K.K., Mukherjee, B., Calafat, AM., Crespo, N. Jiménez-Vélez, B,
Padilla, LY., Alshawabkeh, A.N., Meeker, ].D., 2014. Urinary phthalate metabolite
concentrations among pregnant women in Northern Puerto Rico: distribution,
temporal variability, and predictors. Environ. Int. 62, 1-11. https://doi.org/
10.1016/j.envint.2013.09.014.

Cherry, G.S., 2001. Simulation of Flow in the Upper North Coast Limestone Aquifer,
Manati-Vega Baja Area, Puerto Rico. U.S. Geological Survey: Water-Resources
Investigations 00-4266. San Juan, Puerto Rico.

City Population, 2016. Puerto Rico: Administrative Division. [WWW Document].
URL  https://www.citypopulation.de/php/puertorico-admin.php  (accessed
10.14.16).

Cordero, ].F,, Meeker, J.D., Sheahan, T., Padilla, I, Giese, R., Silevitch, M.B., Loch-
Caruso, R., Kaeli, D., Alshawabkeh, A.N., 2012. Case study—Puerto Rico test site
for exploring contamination threats. In: GeoCongress 2012. American Society of
Civil Engineers, Reston, VA, pp. 3553—-3562. https://doi.org/10.1061/
9780784412121.364.

Cotto, I., 2015. Monitoring Phthalates and Chlorinated Volatile Organic Compounds
in Groundwater and Tap Water. University of Puerto Rico, Mayagiiez.

Dominguez-Morueco, N., Gonzdlez-Alonso, S., Valcarcel, Y., 2014. Phthalate occur-
rence in rivers and tap water from central Spain. Sci. Total Environ. 500—-501,
139—146. https://doi.org/10.1016/j.scitotenv.2014.08.098.

Giusti, E.V., 1978. Hydrogeology of the Karst of Puerto Rico. U.S. Geological Survey
Professional Paper 1012. Washington, D.C.

Godwin, A., 2010. Uses of Phthalates and Other Plasticizers. Chronic Hazard Advi-
sory Panel (CHAP) on Phthalates, July 2010. Bethesada, Maryland.

Gray ]Jr., LE., Ostby, ]., Furr, ]., Price, M., Veeramachaneni, D.N.R., Parks, L., 2000.
Perinatal exposure to the phthalates DEHP, BBP, and DINP, but not DEP, DMP, or
DOTP, alters sexual differentiation of the male rat. Toxicol. Sci. 58, 350—365.
https://doi.org/10.1093/toxsci/58.2.350.

Hashizume, K., Nanya, J., Toda, C., Yasui, T., Nagano, H., Kojima, N., 2002. Phthalate
esters detected in various water samples and biodegradation of the phthalates
by microbes isolated from river water. Biol. Pharm. Bull. 25, 209—214. https://
doi.org/10.1248/bpb.25.209.

He, W, Qin, N., Kong, X,, Liu, W,, He, Q., Ouyang, H., Yang, C, Jiang, Y., Wang, Q.,
Yang, B., Xu, F, 2013. Spatio-temporal distributions and the ecological and
health risks of phthalate esters (PAEs) in the surface water of a large, shallow
Chinese lake. Sci. Total Environ. 461—462, 672—680. https://doi.org/10.1016/
j.scitotenv.2013.05.049.

Howdeshell, K.L, Rider, C.V., Wilson, V.S., Gray Jr., LE., 2008. Mechanisms of action
of phthalate esters, individually and in combination, to induce abnormal
reproductive development in male laboratory rats. Environ. Res. 108, 168—176.
https://doi.org/10.1016/j.envres.2008.08.009.

Huang, G., Sun, J., Chen, Z., Chen, X, Jing, J., Liy, J., Zhan, Y., 2012. Levels and sources
of phthalate esters in shallow groundwater and surface water of Dongguan city,
South China. Geochem. J. 46, 421—428.

Irizarry, C., 2014. Historical Assessment of Chlorinated Volatile Organic Compounds
(CVOCs) and Phthalates Contamination in the Northern Karst Aquifer of Puerto
Rico Using GIS. University of Puerto Rico, Mayagiiez.

Kwast, J. Van Der, Delrue, ], Bertels, L., Uljee, I, Van Looy, S., Schepens, ]J.,
Engelen, G., Gutierrez, E., Roman, G., 2011. Automatic generation of land-use
maps for a spatial decision support system for Puerto Rico. In: JURSE 2011-
Joint Urban Remote Sensing Event, pp. 433—436. https://doi.org/10.1109/
JURSE.2011.5764812.

Latini, G., 2005. Monitoring phthalate exposure in humans. Clin. Chim. Acta 361,
20—29. https://doi.org/10.1016/j.cccn.2005.05.003.

Liu, H,, Liang, Y., Zhang, D., Wang, C., Liang, H., Cai, H., 2010. Impact of MSW landfill
on the environmental contamination of phthalate esters. Waste Manag. 30,
1569—1576. https://doi.org/10.1016/j.wasman.2010.01.040.

Lugo, A.E., Miranda Castro, L., Vale, A., Lopez, T. del M., Hernandez Prieto, E., Garcia
Martind, A., Puente Rolén, A.R., Tossas, A.G., McFarlane, D.A, Miller, T,
Rodriguez, A., Lundberg, J., Thomlinson, J., Colon, J., Schellekens, ].H., Ramos, O.,
Helmer, E., 2001. Puerto Rico Karst — a Vital Resource. USDA, Gen.Tech. Report
WO-65.

Lyche, J.L, Gutleb, A.C, Bergman, A, Eriksen, G.S. Murk, AJ., Ropstad, E.,
Saunders, M., Skaare, J.U., 2009. Reproductive and developmental toxicity of
phthalates. ]. Toxicol. Environ. Heal. Part B 12, 225—249. https://doi.org/
10.1080/10937400903094091.


https://doi.org/10.1016/j.envpol.2018.01.106
https://doi.org/10.1111/gwat.12084
https://doi.org/10.1097/MOP.0b013e32835e1eb6
https://doi.org/10.1097/MOP.0b013e32835e1eb6
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref3
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref3
https://doi.org/10.1016/j.envint.2013.09.014
https://doi.org/10.1016/j.envint.2013.09.014
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref5
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref5
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref5
https://www.citypopulation.de/php/puertorico-admin.php
https://doi.org/10.1061/9780784412121.364
https://doi.org/10.1061/9780784412121.364
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref8
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref8
https://doi.org/10.1016/j.scitotenv.2014.08.098
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref10
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref10
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref11
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref11
https://doi.org/10.1093/toxsci/58.2.350
https://doi.org/10.1248/bpb.25.209
https://doi.org/10.1248/bpb.25.209
https://doi.org/10.1016/j.scitotenv.2013.05.049
https://doi.org/10.1016/j.scitotenv.2013.05.049
https://doi.org/10.1016/j.envres.2008.08.009
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref16
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref16
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref16
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref16
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref17
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref17
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref17
https://doi.org/10.1109/JURSE.2011.5764812
https://doi.org/10.1109/JURSE.2011.5764812
https://doi.org/10.1016/j.cccn.2005.05.003
https://doi.org/10.1016/j.wasman.2010.01.040
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref21
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref21
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref21
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref21
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref21
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref21
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref21
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref21
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref21
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref21
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref21
https://doi.org/10.1080/10937400903094091
https://doi.org/10.1080/10937400903094091

N.I Torres et al. / Environmental Pollution 237 (2018) 298—307 307

Meeker, ].D., Hu, H., Cantonwine, D.E., Lamadrid-Figueroa, H., Calafat, A.M.,
Ettinger, A.S., Hernandez-Avila, M., Loch-Caruso, R., Téllez-Rojo, M.M., 2009a.
Urinary phthalate metabolites in relation to preterm birth in Mexico City. En-
viron. Health Perspect. 117, 1587—1592. https://doi.org/10.1289/ehp.0800522.

Meeker, ].D., Sathyanarayana, S., Swan, S.H., 2009b. Phthalates and other additives
in plastics: human exposure and associated health outcomes. Philos. Trans. R.
Soc. Lond. B. Biol. Sci. 364, 2097—2113. https://doi.org/10.1098/rstb.2008.0268.

Molina-Rivera, W.L.,, Gomez-Gémez, F., 2008. Estimated Water Use in Puerto Rico,
2005. U.S. Geological Survey Open File Report 2008—1286.

Navarro, R., Pérez Perrino, M., Gémez Tardajo, M., Reinecke, H., 2010. Phthalate
plasticizers covalently bound to PVC: plasticization with suppressed migration.
Macromolecules 43, 2377—2381. https://doi.org/10.1021/ma902740t.

Padilla, LY., Rivera, V.L, Irizarry, C., 2015. Spatiotemporal response of CVOC
contamination and remedial actions in eogenetic karst aquifers. In: Proceedings
of the 14th Multidisciplinary Conference on Sinkholes and the Engineering and
Environmental Impacts of Karst, pp. 337—345. October 5-9, 2015. Rochester,
Minnesota.

Padilla, I, Irrizarry, C., Steele, K., 2011. Historical contamination of groundwater
resources in the North Coast Karst aquifer of Puerto Rico. Dimension 25, 7—12.

Ponzo, 0., Silvia, C., 2013. Evidence of reproductive disruption associated with
neuroendocrine changes induced by UV-B filters, phtalates and nonylphenol
during sexual maturation in rats of both gender. Toxicology 311, 41-51. https://
doi.org/10.1016/j.tox.2013.05.014.

Renken, R.A., Ward, W.C,, Gill, L.P., Gomez-Gomez, F.,, Rodriguez-Martinez, J., 2002.
Geology and Hydrogeology of the Caribbean Islands Aquifer System of the
Commonwealth of Puerto Rico and the U.S. Virgin Islands Geology and Hy-
drogeology of the Caribbean Islands Aquifer System of the Commonwealth of
Puerto Rico and the U.S. Virgin Islands. U.S. Geological Survey: Profesional Paper
1419. Reston, Virginia.

Schettler, T., 2006. Human exposure to phthalates via consumer products. Int. J.
Androl. 29, 134—-139. https://doi.org/10.1111/j.1365-2605.2005.00567.x.

Sirivithayapakorn, S., Thuyviang, K., 2010. Dispersion and ecological risk assessment
of Di (2-Ethylhexyl) Phthalate (DEHP) in the surface waters of Thailand. Bull.
Environ. Contam. Toxicol. 84, 503—506. https://doi.org/10.1007/s00128-010-
9980-5.

Sorensen, ].P.R,, Lapworth, D J., Nkhuwa, D.C.W.,, Stuart, M.E., Gooddy, D.C,, Bell, RA,,
Chirwa, M., Kabika, J., Liemisa, M., Chibesa, M., Pedley, S., 2015. Emerging
contaminants in urban groundwater sources in Africa. Water Res. 72, 51—63.
https://doi.org/10.1016/j.watres.2014.08.002.

Stanley, M.K., Robillard, K.A., Staples, C.A., 2003. Series Anthropogenic Compounds,
Phthalate Esters, the Handbook of Environmental Chemistry. Springer Berlin

Heidelberg, Berlin, Heidelberg. https://doi.org/10.1007/b11472.

Sun, J., Huang, J., Zhang, A., Liu, W., Cheng, W., 2013. Occurrence of phthalate esters
in sediments in Qiantang River, China and inference with urbanization and river
flow regime. J. Hazard Mater. 248—249, 142—149. https://doi.org/10.1016/
jjhazmat.2012.12.057.

Torres-Gonzalez, S., Planert, M., Rodriguez, ].M., 1996. Hydrogeology and Simulation
of Ground-Water Flow in the Upper Aquifer of the Rio Camuy to Rio Grande de
Manati Area, Puerto Rico. U.S. Geological Survey: Water-Resources In-
vestigations Report 95-4286. San Juan, Puerto Rico.

US. EPA, 2015a. US. EPA Envirofacts [WWW Document]. https://www.epa.gov/
enviro/topic-searches#waste. (Accessed 15 December 2015).

U.S. EPA, 2015b. Superfund Site Information [WWW Document]. http://cumulis.epa.
gov/supercpad/Cursites/srchsites.cfm. (Accessed 15 December 2015).

U.S. EPA, 2012. Phthalates Action Plan [WWW Document]. https://www.epa.gov/
assessing-and-managing-chemicals-under-tsca/phthalates-0.  (Accessed 24
April 2014).

U.S. EPA, 1995. National Primary Drinking Water Regulations: Phthalate, di(2-
ethylhexyl). Technical Version: EPA 811-F-95—-9003 y-T.

U.S. Geological Survey (USGS), 2008. NWIS Water Quality Samples for Puerto Rico,
[WWW Document]. http://nwis.waterdata.usgs.gov/pr/nwis/qwdata. (Accessed
10 January 2010).

Wang, F, Xia, X., Sha, Y., 2008. Distribution of phthalic acid esters in Wuhan section
of the Yangtze river, China. J. Hazard Mater. 154, 317—324. https://doi.org/
10.1016/j.jhazmat.2007.10.028.

Wittassek, M., Martin Koch, H., Angerer, ]., Briining, T., 2011. Assessing exposure to
phthalates - the human biomonitoring approach. Mol. Nutr. Food Res. 55, 7—31.
https://doi.org/10.1002/mnfr.201000121.

Yu, X., Ghasemizadeh, R., Padilla, I, Irizarry, C., Kaeli, D., Alshawabkeh, A., 2015.
Spatiotemporal changes of CVOC concentrations in karst aquifers: analysis of
three decades of data from Puerto Rico. Sci. Total Environ. 511, 1-10. https://
doi.org/10.1016/j.scitotenv.2014.12.031.

Zhang, D., Liu, H., Liang, Y., Wang, C., Liang, H., Cai, H., 2009. Distribution of
phthalate esters in the groundwater of Jianghan plain, Hubei, China. Front.
Earth Sci. China 3, 73. https://doi.org/10.1007/s11707-009-0017-5.

Zheng, X., Zhang, B.T., Teng, Y., 2014. Distribution of phthalate acid esters in lakes of
beijing and its relationship with anthropogenic activities. Sci. Total Environ.
476—477, 107—113. https://doi.org/10.1016/j.scitotenv.2013.12.111.

Zota, A.R., Calafat, A.M., Woodruff, TJ., 2014. Temporal trends in phthalate expo-
sures: findings from the national health and Nutrition Examination survey,
2001—-2010. Environ. Health Perspect. 122, 235—241. https://doi.org/10.1289/
ehp.1306681.


https://doi.org/10.1289/ehp.0800522
https://doi.org/10.1098/rstb.2008.0268
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref25
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref25
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref25
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref25
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref25
https://doi.org/10.1021/ma902740t
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref27
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref27
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref27
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref27
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref27
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref27
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref28
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref28
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref28
https://doi.org/10.1016/j.tox.2013.05.014
https://doi.org/10.1016/j.tox.2013.05.014
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref30
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref30
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref30
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref30
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref30
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref30
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref30
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref30
https://doi.org/10.1111/j.1365-2605.2005.00567.x
https://doi.org/10.1007/s00128-010-9980-5
https://doi.org/10.1007/s00128-010-9980-5
https://doi.org/10.1016/j.watres.2014.08.002
https://doi.org/10.1007/b11472
https://doi.org/10.1016/j.jhazmat.2012.12.057
https://doi.org/10.1016/j.jhazmat.2012.12.057
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref36
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref36
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref36
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref36
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref36
https://www.epa.gov/enviro/topic-searches#waste
https://www.epa.gov/enviro/topic-searches#waste
http://cumulis.epa.gov/supercpad/Cursites/srchsites.cfm
http://cumulis.epa.gov/supercpad/Cursites/srchsites.cfm
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/phthalates-0
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/phthalates-0
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref40
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref40
http://refhub.elsevier.com/S0269-7491(17)32938-X/sref40
http://nwis.waterdata.usgs.gov/pr/nwis/qwdata
https://doi.org/10.1016/j.jhazmat.2007.10.028
https://doi.org/10.1016/j.jhazmat.2007.10.028
https://doi.org/10.1002/mnfr.201000121
https://doi.org/10.1016/j.scitotenv.2014.12.031
https://doi.org/10.1016/j.scitotenv.2014.12.031
https://doi.org/10.1007/s11707-009-0017-5
https://doi.org/10.1016/j.scitotenv.2013.12.111
https://doi.org/10.1289/ehp.1306681
https://doi.org/10.1289/ehp.1306681

	The influence of hydrogeological and anthropogenic variables on phthalate contamination in eogenetic karst groundwater systems
	1. Introduction
	2. Site description
	3. Methods
	3.1. Data collection
	3.2. Data analysis

	4. Results
	4.1. Phthalate detection frequencies
	4.2. Phthalate concentrations
	4.3. Spatial and temporal phthalate occurrences
	4.4. Hydrogeology and anthropogenic effects
	4.4.1. Population and land use
	4.4.2. Potential source site impacts

	4.5. Multidimensional factors impact

	5. Discussion
	6. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


