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Coastal zones are dominated by economically important ecosystems, and excessive urban, industrial,
agricultural, and tourism activities can lead to rapid degradation of those habitats and resources.
Groundwater in the Eastern Yucatan Peninsula coastal aquifer discharges directly into the coastal ocean
affecting the coral reefs, which are part of the Mesoamerican Coral Reef System. The composition and
impacts of groundwater were studied at different coastal environments around Akumal (SE Yucatan
Peninsula). Radium isotopes and salinity were used to quantify fresh groundwater and recirculated
seawater contributions to the coastal zone. Excess Ra distribution suggests spatially variable discharge
rates of submarine groundwater. High NO3

� levels and high coliform bacteria densities indicate that
groundwater is polluted at some sites. Dissolved phosphorous content is elevated in the winter and
during the high tourism season, likely released from untreated sewage discharge and from aquifer se-
diments under reducing conditions.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Human activities are frequently concentrated in coastal regions
where the impact of urbanization and other land use activities are
rapidly increasing. Presently, about 40% of the world's population
lives within 100 km of the coast (IOC/UNESCO, IMO, FAO, UNDP,
2011). The average human population density in coastal areas is
about 80 persons per km2, twice the global average, and popula-
tion pressure on the coast in more habitable areas is even higher.
The lack of infrastructure, alone, or in combination with un-
coordinated industrial, tourism, fishing and agricultural activities,
can lead to rapid degradation of coastal habitats and resources.
Specifically, pollution associated with groundwater, including
discharge of polluted groundwater to the coast and saltwater in-
trusion inland, is occurring throughout the Caribbean at great
economic and environmental cost with 61% of the coral reef being
under medium or high threat from sediment, pollution, and
overfishing (GEO4-UNEP, 2007).

Submarine groundwater discharge (SGD) is an important
component of marine geochemical cycles of elements and con-
stitutes a pathway for material transport from land to the marine
7.
Terrones).
environment. Pollution of groundwater can lead to environmental
deterioration of coastal zones and has been suggested to have
major impacts on nearshore ecosystem health (Valiela et al., 1990;
Moore, 1996; Hwang et al., 2005; Paytan et al., 2006; Knee et al.,
2010). Indeed, the direct discharge of groundwater and waste-
water that transports pollutants such as heavy metals, pathogens,
organic compounds and nutrients into the near-shore marine
environment has significant environmental consequences and has
been linked to eutrophication and harmful algal blooms, resulting
in negative impacts to the economy of coastal zones (Lapointe
et al., 1990; Oberdorfer, 2003; Haynes et al., 2007; Heffernan et al.,
2010).

According to Bryant et al. (1998), and Chérubin et al. (2008), the
Mesoamerican coral reefs, coastal wetlands, mangrove forest and
coastal waters of the Yucatan Peninsula are threatened by pollu-
tants (nutrients, bacteria, organic matter). Paytan et al. (2006)
demonstrated that groundwater discharge can be an important
source of nitrogen to coral reefs and Null et al. (2014) calculated
groundwater associated nutrient fluxs in the region. Coral reefs are
declining on a global scale and sewage pollution is one of the
major factors causing this decline (Pennisi, 2002; Bruno et al.,
2003; Pandolfi et al., 2003). The Eastern coast of the Yucatan Pe-
ninsula has the fastest population growth rate in Mexico (4.7%
annual) with Playa del Carmen as the main developing city (14.7%
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annual rate of population increase) (Gobierno de Quintana Roo,
2007). The gross domestic product of eastern state of Quintana
Roo is largely derived from tourism and related activities, which
are based on the beauty and recreational opportunities, offered by
the Mesoamerican Coral Reef that parallels most of the eastern
coast of the Peninsula (Andréfouët et al., 2002). Tourism, parti-
cularly during high season, puts additional stress on the ecosystem
due to inadequate operation of septic systems and wastewater
treatment plant overloads. It is important to identify and quantify
coastal pollution sources and specifically those associated with
non-point source groundwater discharge, such that best manage-
ment regulations are instated.
Fig. 1. Study sites location. Yal Ku Lagoon (a), Lagartos La
The aquifers of the Yucatan Peninsula have been studied over
the last 30 years, and the importance of groundwater as a valuable
resource in this karst environment has been realized. Back and
Hanshaw (1970), and Gaona-Vizcayno et al. (1980) defined the
hydrogeochemistry of the region in relation to the position of the
seawater/freshwater interface as well as the chemical constituents
of the groundwater. In the karstic terrain of the unconfined Yu-
catan aquifer, rainfall infiltrates rapidly down to the water table, so
that the aquifer is highly vulnerable to contamination (Marin and
Perry, 1994; Marin et al., 2000). The evidence of inputs of nitrogen-
rich groundwater through SGD in the karst aquifer of the Yucatan
Peninsula has been studied (Mutchler et al., 2007; Young et al.,
goon (b), springs and marine sites (c), transects (d).
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2008). Recently, Hernández-Terrones et al. (2011) also estimated
the nitrogen and phosphorous fluxs in the karst aquifer of Quin-
tana Roo. Accordingly, the flow of polluted groundwater toward
the coastal zone can become a threat for economically important
marine ecosystems in coastal environments adjacent to karst
aquifers. Specifically, the coral reef close to shore in Akumal makes
this region very attractive for the tourism industry, but increased
population growth associated with tourism may have negative
impacts on the ecosystems in this region. For this study, we in-
vestigated water quality along the diverse coastal environment
near Akumal, and assessed the contribution of groundwater dis-
charge and the associated pollutant loads related to increasing
coastal development in this region of the Yucatan Peninsula.
2. Material and methods

2.1. Study area

Akumal, Quintana Roo is located on the eastern Caribbean coast
of the Yucatan Peninsula, Mexico (20 °23’46”N 87 °18’50”W) ap-
proximately 100 km south of Cancun (Fig. 1). Average annual
rainfall is 1464 mm, most of which occurs between May and Oc-
tober, and from June to December from hurricanes, tropical de-
pressions, and tropical storms. During the dry winter season the
“nortes” deliver 30% of the annual rainfall and produce lower
temperatures (PPDU Akumal, 2007). The mean annual tempera-
ture is 26 °C (CONAGUA, 2010). Akumal Bay extends approximately
1 km on a marine originated flat platform formed mostly of Eo-
cene-Holocene calcareous rocks, and consists of a semicircular
lagoon bounded by a sandy shore and a fringing coral reef (Foley
et al., 2005). Akumal means “place of the turtles” in the Mayan
language. Two species of sea turtles nest on the beaches at Aku-
mal, the Loggerhead turtle (Caretta caretta Linnaeus) and the Green
turtle (Chelonia mydas Linnaeus).

The economy of Akumal's 1382 (INEGI, 2010) inhabitants, much
like many other coastal towns in this region, is largely dependent
on the local near-shore coral reef ecosystem, through fishing and
tourism-related activities (PPDU Akumal, 2007). In Akumal and
many other parts of the Yucatan Peninsula, central municipal
sewage-treatment systems are not sufficient (Ruiz-Renteria et al.,
1998). Domestic wastewater is generally collected in septic tanks,
which could be leaky or overspill. Sometimes sewage is directly
disposed of into the ground, and as a consequence of the highly
fractured and permeable lithology of the area, it mixes with
groundwater and contributes to groundwater contamination.

2.2. Field methods

Groundwater and seawater samples were collected monthly
through 2008 at eighteen stations representing the coastal zone
around Akumal. Seven locations were in Yal Ku (“fish nest” in
Mayan language) Lagoon (Fig. 1a), four locations in Lagartos La-
goon (Fig. 1b), and seven locations in four small bays (Akumal,
Jade, Half Moon and South Akumal), (Fig. 1c). Several submarine
springs were included in these samples two in Yal Ku Lagoon
(YK02 and YK06) and five in the bays. These springs represent
points of focused groundwater discharge. Lagartos Lagoon is a
small, inland body with low salinity located near the Half Moon
Bay coastline. Lagartos Lagoon is connected to the inland edge of
Yal Ku Lagoon via a subsurface flow called Aak Kimin cave system
(Sam Meacham, CINDAQ, pers. commun.).

Temperature, salinity, conductivity and pH, were determined
in situ using a data sonde (Hydrolab

s

DS5) calibrated with stan-
dard buffer solutions (Hach

s

). Salinity was calculated from con-
ductivity and reported using the Practical Salinity Scale. The
accuracy of the data for each sensor is temperature 70.10 °C;
conductance 70.001 mS/cm; pH 70.2 units; and salinity 70.2.

2.3. Nutrients and physiochemical analysis

Water samples for nutrients (ammonium, nitrate, nitrite, so-
luble reactive phosphorous (SRP) and soluble reactive Silica (SRSi)
were immediately filtered through a 0.22 mm (Millipore™ type
HA) nitrocellulose membrane and fixed with chloroform. The
samples were kept frozen until analysis. Nutrient concentrations
were determined by a Skalar Sanþþs

(automated analyzer with
segmented flow) using standard methods adapted from Grasshoff
et al. (1983) and suggested by Kirkwood (1994). The precision of
the analyses were: nitrate 0.10 mmol, nitrite 0.02 mmol, ammonium
0.04 mmol, SRP 0.04 mmol, and SRSi 0.10 mmol. Analyses were
completed at the Laboratory of Aquatic Biogeochemistry of the
Instituto de Ciencias del Mar y Limnología of the UNAM.

Sulfate and chloride analyses were conducted according to
turbidimetric and argentometric methods, respectively as de-
scribed in Standard Methods for the Examination of Water and
Wastewater (APHA et al., 1998). The uncertainties for sulfate and
chloride analyses were 70.69% and 70.30%, respectively.

2.4. Microbiological analysis

Water samples for microbial analysis were taken in sterile
polyethylene bottles (IDEXX) and kept on ice in a cooler for
transportation to the laboratory. Samples were analyzed within
6 h after collection. The chromogenic substrate method (Colilert

s

by IDEXX) was used to analyze the concentration of Escherichia
coli. The method of Enterolert

s

(IDEXX) was used to analyze the
concentration of Enterococci in marine waters because of its sim-
plicity, efficacy and rapidity (Yakub et al., 2002). The results are
provided in terms of most probable number (MPN/100 ml). Ne-
gative controls were performed for each set of samples to monitor
the repeatability of the analysis.

2.5. Ra isotope analyses

Groundwater (40–60 L each sample) and surface water samples
(100 L each sample) were collected at 18 stations (2 beach pits,
2 springs, 8 nearshore, and 6 offshore in the waters beyond the
reef lagoon) using submersible pumps for two nearshore transects
(BAK-T1 and AK-T2), and two offshore transects YK (north) and
BAS (south) (Fig. 1). Nearshore samples were within 400 m from
the shore (all within the reef lagoon) and samples beyond the reef
lagoon (4500 m) comprised the offshore transects. The water
samples were passed through a column containing MnO2

� coated
acrylic fiber at a flow-rate o2 L min�1 to scavenge Ra in the water
(Moore, 1976). The sample fibers were rinsed with Ra-free water
and immediately sent to the University of California Santa Cruz
(UCSC) for analysis. Short-lived radium isotope activities (223Ra
and 224Ra) were measured using a delayed-coincidence counter
(RaDeCC; Moore and Arnold, 1996). The fibers were analyzed a
second time, approximately 4 weeks after collection, to measure
228Th and correct for supported 224Ra (Moore, 1976). Radium ac-
tivities are calculated using efficiencies derived from standards
measured monthly on the RaDeCC systems as part of the quality
control protocol. The analytical error of the calculated efficiencies
of the RaDeCC systems is typically o10%. The average error for
samples 40.1 dpm 100 L�1 associated with the measurement of
224Ra and 223Ra activities for this study is 4% and 18%, respectively,
based on calculations following Garcia-Solsona et al. (2008).



Table 1
Mean annual values for different parameters of Akumal sampling sites (Bays n¼84, Lagartos Lagoon n¼36, Yal Ku Lagoon n¼84).

Location Site Temperature (°C) pH Conductivity (mS/cm) Salinity NO3
� (μM) NO2

� (μM) NH4
þ (μM) SRP (μM) SRSi (μM)

Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min

Springs and marine S-1 27.4 29.9 25.4 7.5 8.0 6.8 44.7 55.9 26.3 29.0 36.9 16.0 11.9 41.8 ND 0.8 5.1 ND 13.4 41.7 ND 0.6 41.8 ND 15.7 69.9 1.2
S-2S 27.7 30.2 26.0 7.4 8.0 6.7 42.9 54.4 29.7 27.6 36.1 18.3 27.8 99.9 1.7 1.3 12.3 0.1 14.7 28.2 0.6 0.8 99.9 1.7 35.5 108.2 1.6
S-2N 27.7 30.4 25.6 7.6 8.1 6.8 45.7 54.2 33.0 29.6 35.9 20.6 26.1 84.2 1.0 0.4 1.3 0.1 19.8 80.8 0.5 0.7 84.2 1.0 27.8 71.9 2.0
S-3S 27.2 27.8 26.1 7.2 7.9 6.8 35.6 40.0 30.4 22.4 25.6 18.2 34.7 92.8 ND 1.0 7.5 0.2 23.6 68.3 ND 0.9 92.8 ND 40.7 72.5 9.0
S-4S 26.4 28.0 26.0 7.0 7.3 6.7 19.1 34.4 13.5 11.3 21.7 8.0 51.4 87.3 2.2 1.3 9.4 0.2 19.3 51.9 0.3 0.9 87.3 2.2 49.9 136.3 4.1
M-1 28.1 30.4 26.0 8.0 8.4 7.8 55.1 55.9 54.2 36.4 37.0 35.8 3.3 14.2 ND 1.0 9.1 0.1 16.6 63.6 ND 0.4 14.2 ND 4.6 14.9 2.0
M-2 28.7 31.0 26.4 8.0 8.5 7.8 54.7 55.7 52.7 36.0 36.8 34.6 2.6 21.3 ND 1.5 13.1 0.1 13.8 40.9 0.3 0.4 21.3 ND 5.9 35.6 1.0

Lagartos Lagoon L01 27.3 29.7 25.7 7.3 7.8 6.8 14.0 17.4 8.1 8.1 10.3 4.5 18.3 56.5 1.0 0.6 2.2 ND 14.9 3.9 0.3 0.7 3.9 0.3 64.6 3.9 ND
L02 27.7 30.2 25.3 7.4 8.0 6.9 14.0 17.6 8.0 8.1 10.3 4.4 28.8 146.8 0.4 0.6 2.7 ND 11.9 3.8 0.3 0.8 3.8 0.1 57.5 3.8 ND
L03 27.4 30.1 25.5 7.4 6.9 7.8 13.9 17.8 8.0 8.0 10.5 4.4 35.2 167.4 1.3 0.8 3.5 ND 12.0 2.6 0.1 0.7 2.6 0.2 47.0 2.6 ND
L04 27.6 29.8 25.7 7.3 7.8 6.9 14.1 17.9 8.1 8.2 10.5 4.5 32.6 142.1 0.9 0.6 2.4 ND 9.9 3.9 0.3 1.1 3.9 0.3 71.5 3.9 ND

Yal Ku Lagoon YK1 27.8 30.1 26.3 7.4 7.8 7.0 41.2 46.2 36.7 26.4 30.0 23.1 41.8 132.1 0.9 1.1 7.6 0.2 19.0 93.2 0.8 0.8 1.1 0.1 32.1 59.5 22.2
YK2 27.4 29.3 26.4 7.2 7.6 6.8 38.2 50.7 31.6 24.4 33.3 19.6 56.0 124.2 1.3 1.0 7.1 0.1 10.5 39.7 0.1 0.7 1.4 ND 51.2 93.0 26.7
YK3 27.6 29.5 26.5 7.3 7.6 6.9 40.2 48.9 34.2 25.6 32.0 21.5 40.1 83.5 ND 1.6 9.9 0.2 16.8 76.3 0.6 0.7 1.3 0.3 37.3 60.6 15.4
YK4 27.8 29.8 26.4 7.4 7.9 7.1 42.3 51.1 35.9 27.2 33.7 22.6 37.0 90.9 0.4 1.3 10.8 0.2 29.8 178.8 0.5 0.6 1.2 0.2 37.1 81.4 13.5
YK5 27.8 29.8 26.2 7.5 8.3 7.0 44.3 52.9 36.3 28.6 34.9 23.8 32.2 102.4 1.3 1.0 8.2 0.2 17.7 100.6 0.4 0.6 1.8 0.2 28.3 67.3 16.1
YK6 27.0 29.0 26.1 7.1 7.8 6.8 28.1 43.7 21.1 17.3 28.1 12.6 51.8 156.2 0.9 0.3 0.7 0.1 9.1 47.9 ND 0.6 1.8 0.3 50.0 132.8 32.7
YK7 27.9 30.0 25.8 7.7 8.3 7.3 47.0 54.0 39.7 30.6 35.8 25.3 28.7 85.5 0.9 0.8 3.1 0.2 31.2 156.8 ND 0.5 0.8 0.1 24.8 49.3 13.7

ND: not detected
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3. Results

3.1. Physicochemical parameters

The mean annual water temperature exhibit low variability
throughout the year with temperatures in bays varying from
26.39 °C to 28.73 °C (n¼84), in Lagartos Lagoon ranging from
27.29 °C to 27.66 °C (n¼36), and in Yal Ku Lagoon from 27.03 °C to
27.89 °C (n¼84). The highest temperatures were measured in bay
seawater and the lowest temperature in the springs and Lagartos
Lagoon (Table 1).

The mean annual pH for the different water samples ranged
between 6.99 and 8.01. The bay seawater (M-2) had the highest
value (pH 8.49), and the lowest value was measured in a spring
located in south Akumal bay (pH¼6.72 for S-2S) (Table 1). The
submarine spring in Akumal bay (S-4S) had the lowest salinity
ranging from 7.7 to 21.7, depending on tidal stage, and the highest
salinities were measured in the bay seawater. Mean annual salinity
in Yal Ku Lagoon ranged between 18.7 (YK06) and 33.1 (YK07). The
salinity in Lagartos Lagoon at any given time is almost homo-
geneous (between 8.03 and 8.15). In Yal Ku the springs YK02
(south) and YK06 (north) show the lowest salinity (24.37 and
17.25, respectively); these springs discharge brackish water to the
Lagoon throughout the year (Table 1). According to the Centro
Ecológico Akumal Report (CEA, 2002), the fresh groundwater
mixes with seawater in a 5 m-deep cavern, hence the discharging
water at the Yal Ku springs is brackish. The highest salinity in Yal
Ku Lagoon was measured at station YK07 (35.8), closest to the Yal
Ku Lagoon mouth. In the bays, the salinity ranges from 11.29 to
29.62 at the springs, and from 36.04 to 36.36 in bay seawater sites
away from the springs.

A strong linear relationship between chloride [Cl�] and sulfate
[SO4

2�] was observed for most of the water samples collected at
the different sites (R2¼0.958; n¼187) (Fig. 2). This relationship
corresponds to a mixing line between seawater ([SO4

2�] to [Cl�]
ratio of 0.052 (Pilson, 1998) and fresh groundwater.

3.2. Nutrients

3.2.1. Yal Ku lagoon
The highest soluble reactive phosphorus (SRP) concentrations

were measured during the cold season (January and February),
with mean annual concentrations from below detection (ND) to
1.8 mM SRP. The SRSi in Yal Ku Lagoon ranged between 13.5 and
132.8 mM (n¼84), and the springs (YK02 and YK06) had the
highest concentrations. The high SRSi levels at YK06 spring are
confirmed by an abundance of diatoms at the site (Fig. 3). In Yal Ku
Fig. 2. Relationship between [Cl�] and [SO4
2�] at the different sampling sites.
Lagoon no seasonal trend was identified for DIN (dissolved in-
organic nitrogen: sum of NO3

� , NH4
þ , NO2

�), the highest con-
centrations were measured in November 2007, May and June
2008, and the lowest in September 2007. The mean annual NO3

�

concentrations were between 28.7 mM and 56.0 mM
(max¼156.2 mM, min¼ND; n¼84) (Table 1). The mean annual
NH4

þ concentration at different sampling sites ranged between
9.1 mM to 31.2 mM (n¼84), and for NO2

� , the mean annual con-
centrations ranged between 0.3 mM to 1.6 mM (max¼10.8 mM,
min¼0.1 mM; n¼84).

3.2.2. Lagartos lagoon
The mean annual SRP concentrations at Lagartos Lagoon were

between 0.1 and 3.9 mM. Similar to Yal Ku Lagoon, the highest SRP
concentrations were measured during the colder temperatures
(January and February). The SRSi concentrations for Lagartos were
between 13.5 and 132.8 mM, higher in February and lower in May.
Fig. 4 shows that no clear seasonal trends of DIN concentrations
were found, but the highest concentrations were measured in
March 2008 (dry season) and the lowest in September 2007 (rainy
season). In the brackish groundwater of Lagartos Lagoon the mean
annual NO3

� concentrations were between 18.3 mM and 35.2 mM
(max¼167.4 mM, min¼0.4 mM; n¼84) (Table 1). The mean annual
NH4

þ concentration at different sampling sites ranged between
9.9 and 14.9 mM (n¼84). The mean annual NO2

� concentrations
ranged between 0.6 and 0.8 mM (max¼3.5 mM, min¼ND; n¼84).

3.2.3. Bays: marine sites and springs
The highest SRP concentrations in the bays were measured

during the cold season (January and February) with concentrations
up to 4 mM. The highest SRSi concentrations were found in sub-
marine springs, with up to 136.3 mM at spring S-4S. Springs (S-3S
and S-4S) had SRSi concentrations ranging between 1.0 and
136.3 mM SRSi (Fig. 5). The marine sites M1 and M2 presented the
lowest NO3

� and SRSi concentrations (mean annual¼ 5 mM SRSi).
Fig. 5 shows the DIN concentrations in different sites; the

highest concentrations were measured in June 2008 and the
lowest in April 2008. In general, the submarine springs show
higher DIN concentrations than the marine sites. The NO3

� con-
centrations (mean annual) in the bays is between 2.6 and 51.4 mM;
(max¼92.8 mM, min¼ND; n¼36). The highest NO3

� concentra-
tions were found in the springs (S-2S and S-3S) throughout the
year and the lowest concentrations were at the marine sites (M-1,
M-2). The mean annual NH4

þ concentrations in the bays range
between 13.8 mM (marine site) to 23.6 mM NH4

þ at the coastal
unconfined aquifer (samples labeled S n¼84). The mean annual
NO2

- concentrations ranged between 0.4 and 1.5 mM
(max¼13.1 mM, min¼ND; n¼84).

3.3. Fecal indicator bacteria abundances

Fecal indicator bacteria (FIB) densities were higher than the
Mexican standard values (CE-CCA-001/89: E. coli o200 MPN/
100 ml; NMX-AA-120-SCFI-2006: Enterococci o100 MPN/100 ml)
during certain times of the year. Specifically, fecal coliforms
measured as E. coli in Lagartos Lagoon and Enterococci densities in
Yal Ku Lagoon and marine waters were high (Fig. 6). The highest
FIB densities in Lagartos Lagoon were found in September 2007
(882–1450 MPN/100 ml). The Yal Ku Lagoon showed the same
behavior (Enterococci: 0–850 MPN/100 ml) with highest densities
in September 2007. In both the springs and the marine sites in the
bays, the enterococci densities (0–450 MPN/100 ml) were higher
than standard values for clean beaches (o100 MPN/100 ml: NMX-
AA-120-SCFI-2006). Nevertheless, the marine sites had lower
densities than the spring samples.



Fig. 3. Nutrients distribution in Yal Ku Lagoon sites. Soluble Reactive Phosphorus
(SRP), Soluble Reactive Silica (SRSi), Dissolved inorganic nitrogen (DIN).

Fig. 4. Nutrients distribution in Lagartos Lagoon sites. Soluble Reactive Phosphorus
(SRP), Soluble Reactive Silica (SRSi), Dissolved inorganic nitrogen (DIN).
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3.4. Ra activities

Radium-223 and -224 activities for the different end-members
are listed in Table 2. Radium activities demonstrated distinct
trends in the nearshore and marine transects. The nearshore
transects (BAK-T1 and AK-T2, including YK and BAS) within the
reef lagoon up to 400 m from shore had 224Ra activities relatively
constant, ranging from 5.0 to 9.5 dpm 100 L�1. The marine off-
shore transects showed decreasing 224Ra activities beyond 500 m
offshore. The sample at 400 m offshore in the BAS transect (south
Akumal) had high 224Ra activity (9.5 dpm 100 L�1), likely due to
the influence of an unidentified spring discharging nearby. The YK
marine transect (north Akumal) had low 224Ra activities relative to
223Ra activities, resulting in lower activity ratios compared to the
BAS marine transect (Table 2). The submarine springs and coastal
aquifer have distinct activities and activity ratios (Table 2). It is
unlikely that the different activity ratios indicate a different
aquifer source based on the geology of the region, but rather this
may indicate the impact of channelized flow onwater chemistry in
the coastal environment.
4. Discussion

4.1. Regional water quality

Three distinct submarine groundwater sources are present
along the coast near Akumal, freshwater discharge (salinity o0.5)
at the beach face (coastal unconfined aquifer), brackish water
discharging at the beach face (a mixture of the freshwater and
recirculated seawater from wave and tide action) and brackish
spring discharge (from a deeper aquifer). The groundwater dis-
charging from springs have different chemical characteristics than
the groundwater of the unconfined aquifer and can easily be re-
cognized in the sulfate–chlorine mixing line (Fig. 2). The spring
samples fall off the mixing line with S-4S and S-3S enriched in
SO4

2� , and other springs show more scatter with typically lower
[SO4

2�]:[Cl�] ratios than expected. The larger variability in the
groundwater [SO4

2�]:[Cl�] stems from variable degrees of sulfate
reduction. No seasonal differences in the [SO4

2�]:[Cl�] ratios were
observed. The springs at Jade and Half Moon bays show elevated
[SO4

2�]:[Cl�] due to dissolution of gypsum and anhydrite in the
aquifer (López-Chicano et al., 2001; Perry et al., 2002; Young et al.,
2008). The springs at south Akumal bay have lower than expected
[SO4

2�]:[Cl�] suggesting sulfate reduction within the aquifer prior
to discharge. This implies reducing conditions and high organic
matter content. The trends seen with [SO4

2�]:[Cl�] ratios are also
supported by the Ra data where mixing of high Ra brackish
groundwater and low Ra offshore waters determines activity



Fig. 5. Nutrients distribution in submarine springs (S) and background marine
samples (M). Soluble Reactive Phosphorus (SRP), Soluble Reactive Silica (SRSi),
Dissolved Inorganic Nitrogen (DIN).

Fig. 6. Fecal coliforms densities (Escherichia coli or Enterococci MPN/100 mL) dis-
tribution at the different sampling sites (YK¼ Yal Ku Lagoon; L¼ Lagartos Lagoon;
S¼springs and M: marine sites). The dashed line corresponds to the Mexican
Legislation limits.
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ratios. Distinct 224Ra/223Ra activity ratios exist among the different
end-members, with springs having low 224Ra/223Ra activity ratios
compared to other end-members (Table 2). The [SO4

2�]:[Cl�] and
224Ra/223Ra activity ratios between the two measured springs in-
dicate similar in flow paths within the coastal aquifers.

4.2. Nutrients and coliform bacteria

Groundwater can be an important land-based nutrient source
to coastal ecosystems (Hernández-Terrones et al., 2011). Fig. 7
shows the different sources of groundwater and mixing possibi-
lities that may exist at the Akumal study sites through the year.
The data show that samples from Lagartos Lagoon and springs in
Yal Ku with high nitrate concentrations generally fall on a mixing
line between the brackish water at Lagartos Lagoon and seawater.
A different scenario occurred at some Yal Ku sites and spring sites,
where a concave, non-conservative mixing line describes the re-
lationship between nitrate and salinity indicative of nitrate con-
sumption likely through denitrification.

The high nutrient concentrations in surface waters in Yal Ku
Lagoon and Lagartos Lagoon, which are hydrologically connected,
are likely related to anthropogenic sources that are transported to
the Akumal coast via groundwater. The NO3

� concentrations at
the Akumal sites of our study were higher than annual means
(5.1–8.7 mM) reported for other sites along the northern coast of
the Yucatan Peninsula where SGD is believed to contribute to
nutrient loading (Álvarez-Góngora and Herrera-Silveira, 2006).
The highest NO3

� concentrations in the groundwater end-mem-
ber are consistent with SGD reported values for the Caribbean area
and with other carbonate dominated sites (Hernández-Terrones
et al., 2011). NO3

� concentrations also tended to be higher in
systems with freshwater influence like the springs in Yal Ku La-
goon and in the bays. The connectivity of the karst systemmakes it
difficult to identify direct sources and it is possible that distant
anthropogenic activities are also influencing the nutrient con-
centrations of the sampled water bodies.

The NO3
� and NH4

þ concentrations at Yal Ku were sig-
nificantly higher than values reported by Mutchler et al. (2007) at
the same location, but the NO3

� concentrations in Lagartos Lagoon



Table 2
Ranges and averages (in parentheses) of salinity, radium-223 and -224 activities in dpm 100 L�1, 224Ra/223Ra activity ratios (AR), and SO4

2�:Cl� for each end-member
sampled.

End-member Salinity 223Ra excess 224Ra 224/223 AR SO4
2�:Cl� n

Nearshore (o500 m) 31.48–35.97 0.60–4.50 (1.83) 5.03–9.48 (6.86) 5.40 (0.148) 8
BAK-T1 1.16–4.50 (2.35) 5.03–7.93 (6.52) 4.02 4
AK-T2 0.85–1.99 (1.31) 5.32–9.48 (7.20) 6.41 4
Offshore (4500 m) 35.24–36.24 0.05–0.88 (0.26) 0.37–4.40 (1.64) 14.82 (0.154) 6
YK 0.06–0.88 (0.33) 0.37–1.83 (1.09) 8.10 3
BAS 0.05–0.39 (0.19) 1.04–4.40 (2.19) 12.92 3
Springs 23.84–34.95 1.42–12.49 (6.96) 1.77–28.12 (14.94) 1.85 (0.197) 2

Fig. 7. Salinity and nitrate (NO3
�) distributions at the different sampling sites. The

sites with salinity o10, correspond to Lagartos Lagoon samples and spring samples
in Yal Ku Lagoon (white circles). The solid lines are the exponential fit for springs at
Yal Ku Lagoon (full squares) and springs at bays (black circles) respectively, and
shows a non-conservative mixing indicative of nitrate removal.
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were notably lower (51.4 mM n¼3; Mutchler et al., 2007). This
variability indicates changes in the loading at the sources between
years and a short residence time of groundwater at this location as
expected for karst systems. The NH4

þ behavior in groundwater
from the coastal unconfined aquifer discharging into Akumal bays
may be derived from NO3

� reduction to NH4
þ or lower NH4

þ

oxidation during groundwater transport. The high NH4
þ con-

centrations in the summer are consistent with this interpretation
since the aquifer is more saturated during the summer wet season.
Nevertheless, further research is needed in order to identify the
sources of NH4

þ .
Elevated bacteria and NO3

� concentrations at some of the
sampling sites in Yal Ku Lagoon suggest sewage contamination
(Boehm et al., 2002). A similar relationship was found by Pacheco
and Cabrera (1997), Pacheco et al. (2000) in the northwest part of
Yucatán Peninsula and in California by Boehm et al. (2002). No
relationship was found between E. coli densities and NO3

� for any
of the other sites, indicating that the sewage related anthro-
pogenic impacts in Yal Ku Lagoon are higher and consistent with
the development patterns and concentration of tourist activities
for the region. More studies are necessary to support a potential
correlation between tourism and elevated fecal coliform because
fecal coliform densities were not related to high nutrient con-
centrations for the majority of the time. E. coli densities were
elevated in September 2007; this is likely a result from the re-
maining effects of hurricane “Dean” that impacted in the area one
month before (mid August 2007). The hurricane likely caused sa-
turation of the ground and overflow of septic tanks and other land
based sources (Bonilla-Heredia, 2009; Whelan et al., 2011). Sewage
contamination seems to be a serious concern for the region,
whether the cause of overflow is from storms or tourism and
therefore upgraded infrastructure should be considered.

Phosphorus is retained in the aquifer by carbonate rocks and
sediments as it co-precipitates with calcium in carbonate domi-
nated karst environments (Zimmerman et al., 1985; Lapointe et al.,
1990). At our sites phosphate is relatively high (0.92 and 4 mM)
with the lowest values at Yal Ku Lagoon. Hernández-Terrones et al.
(2011), showed similar patterns for phosphates in Northern
Quintana Roo. High phosphate concentrations are present in the
winter season (January and February 2008) for Lagartos Lagoon,
Yal Ku Lagoon, and the submarine springs at the bays, coinciding
with increased tourism in the area. However, for the rest of the
months, phosphate concentrations were low at all the sampling
sites (o2 mM).

In general, the fresh springs end-member is characterized by
high nutrient concentrations, with higher NH4

þ than NO3
� con-

centrations. The high NH4
þ concentrations are likely due to low

oxygen in the aquifer where NH4
þ is not oxidized and NO3

� is lost
through denitrification during groundwater transport. This con-
clusion is supported by the low [SO4

2�]:[Cl�] due to sulfate re-
duction but further investigations on nitrogen cycling in the sys-
tem need to be conducted to determine existing nitrogen
speciation.

The highest concentrations of NO3
� and SRSi were found in

springs; indicating that low salinity groundwater (S-4S) and
brackish groundwater (S-1S, S-3S) are significant sources of SRSi,
NO3

� , and other nutrients to marine ecosystems near Akumal, and
increase risks to the environment and economy. The highest SRSi
and NO3

� concentrations were found in sites with the lowest
salinity, confirming the transport of contaminants from anthro-
pogenic freshwater sources on land. Specifically, the inverse be-
havior of salinity and SRSi supports the conclusion of a terrestrial
groundwater source discharging at these sites. Other studies have
identified low salinity groundwater as an important source of
nutrients in the Yucatan, particularly NO3

� and silica (SRSi)
(Herrera-Silveira, 1996; Young et al., 2008; Null et al., 2014).

4.3. Estimating groundwater discharge

The Ra activities were constant along the marine transects
close to shore, possibly due to the influence of the large volume of
water discharging from springs and the rapid mixing rate within
the reef lagoon. The Ra activities of spring groundwater, of surface
water in the nearshore area where the springs discharge (reef la-
goon), and of open ocean surface water samples beyond the reef
were used to represent the end-members (defined as springs, la-
goon, and offshore, respectively) in a mixing model calculations.
The 224Ra activities were used to calculate excess 224Ra activity and
SGD from springs to the reef lagoon near Akumal considering se-
diment production of 224Ra using the following equations mod-
ified from Charette et al. (2001) and Gonneea et al. (2014):

( )( )V A A
Ra Ra (1)springs

224 lagoon lagoon offshore
sed

224

τ
=

−
−

Aoffshore, Alagoon, Asprings refer to the 224Ra activities in dpm m�3

of each respective end-member; Vlagoon is the volume of the



Fig. 8. The N:P ratio at the different springs in the bays and marine sites.
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lagoon (3.75�106), shaped like a prism to account for beach slope
(shore length�water depth nearly at the reef�distance to
reef�0.5); and τ is the water residence time (0.125 d; Coronado
et al., 2007) within the coastal lagoon. Activity loss due to decay
(224Ra decay constant: 0.189 d�1) is not considered in surface
water since decay is negligible within the lagoon based on the
short residence time.

Sediment production of 224Ra was calculated according to
(Gonneea et al., 2014):

fRa Ra sediment depth coastal (2)sed
224

rock
224

desorb 224ρ λ= * * * * *

224Rarock is the activity of the carbonate sands (0.2 dpm g�1;
Gonneea et al., 2014). The average density of carbonate sands (ρ) is
2.7 g cm�3. The sediment depth for production and exchange with
overlying water was assumed to be 0.1 m. fdesorb is the fraction of
desorbable 224Ra in carbonate sands (1–4%; Beck and Cochran,
2013). Area of the seafloor for our coastal box is 2.5�106 m2. λ is
the decay constant of 224Ra (0.189 d�1). Discharge was calculated
by dividing the excess 224Ra (dpm d�1) accounting for 224Ra se-
diment production by the 224Ra activity of springs to acquire a
water flux. We calculate SGD based on two different values for the
desorbable fraction of 224Ra in carbonate rocks, 1% and 4%, to es-
timate a range based on these variable values (Beck and Cochran,
2013). The assumptions of this model include: (1) the reef lagoon
is well-mixed and in steady state and there are no other significant
sources of 224Ra besides the springs and sediment production.
Based on this model, and using maximum spring activities
(28.1 dpm L�1) to calculate a conservative flux, we estimate SGD
to be on the order of 1.94–4.66�106 m3 d�1; depending on the
desorbable fraction of 224Ra produced in the sediments. The cal-
culated desorbable fraction of 224Ra from sediment production
contributed 16–65% of the Ra activity in overlying waters. This
results in a range of 338–933 m3 d�1 m�1 of shoreline for the
5 km stretch of coastline. This discharge estimate is high compared
to other studies conducted for the northern portion of the Yucatan
Peninsula (40–95 m3 d�1 m�1; Gonneea et al., 2014; Null et al.,
2014); however, findings in Null et al. (2014) suggest that higher
discharge rates can be found in the southern part of the peninsula.
Indeed significant SGD must be occurring based on the lower
salinity and enriched 224Ra in lagoon surface waters. The high
discharge rates using 224Ra mass balance suggests that 8.7% of the
lagoon water volume at any point in time is comprised of water
from the springs. This estimate is further supported by completing
a salinity end-member mixing model that results in 2.6–7.6% of
fresh to brackish spring discharge contributing to the lagoon wa-
ters. The salinity end-member mixing model was based on the
following salinities: average nearshore, average offshore, and fresh
spring discharge of 0 salinity and brackish discharge of 23.8
(Table 2). These high discharge estimates also indicate that con-
taminated SGD can have a significant impact on the nearshore
environment. We note that the salinity mass balance also includes
the freshwater discharge from the coastal unconfined aquifer.

4.4. Estimating nutrients fluxes

Nutrient fluxes associated with submarine springs for the 5 km
coastline study area demonstrated significant nutrient delivery to
the reef lagoon. Using the median calculated discharge from
springs (3.3�106 m3 d�1) we estimate average nutrient delivery
to be on the order of 100�103, 60�103, and 2.5�103 mol d�1,
NO3

� , NH4, and PO4
�3, respectively. Total dissolved inorganic ni-

trogen (DIN) would contribute 160�103 mol d�1 of N. These
fluxes are calculated using average submarine spring nutrient
concentrations for all sampling months. Therefore, nutrient fluxes
could be much greater and more detrimental during specific times
of year, such as June, when the rainy season begins and nutrient
concentrations are much higher in groundwater, and when
groundwater discharge flux is expected to be greater. If maximum
nutrient concentrations were used to calculate fluxes, then NO3

� ,
NH4, and PO4

�3, would be on the order of 329�103, 266�103,
and 12.3�103 mol day�1, respectively. These higher nutrient
fluxes may still under-represent total fluxes near Akumal because
spring discharge is based on activities measured during the be-
ginning of the dry season (November) and discharge from the
beach aquifer is ignored.

In addition to delivering nutrients, SGD may also play a sig-
nificant role in driving the nutrient stoichiometry in the reef la-
goon near Akumal. The N:P ratio is an important factor in phyto-
plankton assemblages and communities. During the wet season,
the N:P ratio is high in SGD and the discharging water drives the
nearshore environment to a P limited system (Fig. 8). During the
dry season, SGD still has an N:P ratio greater than the Redfield
ratio (16:1) but significantly lower than in the wet season, and
receiving waters are therefore often N limited (based on ratios in
the lagoon water), except during October and February (following
peak tourism) where nutrient fluxes are high and surface waters
are P limited. Close to the springs the high discharge of silica is
conducive to diatom growth and indeed benthic diatom mats are
abundant at these sites if the waters are clear. The anthropogenic
influence on the ratio of nutrients delivered to surface waters can
have a significant impact on the phytoplankton species composi-
tion and community structure of the ecosystem (Boesch et al.,
2001).

Recreational activities, fishing, and pollutants associated with
groundwater discharge in the coastal region of Akumal, have
caused a decrease of coral cover and stimulated algal overgrowth
(Mullen et al., 2006; Alvarez-Filip et al., 2009). Seasonal blooms of
Cladophora sp. at Lagartos Lagoon do not occur preferentially in the
dry or rainy season indicating that nutrient inputs into the system
are plentiful throughout the year and that the blooms are regu-
lated by other factors possibly anthropogenic loading related to
tourist activity, grazing, or turbidity (light). According to Mutchler
et al. (2007), the blooms of Cladophora sp. at Lagartos Lagoon
suggest nutrient loading from untreated wastewater. The lack of
seasonal trends in the occurrence of algal blooms is also consistent
with sources related to septic tanks, which operate year round and
the timing of algal blooms may be related to random periods of
enhanced nutrient inputs from spills of untreated wastewater, and
tourism activity. Indeed, Yal Ku Lagoon is experiencing an increase
in tourism in its vicinity, and poor wastewater treatment in condos
and small hotels exists. The high numbers of tourists at Yal Ku
could explain the elevated nutrient concentrations at this site
compared to the other two locations. Other possibilities may be
that the algal blooms are controlled by micronutrients or physical
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parameters, including light or turbidity, which should be further
investigated.

There are other potential impacts of high nutrient fluxes re-
lated to SGD, that may affect corals directly. According to Bruno
et al. (2003), and Foley et al. (2005), the nutrient enrichment in
Akumal can significantly increase the severity of two Caribbean
coral epizootics: aspergillosis and yellow band disease, of the
common gorgonian sea fan Gorgonia ventalina and of the reef-
building corals Montastraea annularis and M. franksii, respectively.
In addition, other studies in the Yucatan Peninsula have demon-
strated that high discharge of groundwater could promote acid-
ification of the receiving waters in the vicinity of springs (Crook
et al., 2012, 2013). Acidification would result in direct detrimental
effects on the Akumal coral reef.
5. Conclusions

Groundwater springs are significant sources of nutrients to the
coastal environment around Akumal and in particular to Yal Ku
Lagoon. The coastal ecosystems of Akumal are impacted by an-
thropogenic sources of nutrients, including faulty septic tanks,
untreated wastewater spills, and untreated wastewater injection
in the area. Seasonal fluctuations in different nutrient loads
change the N:P:Si ratios and may affect phytoplankton assem-
blages and ecosystem structure. A significant E. coli densities and
nitrate concentrations has been confirmed in Yal Ku Lagoon, and
are likely associated with tourism occupation and seasonal varia-
tions in tourist activity. The different Ra activity ratios may reflect
the impact of channelized flow on water chemistry in the coastal
environment. Any increase in groundwater contamination will
increase the stress on available water resources and valuable
ecosystems, especially the adjacent coral reef. Results of this study
suggest that measures should be taken to ensure groundwater
quality in order to protect the coastal ecosystem and local
economy.
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