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ABSTRACT

Submarine groundwater discharge (SGD) to the coastal environment along the eastern Yucatan Peninsula,
Quintana Roo, Mexico was investigated using a combination of tracer mass balances and analytical solutions.
Two distinct submarine groundwater sources including water from the unconfined surficial aquifer
discharging at the beach face and water from a deeper aquifer discharging nearshore through submarine
springs (ojos) were identified. The groundwater of nearshore ojos was saline and significantly enriched in
short-lived radium isotopes (*>°Ra, 2?“Ra) relative to the unconfined aquifer beach face groundwater.
We estimated SGD from ojos using >>>Ra and used a salinity mass balance to estimate the freshwater
discharge at the beach face. Analytical calculations were also used to estimate wave set-up and tidally driven
saline seepage into the surf zone and were compared to the salinity-based freshwater discharge estimates.
Results suggest that average SGD from ojos along the Yucatan Peninsula Caribbean coast is on the order of
308 m*d~'m~! and varies between sampling regions. Higher discharge was observed in the southern
regions (568 m> d~! m~') compared to the north (48 m*> d~' m~1). Discharge at the beach face was in the
range of 3.3-8.5m> d~' m~! for freshwater and 2.7 m®> d~! m~" for saline water based on the salinity mass
balance and wave- and tidally-driven discharge, respectively. Although discharge from the ojos was larger in
volume than discharge from the unconfined aquifer at the beach face, dissolved inorganic nitrogen (DIN) was
significantly higher in beach groundwater; thus, discharge of this unconfined beach aquifer groundwater
contributed significantly to total DIN loading to the coast. DIN fluxes were up to 9.9 mol d~! m~! from ojos
and 2.1 mol d~! m~! from beach discharge and varied regionally along the 500 km coastline sampled. These
results demonstrate the importance of considering the beach zone as a significant nutrient source to coastal
waters for future management strategies regarding nutrient loading to reef environments and coastal
development. This study also identifies the importance of understanding the connectivity of submarine
spring discharge to the nearshore coastal environment and the impact of inland anthropogenic activities may
have on coastal health.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

environments (Burnett et al., 2003; Moore, 2010; Taniguchi et al.,
2006), however SGD in karst environments may be particularly

Submarine groundwater discharge (SGD), the discharge of
subterranean fresh water and recirculated seawater to the coastal
zone, occurs throughout the world's coastlines and has been
identified as an important source of nutrients to many coastal
ecosystems (e.g. Corbett et al., 1999; de Sieyes et al.,, 2008; Knee
et al., 2010; Paytan et al., 2006; Slomp and Van Cappellen, 2004).
Many studies have documented the impact of SGD in different
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important due to rapid recharge and channelized flow pathways
through fractures and cave systems. Specifically two types of flows
may be present in karst systems: (1) focused fracture flow
(conduits), and (2) diffuse flow through porous medium (Fleury
et al., 2007; Moore et al., 1993; Perry et al., 2002). Conduit flow
from deeper aquifers may discharge as submarine springs off-
shore. Along the Yucatan Peninsula submarine springs (locally
known as ojos) are natural features of carbonate dissolution and
are linked to extensive underground cavern systems (Beddows
etal., 2002, 2007). Diffuse flow from SGD is also evident in the surf
zone and includes freshwater from meteoric sources and recircu-
lated seawater from tidal pumping and wave set-up.
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Submarine spring discharge in coastal karst systems can be
fresh or saline depending on the geology, hydraulic head, rainfall,
and extent of subsurface mixing with intruded seawater (Bonacci
and Roje-Bonacci, 1997; Fleury et al., 2007). High infiltration rates
and rapid flow make aquifers and coastal ecosystems in karst
environments vulnerable to anthropogenic pollution including
agricultural fertilizers, urban runoff, and untreated sewage from
leaking septic systems and/or a lack of wastewater treatment
facilities (ArandaCirerol et al., 2011). Volume and constituent
loading from submarine springs to nearshore marine environ-
ments are difficult to quantify because karst connectivity can be an
intrinsic system of open conduits with focused discharge points
that vary greatly in space, magnitude, and quantity within one
region (Fleury et al., 2007). There is a need to better understand
how anthropogenic activity and groundwater delivery in areas
with karst geology are linked to land use and pollutant transport
that impact local coastal ecosystems.

Groundwater flow and discharge to the Yucatan Peninsula
coast has been estimated using regional water balance considera-
tions for the Peninsula as a whole (Hanshaw and Back, 1980),
for the north coast (Smith et al, 1999), and for the east coast
(Beddows et al.,, 2002) and the potential impact of associated
nutrient loads was recognized (Herrera-Silveira, 1998). Nitrogen
(N) is often the limiting nutrient in coastal marine environments
although phosphorus (P) discharge to nearshore environments in
karst regions is extremely low because of interactions with
calcium carbonate (Fourqurean et al., 1993), thus P may also be
of interest in these systems. Specifically, nutrient ratios of the
discharging water may affect productivity and species abundance
and distribution in coastal ecosystems in karst settings. Further-
more, human impact may alter the natural nutrient ratios through
agriculture and development both along the coastline and inland
at the recharge areas.

Anthropogenic activities that increase nutrient delivery to
coastal waters are responsible for shifts in phytoplankton com-
munity structure and degradation in the health of coral reefs and
seagrass beds throughout the world (Chérubin et al., 2008; Haynes

et al., 2007; Paytan et al., 2006). In the Yucatan Peninsula, rapid
population growth and development, tourism, and agricultural
practices with intensive fertilizers have increased pressures on
coastal resources and have raised concerns about groundwater
pollution and overall coastal ecosystem health (Metcalfe et al., 2011).
The objectives of this study are to quantify SGD contributions from
both the beach face and ojos along the eastern coast of the Yucatan
Peninsula and to estimate the nutrient fluxes to the nearshore
coastal reef environments associated with SGD. Four sites located
in different geomorphological regions and with different land-use
practices were selected to determine regional and site specific
fluxes and relate them to human activities near the coast.

2. Methods
2.1. Study region

Four sites (Cancun, Puerto Morelos, Sian Ka'an, and Xcalak)
located in the state of Quintana Roo that borders the Caribbean Sea
on the eastern coast of the Yucatan Peninsula were sampled
(Fig. 1). The Yucatan Peninsula is a low-relief limestone platform.
The south central area has the highest elevation, up to 250 m
above sea level. The rainy season in the region is between June and
October and precipitation ranges from 900 to 1500 mm yr—'
(Chavez-Guillen, 1986; Perry et al., 2002). The area is characterized
by minimal surface runoff due to high infiltration rates but a lag of
several months may exist before peak discharge of groundwater to
the coast occurs (Michael et al., 2005; Perry et al., 1989).

The Yucatan Peninsula can be divided into six regions based on
hydrogeochemical and physiographic characteristics (Perry et al.,
2002). The hydrogeochemical zonation of the Peninsula is based
on differences in tectonic history, rainfall, rock type, and erosion
(Perry et al., 1995). Cancun, Puerto Morelos (PM), and Sian Ka'an
are located in the Holbox Fracture Zone/Xel Ha Zone, whereas
Xcalak is located in the “Evaporite Region” (Perry et al., 2002).
Recent studies suggest that Sian Ka'an is located in the Rio Hondo
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Fig. 1. Map of the four sampling sites (Cancun, Puerto Morelos, Sian Ka'an, and Xcalak) located along the eastern Yucatan Peninsula, Mexico bordering the Caribbean Sea.
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fracture zone that intersects the Holbox fracture zone near Tulum,
and therefore may represent a unique groundwater system (Gondwe
et al., 2010a). Each hydrogeochemical zone is characterized by a
different degree of bedrock fracturing which may influence the
direction and magnitude of groundwater flow (Isphording, 1975).
Indeed it has been noted that groundwater flow is different between
the regions; in the Holbox Fracture Zone groundwater flow is
predominately to the northeast and in the Evaporite Region flow
direction is to the southeast (Perry et al., 2002). The Holbox Fracture
Zone consists of sabanas (solution depressions) that are aligned in
chains > 100 km long that follow offshore tectonic structures. The
Evaporite Region, as the name implies, has evaporite units dispersed
within the limestone formation and it is geomorphologically differ-
ent than the rest of the Yucatan with the presence of swamps and
some ephemeral streams.

Development, population growth, and tourism along the Carib-
bean coast of the Yucatan Peninsula have resulted in increased
pressure on water resources. Groundwater is the only freshwater
source for this region of Mexico and is found within a freshwater lens
~10-100 m thick depending on location, typically thinning near the
coast (Beddows et al., 2002). Below the freshwater lens, seawater
intrusion can occur up to 100 km inland (Back and Hanshaw, 1970;
Beddows et al., 2007; Steinich and Marin, 1996; Stoessell et al., 1989),
potentially exacerbating the impact of groundwater withdrawal and
pollution from development and population growth. Cancun is a
heavily populated and highly developed area that is a major tourist
destination ( > 700,000 residents; Instituto Nacional de Estadistica y
Geografia, www.inegi.org.mx; > 7 millions of tourist; Secretaria de
Turismo de Quintana Roo, http://www.sedetur.qroo.gob.mx). Puerto
Morelos is a fishing village located ~35 km south of Cancun, but
increased tourism and urban development in the past few decades
have intensified the demand on water resources. The town of Puerto
Morelos has grown from ~700 permanent residents in 1980 to
> 9000 in 2010 (Instituto Nacional de Estadistica y Geografia, http://
www.inegi.org.mx), and there are no sewage treatment facilities in
many parts of inland Puerto Morelos (Ruiz-Renteria et al., 1998).
Tourism development is expanding in Puerto Morelos with > 1.7
million tourists visiting the Riviera Maya every year and migrating
farther south from Cancun to visit the unique ecological systems
(Meacham, 2007). Sian Ka'an is a biosphere reserve located approxi-
mately 120 km south of Cancun that is ecologically important
because it is a groundwater fed wetland ecosystem. The town of
Tulum is located just north of the reserve but has a small population
(~18,000 inhabitants in 2010) and some hotels along the coast
(Instituto Nacional de Estadistica y Geografia, http://www.inegi.
org.mx). The southernmost site, Xcalak, is a very small village
(population of 375 inhabitants) located 240 km south of Tulum.
Only 32% of the population in the State of Quintana Roo utilizes
municipal wastewater treatment systems, with decreasing availability
of treatment systems in southern municipalities (e.g. 14% of population
in the Municipality of Solidaridad, south of Cancun and includes the
ecotourism park Xcaret; Metcalfe et al,, 2011). Common practice is to
pump sewage below the freshwater lens into the saline zone for
discharge to the coast (Metcalfe et al., 2011).

The sampling locations used in this study represent a gradient
of decreasing population and development and increasing coastal
park areas from north to south (Cancun to Xcalak). Notably,
despite the smaller population and greater abundance of protected
lands towards the south, anthropogenic impacts on freshwater
resources and coastal environments may still exist in this section
of the Peninsula from intense agriculture inland (Pacheco and
Cabrera, 1997). Tourism on the east coast of the Yucatan Peninsula
has increased four fold in recent years (~1995-2005) and there is
evidence of elevated N concentrations in groundwater that exceed
drinking water standards (Hernandez-Terrones et al., 2011;
Mutchler et al., 2007).
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Fig. 2. Schematic diagram representing sampling environment and end-members
(beach face groundwater, ojo, reef lagoon in the nearshore zone, and offshore
waters). Similar settings were sampled at all four sites along the Yucatan Peninsula
to quantify different SGD occurring at the (1) beach face and (2) ojos.

2.2. Sample collection and analyses

Samples were collected at each sampling site (Fig. 1) on four
sampling campaigns between January 2009 and November 2009 to
characterize the different water end-members present: beach
groundwater, nearshore surface water (within the reef lagoon),
permanently submerged submarine springs (ojos), and offshore
(beyond the reef lagoon) (Fig. 2) along a 12 km coastline for each
site. Groundwater at the beach face and surface water samples at
each site were collected along 5-10 transects oriented from shore
towards open waters throughout the 12 km shoreline (Fig. 2). The
12 km of coastline was defined by the distance between north and
south transects at each site. Generally, each nearshore transect
consisted of up to six discrete samples, three from temporary
screened PVC wells (or pits when a well could not be installed) at
the beach face (0.5-1.25 m depth) and three from surface water
at increasing distance from shore (up to~1.5m water depth).
The distance from shore each of these transects extended varied at
each site depending on beach slope and water depth. Additional
nearshore surface water samples were collected within the reef
lagoon (<1 km offshore) via boat using a submersible pump. Off-
shore (beyond the reef crest) surface and bottom water samples were
collected at each site at a distance of up to 5 km from shore. Samples
from ojos (6-12 ojos per site) found at each of the sampling zones
were also collected by divers at underwater discharge points. Samples
from all sites were analyzed for radium isotopes (***Ra, ?**Ra) and
nutrient concentrations (NO; ~ +NO, ~, NH,*, PO4>~, SiO,). Water
characteristics (salinity, conductivity, temperature) were also mea-
sured in the field using a calibrated handheld YSI 85 multi-probe
(Yellow Springs Instruments, Inc.). Detailed methods and protocols
for the analysis of each parameter are described below.

2.2.1. Radium

Groundwater (40-60 L each sample) and surface water samples
(100 L each sample) were collected using submersible pumps and
passed through MnO,-coated acrylic fiber at a flow-rate-
<2 Lmin~! to scavenge the Ra isotopes (Moore, 1976). The fibers
were rinsed with Ra-free water and immediately shipped to the
University of California Santa Cruz (UCSC) for analysis. Short-lived
radium isotope activities (*2>Ra and 2?*Ra) were measured using a
delayed-coincidence counter (RaDeCC) at UCSC (Moore and
Arnold, 1996). The fibers were analyzed a second time, approxi-
mately 4 weeks after collection, to measure 228Th and correct for
supported 2?*Ra (Moore, 1976; Moore, 2000). Standards are
measured on the RaDeCC systems on a monthly basis as part of
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the quality control protocol of the instrument and to calculate
efficiencies. The analytical error of the calculated efficiencies of the
RaDeCC systems is typically < 10%. The average error associated
with the measurement of 22Ra and 22Ra activities for all ground-
water and nearshore samples analyzed here is 6% and 15%,
respectively, based on calculations following Garcia-Solsona et al.
(2008).

2.2.2. Nutrients

Samples for nutrient concentrations (NOs~ +NO, ™, NHy*,
PO,3~, Si0,) were filtered with 0.45 um syringe filters and
collected in acid cleaned polyethylene bottles. Nutrient samples
were frozen until analyzed colorimetrically using a Lachat Quick-
chem 8000 Flow Injection Autoanalyzer at UCSC. Analytical error
was < 10% for all nutrients based on duplicate samples analyzed
every ten samples.

2.3. SGD flux calculations

Brackish SGD fluxes from ojos were calculated based on excess Ra
activities in the nearshore coastal zone (<1 km) using a Ra mass
balance model (Moore, 1996). Excess Ra activities were determined
and discharge fluxes calculated separately for each of the four
sampling locations. The Ra mass balance model accounts only for
the discharge from the brackish ojos (e.g. cumulative discharge from
all ojos to the coastal zone) and does not include the diffuse
freshwater discharge from the unconfined coastal aquifer. To quantify
the saline discharge occurring at the beach face we used analytical
calculations to establish a first order approximation of SGD from
wave set-up (Longuet-Higgins, 1983) and tidal pumping (Li et al.,
1999), and salinity end-member mixing models for freshwater
discharge. The different SGD end-members (ojo, beach groundwater,
nearshore, and offshore) can be distinguished geochemically
(discussed in Section 3) and are represented in Fig. 2.

2.3.1. Ojo discharge

The average Ra activities of ojo groundwater, surface water in
the nearshore area where the ojos discharge (reef lagoon), and
open ocean surface water (beyond the reef up to 5 km offshore)
were used to represent the end-members (defined as ojos,
nearshore box, and offshore, respectively) for the box model mass
balance mixing calculations (Fig. 2). The SGD flux from the ojos
was calculated from Eq. (1) modified from Moore (1996):

_ (Vbox/T)(Abox _Aoffshore)

Dojo = Aojo (1)

Discharge (D) was calculated from the excess 2?Ra activity in the
box (above that of the offshore water). 2>>Ra activity from the
beach face was not subtracted from the total excess activity, and

Table 1

Values of sampling site parameters for the mass balance Ra model including
volume of nearshore box (Vp.), 7 (residence time), depth, distance to reef from
shore, and approximate length of shoreline for each sampling site.

Site Vbox 7 (d)’ Depth Approx. Length of
(1x10°m3) (m) distance shoreline
to reef (m) (km)
Cancun 315 0492 5.25 1000 12
PM 24.0 0.375 4.0 1000 12
Sian Ka'an 16.2 0.253 45 600 12
Xcalak 24 0.038 2.0 200 12

3 Based on a residence time of 0.125d for a lagoon volume of 8 x 10 m? at
Puerto Morelos (Coronado et al., 2007).

the excess activity is considered as being supplied primarily from
SGD from the brackish ojos. We calculate that the average saline and
freshwater flux contributes < 1% to the excess Ra activity in the
nearshore environment. Aggshore, box, ojo Tefer to the *?*Ra activities
(dpm m~3) of each respective end-member; Vj,y is the volume of the
box, shaped like a prism to account for beach slope (shore length x
water depth just shoreward of the reef x distance to reef x 0.5),
which represents the reef lagoon and varies in dimension depending
on the sampling location (Table 1); and 7 is the water residence time
(d) within the coastal box. A site-specific estimate of z was made for
each location based on known reef lagoon dimensions and using a
constant water transport of 986 m> s~ !, a transport value published
for Puerto Morelos based on a lagoon volume of 8x 10°m3
(Coronado et al., 2007). Each of the coastal regions have different
volumes due to differences in water depth and distance to the reef
crest from shore, and therefore the residence time for each location
was calculated by dividing the volume of the coastal lagoon for each
region (coastal box) by this published water transport. r was
calculated for each site and ranged between 0.038-0.492 d (1.5 h-
11.8 h). It is reasonable to assume that these calculations provide an
adequate estimate of residence times among all sites because similar
currents (Yucatan Current) and coastal morphology (reef lagoon)
regimes exist throughout the region (Ntinez-Lara et al.,, 2005). These
estimates, except for 0.038 d at Xcalak, are within the range of
residence times determined using published current speeds along
the eastern Yucatan Peninsula: 0.46d at PM using 600 m3s~!
(015 ms~1; Kjerfve, 1994) and 021d at PM using 1303 m>s~!
(calculated average of 0.32 m s~ '; Merino-Ibarra, 1986).

We used Eq. (1) for the site-specific SGD calculations without
considering activity loss due to decay (*?°Ra decay constant:
0.0608 d—!) since decay is negligible within each box based on
the residence time estimates. The assumptions of this model are
the following: (1) the system (box) is well-mixed and in steady
state, (2) the ojos are the primary source of >2>Ra to surface waters,
(3) there are no additions of 2?°Ra besides the source (0jos).
We use 223Ra activities as opposed to 22%Ra activities to calculate
ojo discharge because ojo water has low ?>4Ra activities relative to
223Ra activities and our results suggest an additional 22*Ra source
in offshore waters. See Section 4 for further details regarding the
use of ?2°Ra to calculate SGD.

2.3.2. Beach face discharge

We used analytical calculations to establish a first order approx-
imation of SGD occurring at the beach face and within the surf zone.
Ra could not be used as a tracer of SGD at the beach face, due to the
freshness of many of the groundwater samples (e.g. low Ra) and the
elevated Ra activities in surface waters from Ra enriched saline ojo
waters discharging nearby. For the purpose of this study fresh
groundwater was defined as water with salinity <7. Below this
salinity particle desorption of Ra is minimal and therefore samples
with < 7 salinity do not demonstrate the maximum Ra enrichment
(freshwater beach groundwater samples exhibit ~40% of Ra found in
the saline beach groundwater samples); this imposes constraints on
using Ra as a tracer for low salinity water discharge (Webster et al.,
1995). SGD occurring at the beach face was calculated based on wave
set-up (Longuet-Higgins, 1983), tidal pumping (Li et al., 1999), and
freshwater discharge at the beach face using the following equation
modified from Li et al. (1999):

Dbeach = Dwave +Dn'de + Dfresh (2)

Dyave and Dyge Tepresent seawater circulated through the surficial
aquifer in the surf zone; where D, is the discharge occurring due
to wave set-up and can be estimated following the equation from
(Longuet-Higgins, 1983)

Duave = KSL (3)
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In Eq. (3), K is hydraulic conductivity, S is slope of the wave-setup and
L is the width of the surf zone (20 m). K was estimated as 12.5 m d !
(the median of 5-20 md~!) based on grain size of medium sand
(Domenico and Schwartz, 1990). Estimates of S can be calculated
from the breaker height (0.5 m), wave period (7 s averaged over 45 d
during study dates; http://www.ndbc.noaa.gov/station), and beach
slope (0.075) using equations in Li et al. (1999). Dyqe Was calculated
based on the following equation from Li et al. (1999) and Boehm et al.
(2004):

Ned )
Drige = ﬁexp( —a)(cos a— sin a)
/ 2
+ﬂexp(— V2a) cos(x/ﬂﬂ-nea 4)
SbT SbT
where
o

k= 2KH ©)]
and

ka
=5, (6)

For Eqs. (4)-(6), n. is effective porosity and was estimated to be 0.225
(median of 0.15-0.30) based on medium sand grain size (Krekeler
et al, 2009; McWhorter and Sunada, 1977); a is tidal amplitude
(0.3679 m); T is the tidal period (12.42 h) and w is tidal frequency
(141 x 10~ “rad s~ ') based on M2 harmonic. H is the beach sand
aquifer thickness for recirculated seawater considering tidal wave
set-up and tidal pumping through the porous beach sand (average of
2 m; directly measured at temporary well installations); and S,
(0.075) is the beach slope calculated based on the width of the surf
zone and the depth during sampling. The input values used to
calculate Dyyq and D4 €ncompass representative average ranges
and may vary at each site. The median value of the ranges for the
available data was used and assumed to be similar among sites and
therefore should be considered as a first order approximation of the
saline groundwater end-member occurring at the beach face.

Dfresn Was estimated using a salinity mass balance model in the
surf zone. It was assumed the surf zone was well mixed. The
average surf zone salinities (Spox) and average offshore salinities

Table 2

(Sogfshore) Were used at each site in the following equation:

Soffshore - Sbox) (Vbox>
D e L | 7
fresh ( soffshore 7L )

The mass balance approach was applied to the nearshore surf zone
and determined per meter of shoreline (L). The surf zone (for the
beach face discharge calculations) extended 20 m offshore at all
sites (Vpox=15m>) and we used a residence time of 0.125d (7)
(Coronado et al., 2007). The residence time is the same at each site
since we used the same size surf zone box for each site and the
average water depth was similar within 20 m of the shoreline. The
residence time we use is the best estimate based on previous
studies of currents and exchange rates in the area (Coronado et al.,
2007; Kjerfve, 1994; Merino-Ibarra, 1986); however there is
limited knowledge of the extent of the Yucatan Current and
exchange of water with flooding and ebbing tides within 20 m of
shore. We assume the Yucatan Current influences the residence
time within 20 m of shore in addition to the influence of tides
(semi-diurnal mixed; ~12 h tide cycle). We did not investigate the
nature of the fresh groundwater discharge, whether as part of the
tidal circulation cell, or as a freshwater “tube”; however, based on
the analytical approach in this paper, we assume that freshwater
discharges following a pathway or “tube” as opposed to mixing
with the tidal recirculation cell (Robinson et al., 2007). This
assumption seems valid based on the karst environment that has
focal freshwater discharge points and surface runoff is negligible
because nearly all precipitation either evaporates or infiltrates and
recharges the aquifer in this karst environment (Villasuso and
Ramos, 2000).

2.4. Data analysis

Variance among end-members (0jos, beach groundwater, near-
shore, and offshore) and sampling locations was analyzed using
Kruskal-Wallis nonparametric one-way analysis of variance. Statis-
tical significance was determined using a 95% confidence interval
(p<0.05). Statistical analyses were conducted using StatCrunch
(Integrated Analytics, LLC).

223Ra, 22%Ra, and ??%Th activity means in disintegrations per minute per 100 liters (dpm 100 L~ ') and standard deviations (SD) for each end-member at each site. Salinity and

average activity ratios (AR), 22Ra/*?*Ra, for each end-member are also reported.

Site/Date n Salinity 225Ra (dpm 100 L") 22%Ra (dpm 100L~ ") 225Th (dpm 100 L") AR (***223Ra)
Ave SDh Ave SD Ave SD Ave SD Ave
Cancun/Nov 09 Fresh Beach GW 6 2.6 0.6 0.05 0.04 0.17 0.09 0.04 0.01 3.5
Beach GW 24 29.6 8.4 0.53 0.40 2.90 1.90 0.10 0.01 5.7
Nearshore 40 34.6 1.6 0.32 0.29 2.97 1.03 0.17 0.07 13.7
Ojo 6 234 9.1 13.92 164 8.75 6.10 0.50 0.04 0.9
Offshore 13 36.1 0.3 0.18 0.20 2.9 1.30 0.37 0.13 26.1
PM/Jan 09 Fresh Beach GW 4 42 24 0.23 0.2 0.97 0.72 0.02 0.03 6.2
Beach GW 5 13.9 10.6 0.32 0.05 244 0.46 0.18 0.08 7.7
Nearshore 23 359 0.2 0.29 013 341 1.35 0.21 0.11 121
Ojo 12 27.8 7.0 27.20 209 15.83 129 3.91 4.5 0.7
Offshore 9 37.6 0.4 0.25 0.12 343 1.1 0.24 0.09 16.8
Sian Ka'an/Oct 09  Fresh Beach GW 2 11 0.8 0.9 1.2 55 6.7 0.28 0.04 81
Beach GW 20 281 7.8 142 0.92 6.98 443 0.25 0.19 55
Nearshore 36 31.2 13 2.76 1.51 8.38 34 0.28 0.14 3.8
Ojo 7 16.5 2.5 15.46 204 18.90 8.93 2.39 0.39 31
Offshore 0 NA NA NA NA NA NA NA NA NA
Xcalak/Jan 09 Fresh Beach GW 7 34 1.8 4.76 1.98 0.12 0.05 0.22 0.06 0.1
Beach GW 4 171 3.6 0.64 0.27 1.60 0.83 0.13 0.03 2.5
Nearshore 24 32.0 5.9 0.87 0.96 6.50 2.34 0.25 0.12 14.5
Ojo 6 14.6 2.6 18.62 1.67 37.06 10.4 235 1.53 2
Offshore 8 35.9 0.2 0.12 0.06 3.85 1.50 0.25 0.08 401
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3. Results
3.1. Radium activities

A summary of 22°Ra and 22%Ra activities for the different
sample groups (beach groundwater, nearshore, ojo, and offshore)
at each site is shown in Table 2. The end-members used in the
mixing model can be distinguished based on Ra activities. When
considering all the Ra activities regardless of location, the ?2>Ra
and 22“Ra activities were significantly higher in samples from ojos
compared to beach groundwater and surface water (p <0.001)
(Table 2). We found beach groundwater 22Ra activities in the
range of 0.1-2.7 dpm 100 L~ ' and the highest ??*Ra activity was
measured in ojos (66.4dpm 100L~!) with a range of 0.2-
66.4 dpm 100L~'. 22“Ra activities showed similar trends with
greater activities in ojos (0.6-51.9 dpm 100 L~ ') than in the beach
groundwater (0.4-14.7 dpm 100L~'). 22°Ra and 22*Ra activities
were lower in fresh beach groundwater samples (salinity <7)
compared to ojos and saline beach groundwater, except at Xcalak
where fresh beach groundwater activities were greater than saline
beach groundwater activities (Table 2). All sampled ojos except for
one ojo at Sian Ka'an, had salinity > 7. Mean 2?°Ra and %?“Ra
activities in lagoon surface waters differed between sampling sites
(0.03-7.48 dpm 100 L~! and 0.6-14.9 dpm 100 L~!, respectively)
but did not show a significant decrease in 22>Ra or 22“Ra activities
with distance from shore within the reef lagoon (up to 1000 m
depending on the site), indicative of the short residence time of
water in the lagoon and the presence of enriched Ra ojo discharge
throughout the lagoon (Fig. 3). Beyond the reef there was a
significant decrease of 22>Ra and 22“Ra activities in offshore waters
at some of the sites. At Cancun, offshore 2>>Ra activities were
significantly different than nearshore activities (p <0.0001), but
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Fig. 3. (a) **Ra activities and (b) ??*Ra activities of nearshore and offshore surface
water with distance from shore at all sampling locations.
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Fig. 4. Average 2?*Ra/?**Ra activity ratio (AR) for each end-member (beach ground-
water, nearshore, ojo, and offshore) at each of the sampling locations.

224Ra activities were not significantly different than nearshore
lagoon waters (p > 0.05). ??>Ra and 2??*Ra activities in offshore
waters at PM were not significantly different than nearshore
lagoon waters (p>0.05). At Xcalak ??*Ra and 2?*Ra activities
offshore were significantly different than nearshore lagoon waters
(p<0.0003 and p <0.007, respectively). We were not able to
measure the offshore 22°Ra and 2?Ra activities at Sian Ka'an due
to logistical constraints that prevented sampling beyond 500 m
offshore, thus we use the average offshore activities of the other
sites as the offshore end-member for SGD calculations at this site.

End-member activities between the four sampling locations
have some similarities but also had some distinct differences
(Table 2). The beach groundwater and nearshore surface activities
were not significantly different from each other among the four
sites, except 2?°Ra activities at Cancun (p <0.005) and 2?“Ra
activities at Xcalak (p<0.002). PM had the highest ojo ?>*Ra
activity compared to other sites, but the difference among ojos
at the different sites was not statistically significant (p > 0.05).

The 2?“Ra to 2?®Ra activity ratio (**4Ra/?*>Ra AR) was different
between end-members (Fig. 4). Ojos located at all four sites had
significantly lower AR (0.2-5.7) compared to the other end-
members, except nearshore AR at Sian Ka'an and beach ground-
water AR at Xcalak (p < 0.05; Fig. 4). ARs increased in the offshore
end-member at all sites in which offshore waters were measured
(5.7-105; Fig. 4). Cancun and PM, the two northern sites, had
lower 2“Ra activities compared to 2>*Ra in ojo waters (AR=0.9
and 0.7, respectively), and Sian Ka'an and Xcalak had higher ?*Ra
activities relative to 2>Ra (AR=3.1 and 2, respectively), indicative
of different aquifer rocks and/or water-rock interaction times
(Table 2, Fig. 5). In fact, Xcalak has the highest **Ra activities
and may represent a distinct groundwater signature (Fig. 5).
Average ?8Th activities were significantly greater in ojos (0.5-
3.9 dpm 100 L~!) compared to other end-members (0.1-0.3 dpm
100 L~ 1) at all the sites (p < 0.05; Table 2).

3.2. SGD: ojo and beach face

Site-specific ojo discharge was calculated using excess ?2>Ra to
assess variability in ojo discharge along the coastal region. The ojo
SGD fluxes based on excess 222Ra activities at the different sites
ranged between 0.280 x 10° and 111 x 10°m>d~! per 12km of
shoreline. The two northern sites, Cancun and PM, had lower SGD
fluxes, 0.881 x 10°m>d~"' (73 m>d~'m~ ") and 0.280 x 10° m>*d !
(23m3d~'m™"), respectively, compared to Sian Ka'an and Xcalak
with fluxes of 111x10°m3>d~' (921m>d 'm~"') and 2.58 x
10°m3>d~" (215 m3d~!' m~1), respectively (Table 3).

The beach SGD associated with wave set-up and tidal pumping
(calculated using analytical solutions) is expected to be similar at
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the four sites because they have comparable coastal characteris-
tics. We calculated Dyyqve (Eq. (3)) to be 2.03 m®> d~! m~! based on
the median values within the possible ranges of K and S, and Dy;ge
was estimated to be on the order of 0.66 m®>d~' m~"! based on
Egs. (4)-(6). The combined first order approximation for saline
SGD at each site (SGD,,. ;) is 2.7 m>d~!m~" (Table 3).

The freshwater discharge calculated using a salinity mass
balance (Eq. (7)) at the surf zone ( <20 m) suggests an additional
33-85m>d 'm~"' of meteoric discharge at the beach face
depending on the site (Table 3). Cancun and PM had similar
freshwater discharge at the beach face (3.3 and 3.6 m3>d~'m~',
respectively) and the two southern sites, Sian Ka'an and Xcalak,
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Fig. 5. (a) #?*Ra activities vs. 2°Ra activities in the different end-members (beach
groundwater, nearshore, ojos, and offshore). The circled samples represent the
unique signature of ojo activities at Xcalak. (b) ?2Ra activities vs. 22Ra activities for
the boxed portion of graph (a) representing the lower activities of the beach, surf
zone and offshore samples.

Table 3

had higher freshwater discharge at the beach face (5.9 and
8.5m3d~! m~!, respectively).

3.3. Nutrient concentrations in surface water and groundwater

A summary of average nutrient concentrations (NO3 ~ +NO; ~,
NH, ", PO4>~, Si0,) for each site is presented in Table 4.
All groundwater samples (ojos and beach groundwater) were
elevated in nutrients at all sites compared to surface waters in
the coastal area and offshore. NH; concentrations were high in
groundwater sampled from the beach and from ojos compared to
surface waters at Cancun, PM, and Xcalak, but similar between
ojos and surface waters at Sian Ka'an (both the fresh groundwater
and the saline groundwater components in beach groundwater are
presented in Table 4). NO3~ was significantly greater in beach
groundwater samples compared to ojos, lagoon and offshore
surface water samples at all four sites while NO, ™~ was signifi-
cantly greater in beach sgroundwater only at Cancun and PM
(p < 0.05). Total dissolved inorganic nitrogen (DIN =NH;" +NO3~
+NO, ™) concentrations in ojos were similar at PM, Sian Ka'an, and
Xcalak (13.6, 10.6, and 10.9 pM respectively) and Cancun had
slightly lower average DIN concentrations in ojos (8.8 pM). Average
beach groundwater DIN concentrations varied among sites with
PM having the highest DIN concentration (336.8 pM) and Cancun
and Sian Ka'an with similar low concentrations (~49.5 pM). Fresh
groundwater at the beach ( < 7 salinity) also demonstrated high
DIN concentrations at Cancun and Xcalak (264 and 280 puM,
respectively). PO,>~ concentrations are relatively low (<1 pM)
in all samples at all the sites. Beach groundwater (especially the
fresh groundwater samples) and ojos were significantly enriched
with SiO, at all sites.

4. Discussion

Considerable discharge of groundwater from ojos occurs along
the coast of the eastern Yucatan Peninsula and ranges from
48m3>d~'m~! in the northeast region to 568 m>d~'m~"! in
the southeast areas. Measured Ra activities in groundwater along
with salinity trends indicate that discharge to the coast is taking
place from at least two distinct aquifers, an unconfined surficial
coastal aquifer (freshwater, low Ra, high NO3;~ and Si) and
channelized discharge from aquifers feeding submarine springs
(brackish, high Ra, low 2?#/?23Ra AR, high Si and higher NH,™"
compared to NOs3 ™). Higher Ra activities in groundwater com-
pared to surface water are typical of most coastal sites with saline
SGD (e.g. Moore 1996, 1999). The Ra activities in groundwater
occurring at the beach face along the Yucatan coast were not
significantly higher than nearshore surface waters. The similarity
in Ra activities and AR between the beach face groundwater and
lagoon waters suggests that Ra in the beach groundwater samples
originated from mixing with seawater (i.e. recirculated seawater)

SGD fluxes from ojos, wave set-up and tidal pumping, and fresh groundwater at each sampling site. The relative contributions in percent of beach and ojo discharge

are calculated from the total discharge at each site.

Site SGD,jo" SGDyjo” SGD,, , (° SGDjres” Total® Relative contribution

SGDajo (%) SGDBeach (%)
Cancun 0.88 73 2.7 3.3 795 924 7.6
PM 0.28 23 2.7 3.6 293 785 215
SK 111 921 2.7 5.9 929.6 99.1 0.9
Xcalak 2.58 215 2.7 8.5 226.2 95.0 5.0

3 Units are m®>d~! x 10°
b Units are m*d~' m~! calculated from a shore length of 12000 m at each site.
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Table 4

Average and standard deviations (SD) for nutrient concentrations (NO; ~ +NO, ~, NHs*, PO4>~, Si0,) and DIN:P ratios of each end-member for each sampling site.

Station/Date n N-NH4* N-NO5* N-NO,* P-PO4* Sio,™* DIN:P
Ave SD Ave SD Ave SD Ave SD Ave SD Ave
Cancun/Nov 09 Fresh Beach GW 6 9.0 9.8 233.6 163.2 21.7 15.7 0.7 0.5 112.9 321 595
Beach GW 24 43 9.4 433 473 2.0 29 0.8 0.3 36.2 575 78.8
Nearshore 40 0.7 14 71 6.2 0.9 1.0 0.7 1.0 1.8 31 14.4
Ojos 6 7.0 124 15 13 0.3 0.2 0.8 0.3 30.0 39.0 119
Offshore 13 0.2 0.3 19 3.1 0.3 0.4 0.6 0.3 0.6 0.9 3.62
PM/Jan 09 Fresh Beach GW 4 14.2 4.0 143 74 0.8 0.6 0.8 0.3 94.3 541 42.7
Beach GW 5 3.8 4.9 316.1 181.3 17.6 123 0.7 0.1 46.5 20.5 480
Nearshore 23 2.7 1.5 1.6 6.2 0.2 0.3 0.2 0.0 1.5 0.3 16.7
Ojos 12 125 18.1 1.0 23 0.1 0.1 0.5 0.2 154 11.8 28.5
Offshore 9 2.7 6.5 0.8 11 0.2 0.4 0.2 0.1 18 43 4.08
Sian Ka'an/Oct 09 Fresh Beach GW 2 6.3 0.9 26.9 76.9 0.4 0.1 0.7 0.0 101.9 293 714
Beach GW 20 175 445 311 233 0.9 21 0.9 0.2 391 433 53.5
Nearshore 36 0.6 0.4 9.3 43 0.3 0.0 0.5 0.1 5.1 2.7 222
Ojos 7 0.9 0.8 9.4 131 0.3 0.3 0.6 0.1 51.8 28.5 16.5
Offshore 0 NA NA NA NA NA NA NA NA NA NA NA
Xcalak/Jan 09 Fresh Beach GW 7 3.7 7.1 275.9 92.1 0.3 0.3 0.4 0.2 81.0 378 719
Beach GW 4 7.0 73 116.8 1271 0.5 0.5 03 0.0 214 73 412
Nearshore 24 18 12 0.7 1.0 0.1 0.0 0.2 0.0 5.4 14.1 13.2
Ojos 6 10.6 43 0.2 0.2 0.1 0.0 0.5 0.2 28.6 9.2 23.7
Offshore 8 19 11 0.2 0.1 0.1 0.1 03 0.1 1.2 0.5 9.14

* Units are in pM

that already had excess Ra activities due to the high discharge
from ojos with high Ra activities. 22>Ra and ?2“Ra activities in the
nearshore demonstrate mixing of low Ra offshore water and high
Ra groundwater from focused discharge at ojos, and minimal
contribution from beach discharge (Fig. 5). The low Ra activities
of the various potential end-members in this system indicate that
discharge from the ojos accounts for the majority of excess Ra
activity in coastal waters. Accordingly, using Ra mass balance may
be useful for determining fluxes from the ojos but is not sufficient
to quantify the lower Ra beach groundwater discharge in this area.

223Ra activities as opposed to 2?*Ra activities were used for the
mass balance model of ojo discharge because ojo water has low
224Ra activities relative to 22Ra activities. In coastal systems, it is
expected that the 2?#Ra/??>Ra AR will decrease with distance and
time from the source because ??*Ra will decay faster than ?**Ra.
However, along the Yucatan coast, discharge from ojos is char-
acterized by low 22“Ra/??Ra AR, even lower than the offshore end-
member sampled. This suggests an additional ?>Ra source, result-
ing in a trend towards higher 22“Ra/?*>Ra AR with distance
offshore, with minima in the middle of the lagoon near ojo
discharge locations. The increase in the offshore AR is not
consistent with the box model in which groundwater in the
lagoon is the only source of 2>Ra to the coastal environment,
thereby discounting the use of 22Ra as a tracer of SGD.

224Ra production in offshore waters may be from other chan-
nelized discharge high in ?2Ra beyond the reef, decay of 228Th
from ojos, or decay of 2?®Ra and 22%Th in corals. Other channelized
discharge further offshore would be unlikely because if offshore
discharge has the same source as ojos it would have a longer
pathway and therefore be older with less 2?*Ra activity. This
offshore channelized flow would have to have a different source
than the ojos discharging within the reef lagoons. The low AR in
the ojo groundwater suggests older groundwater that has under-
gone some 2?*Ra decay before discharge and has also possibly
interacted with rocks enriched in uranium relative to thorium.
U may accumulate in aquifer soils under anoxic conditions result-
ing in high 22’Ac activities supporting high ??3Ra activities in
groundwater discharging to the coast (Geibert et al., 2008; Moore
et al., 2008). The ojo waters also have significantly higher 228Th

compared to other end-members we sampled (Table 2). The high
Th activities in the ojo samples may be associated with very small
particles that have adsorbed Th. These particles may not have been
separated efficiently from the fibers with our coarse filter or
washed off efficiently from the fibers with Ra free water before
analyses. This fine particle-associated Th may be contributing to
the relatively high ARs observed in offshore waters because ?>Ra
will be generated from 22Th on these particles faster than ?*®Ra is
generated from 22’Ac as suggested for other locations (Geibert
et al., 2008; Moore et al., 2008). Another likely scenario is the
decay of 228Ra and 22Th associated with coral reefs releasing 226Th
and 2?“Ra to offshore waters (Moore et al., 1973).

4.1. SGD: ojos and beach face

Ra activities have been used to calculate SGD occurring in many
different nearshore environments (e.g. Moore, 2006 and refer-
ences therein), and we were able to use Ra activities to calculate
ojo discharge to the coastal environment along the Yucatan
Peninsula. Using the average ojo 2?>Ra activities at each site and
Eq. (1), we estimate the SGD flux at the four different sites to range
between 0.280 to 11.1 x 10° m> d ! with the average discharge of
3.7x10°m?>d ! between the beach and the reef crest along
12 km of coastline. The SGD from ojos was greater at the two
most southern sites (Sian Ka'an and Xcalak) compared to the
northern sites (Cancun and Puerto Morelos). The small amount of
Ra contributed from discharge at the beach face was not sub-
tracted in the calculation of ojo discharge. Using the SGD calcu-
lated at the beach face and measured Ra activities, it is estimated
that the average saline and freshwater flux contributed < 1% to the
excess Ra activity in the nearshore environment. The number and
size of nearshore ojos remains unknown, however using Ra as a
tracer should account for the ojo heterogeneity as these estimates
integrate over the spatial scales represented by our coastal “boxes”
and temporal scales larger than the water exchange rate in the
coastal area.

Other points to consider with these calculations of SGD include
diffusion from sediments and the degree of uncertainty in the
results stemming from limited data on the residence time of
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nearshore waters and variability in measured activities for the
end-members. Diffusion from sediments may contribute Ra and
nutrients to the nearshore environment. For this study, porewater
gradients of Ra were not measured and therefore diffusion from
sediments was not calculated. It is possible our estimate of SGD
may overestimate the magnitude of advective flux from ojos by
not subtracting the diffusive flux of Ra from sediments, but
diffusive flux is assumed to be minimal in this high energy,
shallow nearshore environment based on studies in other coastal
systems. Rama and Moore (1996) calculated that the diffusion of
Ra and radon from sediments is negligible in high-energy envir-
onments, and Cable and Martin (2008) found the diffusion of
radon to account for less than 3% of the total flux from sediments
in a nearshore environment. Future studies may consider compar-
ing diffusion and advection processes of nearshore environments
along the Yucatan Peninsula to further the understanding of fluxes
from the sediments.

The SGD flux estimates also include a degree of error due to the
relatively limited available data on water residence times in the
nearshore coastal zone for each sampling site and the uncertainty
associated with using ?Ra as a tracer. Although multiple studies
(Coronado et al., 2007; Kjerfve, 1994; Merino-Ibarra, 1986) suggest
lagoon water transport and residence times similar to those used
in this study, the water residence may vary between different
times of year when calmer periods or storm surges prevail.
Coronado et al. (2007) suggests the water residence time of the
lagoon at Puerto Morelos may be on the order of two weeks during
calm periods and less than one hour during storm surges. If we use
the longer water residence time of two weeks, the range of
calculated SGD drops to 2.5 to 98 x 10° m> d~! for the four sites.
The calculated residence time of the Xcalak lagoon is particularly
uncertain, and the short residence time determined by scaling the
water volume may result in high SGD rates. Improved estimates of
lagoon water residence times along the Yucatan coast would
greatly improve the accuracy of the SGD calculations for each
lagoon. Furthermore, uncertainty in these large-scale SGD esti-
mates is relatively high because of the heterogeneity of Ra
activities in this environment. Error was propagated for SGD
estimates at each site using summation in quadrature and deter-
mined to be 137%, 84%, 142%, and 98% for Cancun, PM, Sian Ka'an,
and Xcalak, respectively. This does not include uncertainty asso-
ciated with the volume or residence time of the nearshore
environment because of limited data. The main points of this
study (ojo discharge is greater than beach discharge and discharge
is greater in the southern sites) are still valid despite the large
uncertainty, unless there is a systematic error in the calculation for
all the sites.

As previously mentioned SGD,, ., is very likely similar among
the sites (2.7 m3>d~' m~"') because the beach face and wave and
tide components were the same throughout the sampling region,
but the freshwater component of the beach face discharge varies
at the different sites (Table 3). Other studies at different locations
show greater SGD,, ... compared to our findings along the Yucatan
Peninsula. In California, de Sieyes et al. (2008) estimated SGD,, ,
to be on the order of 229 m>d~'m~! at Stinson Beach, and
Boehm et al. (2006) calculated SGD,, . to be 9.5m>d " 'm~! at

Table 5

Huntington Beach. The factor that influences the lower SGD,, , ; in
this study is the smaller aquifer thickness of 2 m estimated for the
unconfined beach sand compared to ~30 m in the above men-
tioned studies. Similar to the ojo discharge, the southern sites
demonstrated greater freshwater discharge compared to the
northern sites, 5.9 x 10 and 8.5x 10°m®d~!m~!' in Sian Ka'an
and Xcalak compared to 3.3 and 3.6 x 10° m®*d~"m~", at Cancun
and PM respectively.

When ojo SGD is normalized to the shoreline length (12 km) for
each sampling zone, total SGD and the relative contributions of ojo
and beach can be calculated per meter of shoreline. Using this
calculation the total SGD, including ojos, wave set-up, tidal pumping,
and fresh discharge, was greatest at the two southern sites, Sian
Ka'an (9296 m*>d~'m~!) and Xcalak (2262m*>d~'m~!), and
lower at the two northern sites, PM and Cancun (29.3 and
79.5m>d~ " m~', respectively, Table 3). The relative contribution of
SGD from ojos was > 90% of the total SGD occurring along the coast
except at PM where ojos accounted for ~79% (Table 3).

Factors including the local geology, recharge rates, the degree
of fracturing, flow directions and expanse of the coastal estuaries
may have influenced the variation in SGD observed among the
four sites (Gondwe et al., 2010b; Isphording, 1975). Cancun and PM
are located in the Holbox Fracture Zone, and Xcalak is located in
the Evaporite Region (Perry et al., 2002). The position of Sian Ka'an
in the fracture zones is not clear and may be at a transition
between these major hydrogeological terrains (part of the Rio
Hondo fracture zone that intersects the Holbox fracture zone near
Tulum), or alternatively this area may represent a different
groundwater system altogether (Gondwe et al., 2010a).

The general direction of groundwater flow in the Holbox
Fracture Zone is predominately to the northeast, and flow in the
Evaporite Region is to the southeast and may be better captured at
our southern sampling sites (Perry et al.,, 2002). The presence of
groundwater fed swamps, wetlands and some streams in the
southern sites is consistent with significant groundwater flow
through this region (Gondwe et al., 2010a). Temporal variability in
our sampling may also be a factor contributing to the observed
differences in SGD since the sites were sampled during different
months of the year; however, PM and Xcalak were sampled during
the same month (January 2009) and SGD fluxes at PM were an
order of magnitude lower than at Xcalak at that time. Thus the
seasonal variability appears to have played a minor role in the
overall variation of flux. In addition to geological and seasonal
effects on SGD, land-use could explain some of the differences
observed. There is greater population and potentially greater
water usage (i.e. groundwater withdrawal) in the northern part
of the peninsula.

Other groundwater studies in the Yucatan Peninsula have
reported lower discharge to the coast compared to our estimates
(Table 5). Hanshaw and Back (1980) estimated discharge on the order
of 86 x 10°m>km~'yr~! based on a water budget for the entire
peninsula, compared to our estimate of 112 x 10°m>?km~"'yr~—!
(average of ojo SGD at all sites). Other studies using salinity and
silica mixing models reported lower groundwater discharge, but
these calculations do not consider saline groundwater contribution
from ojos (Table 5). Indeed salinity measurements at the ojos are

Comparison of groundwater discharge estimates along the Yucatan Peninsula from other studies and this study.

Discharge 10° m®> km ' yr~! Study Groundwater Composition Method

8.6 Hanshaw and Back (1980) Fresh Water budget; entire peninsula
0.7-3.9 Smith et al. (1999) Fresh Mixing model; salinity and silica
0.5 Hernandez-Terrones et al. (2011) Fresh Mixing model; salinity and silica

112 This study

Fresh+Saline 223Ra end-member mixing model
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consistent with mixing of seawater and meteoric water within the
aquifer prior to discharge (Fleury et al., 2007). Flow rates of brackish/
saline water in other coastal karst systems have been found to be on
the order of 8.6 x 10° m® d ' along the coast of Greece (Maurin and
Zoelt, 1965) and up to 1.8 x 10° m>d~! in the Pupu springs in New
Zealand (Williams, 1977). These values are consistent with the
extensive intrusion of seawater that can occur in karst aquifers and
the large volume of fresh and saline water movement in such
systems. The mixed brackish/saline water discharging in many
coastal karst systems is chemically different than either the meteoric
or surface seawater due to reactions in the subterranean estuary
(Slomp and Van Cappellen, 2004; Spiteri et al., 2006) and should be
explicitly determined as this water may have significant impact on
coastal ecosystems (Moore, 2010). Young et al. (2008) found that the
Celestun Lagoon on the northwest corner of the Yucatan Peninsula
had different groundwater sources, (1) a low salinity, low radium and
high nitrate source, and (2) a brackish source with high radium and
less nitrate. The brackish water was described as a mixture of
seawater and freshwater with unique chemical characteristics that
demonstrate reactions within the aquifer that changes the composi-
tion of the water prior to discharge. Both sources of groundwater to
the Celestun Lagoon contribute to nutrient loading.

4.2. Nutrient concentrations and fluxes

As with many locations, groundwater along the eastern Yuca-
tan Peninsula is elevated in nutrients compared to surface waters.
While all groundwater samples were elevated in nutrients (parti-
cularly N and Si) compared to surface water in the lagoon and
offshore, differences exist between the beach groundwater and
ojos. Specifically, the highest NO3 = concentrations were found in
the unconfined aquifer beach groundwater (particularly the fresh
groundwater) at all sites, while NH4* concentrations were similar
between ojo and beach groundwater except at Sian Ka'an where
beach groundwater had significantly greater NH; ™ concentrations.
Sian Ka'an also had significantly higher ojo and nearshore surface
water NOs;~ concentrations compared to the other sites. The
difference in nitrogen forms between the beach aquifer and the
deeper aquifer (discharging at the offshore ojos) is likely linked to
differences in reduction state and related nitrogen transformations
in these aquifers: wave and tidal flushing result in an oxygen-rich
surficial aquifer, while the deep aquifer likely has lower oxygen
levels due to a longer flow path. PO,>~ concentrations were
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relatively low in beach groundwater and ojos, likely resulting
from the precipitation of P with calcium in carbonate rocks and/or
adsorption on Fe-Mn oxide surfaces in the deep and surface
aquifers respectively (Fourqurean et al., 1993; Lapointe and Clark,
1992; Zimmerman et al., 1985). SiO, is elevated in groundwater
samples compared to surface waters and the fresh groundwater at
the beach face has significantly higher concentrations compared to
ojos and saline beach groundwater (Table 4). Elevated SiO, has
also been measured in other studies in this region (Hernandez-
Terrones et al., 2011). It is possible that the high dissolved silica in
our samples is related to leaching of silicates from the shallow soil
layer or dissolution under reducing conditions in the subterranean
estuary (Asano et al, 2003), an observation made in other
carbonate dominated karst settings (Fourqurean et al., 1993).

The SGD-associated nutrient fluxes were calculated by sub-
tracting the average surface water nutrient concentrations from
the average groundwater nutrient concentrations and multiplying
by the calculated SGD fluxes at each site (Fig. 6). Subtracting the
surface water nutrient concentration from the groundwater nutri-
ent concentration is a conservative approach and calculates the
excess nutrients associated with SGD. The ojos contribute a much
greater volume of water compared to the beach discharge, but the
beaches often contribute similar nutrient loads due to higher
concentrations of nutrients in the unconfined coastal aquifer.
Overall, the high volume of ojo discharge dominated SiO,,
PO,3~, and NH, " fluxes, whereas the NO; ~ +NO, ~ fluxes were
mostly contributed by beach groundwater discharge, except at
Sian Ka'an. Sian Ka'an had the highest NO; ~ +NO, ~ concentration
in ojos and the highest discharge, resulting in the highest NO; ~ +
NO, ™ flux and thus higher concentration in coastal water. Fluxes
of SiO, to coastal waters from SGD associated with the ojos
was > 350 mmol d ' m~! of shoreline at all sites (Fig. 6). Sian Ka'an
had significantly higher flux of SiO, (>47 x 10> mmold~'m™1)
because it had both, a high SGD flux and the highest SiO, concentra-
tion in ojos compared to other sites. PO4>~ concentrations were
similar in ojos at all sites and therefore the fluxes were driven
primarily by ojo discharge. Xcalak had the greatest flux of NH4 ™"
(2280 mmold~'m~!) from ojo discharge compared to <950
mmol d~ ' m~" at the other sites (Fig. 6). This NH,* flux at Xcalak
was driven by high ojo discharge as well as higher ojo NH;*
concentrations (10.6 uM). The different nitrogen form contributed
from beach groundwater and ojos may influence primary production
in the coastal environment as different species have distinct
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preferences for utilizing the various N forms (Alvarez-Géngora and
Herrera-Silveira, 2006; Dugdale et al., 2007).

When considering total dissolved inorganic nitrogen (NH4* +
NO3; ~ +NO, ™), Sian Ka'an has the highest DIN flux from ojos
(7462 mmold~'m~"') and PM has the highest DIN flux from
beach SGD (2122 mmold~!'m™"). Sian Ka'an and Xcalak have
the greatest DIN fluxes when considering total SGD flux (ojo and
beach), 7888 and 3147 mmol d—' m~, respectively, to the coast.
The high DIN flux from the beach at PM results from the high DIN
concentrations (338 uM) in the beach groundwater, whereas the
higher volume of discharge from ojos drives greater DIN flux at the
southern sites. DIN concentrations in ojos are similar at PM, Sian
Ka'an, and Xcalak (13.6, 10.6, and 10.9 uM respectively). Cancun
and PM are more populated and it would be expected that these
developed sites would have higher DIN fluxes. However, the order
of magnitude higher SGD flux in the southern sites resulted in a
greater nutrient flux at these sites. This emphasizes the need to
identify areas of high discharge and protection of groundwater
sources recharging these areas in order to minimize the possibility
for eutrophication in the coastal zone. Since this study identified
the southern region of the Yucatan Peninsula as having much
greater discharge rates compared to the northern sites, we suggest
that development and potential contamination in the southern
aquifers may have a more negative impact on the marine coast,
and any coastal or inland development plans should consider the
regional hydrogeology in addition to other factors.

Nutrient loading and the ratio of nutrients delivered to coastal
environments can be important to the phytoplankton commu-
nities and ecosystem health. Shifts in phytoplankton community
structure have been documented in coastal areas impacted by
anthropogenic activities that resulted in increased nutrient deliv-
ery to coastal waters (Haynes et al., 2007; Chérubin et al., 2008).
The ratio of nitrogen to phosphorus (N:P) is also an important
factor in phytoplankton composition and productivity in coastal
environments. Groundwater often has higher N:P ratio compared
to the required N:P ratio by marine phytoplankton around 16:1
(“Redfield ratio”, Redfield, 1934). At our sites, the N:P ratio (total
DIN to PO4>~ ratio) of beach groundwater was between 53 and
480, considerably above the Redfield ratio, whereas N:P ratios
from ojo, nearshore, and offshore waters were not significantly
different from each other and fell between 4 and 28, much closer
to the Redfield ratio (Table 4). The N:P ratio was greater in fresh
groundwater compared to recirculated groundwater at the beach,
except at PM where freshwater NO3 ~ concentrations were rela-
tively low (Table 4). The nutrient ratios and oxidized forms of
nutrients delivered to the surface water along the Yucatan Penin-
sula coast influence the phytoplankton community structure and
result in the dominant presence of diatoms (Troccoli-Ghinaglia
et al, 2004, 2010). If the present nutrient contribution to the
coastal environment changes, creating a more N-replete system,
this may result in a greater abundance of dinoflagellate species
as has been observed in other N-replete waters (Gobler and
Boneillo, 2003). SGD is an important source of N to the environ-
ment and the contribution of SGD (fresh and saline) may influence
nutrient ratios in coastal surface waters as well as phytoplankton
growth in this region.

4.3. Implications for future development in coastal karstic systems

Research in the Yucatan Peninsula has recognized the need to
quantify nutrient pollution and identify nutrient sources to preserve
freshwater resources and marine coastal habitats (ArandaCirerol
et al, 2011; Gondwe et al., 2011; Herrera-Silveira and Morales-
Ojeda, 2009). In the northwest region of the Yucatan Peninsula, a
relationship between increased coastal water nutrient concentra-
tions and human activities, including aquaculture, population

density, and tourism has been recognized (ArandaCirerol et al.,
2006). More focused studies of nutrient sources in the northwest
Yucatan Peninsula showed that livestock was a primary nutrient
source (ArandaCirerol et al., 2011). Furthermore, on the west side of
the peninsula in Yucatan State, agriculture (N rich fertilizer) was
determined to be the main source of elevated NO; ~ in drinking
wells (Pacheco et al., 2001).

A main concern throughout the Peninsula, where karst geology
results in high recharge and flow rates and few surface water
resources exist, is that the freshwater aquifer system that provides
drinking water is at risk of pollution. Both, nutrient pollution
sources and hydrogeology may vary along the coast, and future
studies should consider identifying the sources of nutrient pollu-
tion within each aquifer system along the Caribbean coast.
Mutchler et al. (2007) found that nutrient concentrations in
coastal waters were not different between more developed and
less developed areas along the eastern Yucatan coast, similar to
our findings. However, more importantly, it has been found that
nutrient concentrations and §'°N — NO; ~ (which suggests anthro-
pogenic sources) were higher in environments with greater fresh-
water influence rather than amount of development (Mutchler
et al., 2007). The southern portion of our study area, Sian Ka'an
and Xcalak, have much greater freshwater and total discharge
compared to the northern study sites, therefore we suggest
contamination of groundwater in the southern sites would have
a disproportionally larger negative impact on the coastal environ-
ment than the northern sites. Any comparison to impacts (or lack
thereof) in the more developed regions to the north would be
misleading. Specifically, the southern sites are currently less
developed than the northern sites but tourism and development
are increasing at dramatic rates. In the northwest region, land use,
development, and population density have been identified as the
top three nutrient pollution sources to coastal groundwater
systems (ArandaCirerol et al., 2011). Although development has
not been shown to be directly related to nutrient concentration in
marine coastal waters along the eastern Yucatan Peninsula, the
high nutrient concentrations in fresh groundwater have been
linked to land use and development; thus, population density
and tourism along the east coast should not be neglected. Devel-
opment and tourism have increased four fold along the Rivera
Maya from the late 1990s to mid 2000s (Instituto Nacional de
Estadistica y Geografia, http://www.inegi.org.mx, Mutchler et al.,
2007) and development plans have not taken groundwater fluxes
to nearshore ecosystems into account. Based on our data the SGD
fluxes rather than nutrient concentrations control the nutrient
loads and should not be ignored. In addition, future studies should
consider N sources (using natural isotope tracers) and biogeo-
chemical reactions along groundwater flow paths prior to dis-
charge to coastal environments to determine the effect of nutrient
pollution in the various aquifers and their potential impacts on the
coastal marine environment along the Yucatan Peninsula.

5. Summary

Groundwater discharge from distinct sources (surficial aquifers
at the beach face and several deeper aquifers discharging at
offshore ojos) was identified along the eastern coast of the Yucatan
Peninsula. Discharge from ojos contributes the majority of SGD
and a large fraction of nutrient loading; however, SGD at the beach
face from the coastal unconfined aquifer delivers more N in the
form of NO3~ to coastal waters at most sites due to higher
concentrations in the groundwater. Differences in SGD fluxes
between the north and south parts of the eastern peninsula
indicate that the geology of the Yucatan Peninsula results in a
subsurface water divide near Tulum, with at least two distinct
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groundwater sources as well as larger fluxes in the south. The
different aquifers are also characterized by distinct Ra activity
ratios.

Our data suggest that development in the high discharge areas
(southeastern Yucatan Peninsula) may result in higher loading than
observed in the north. The SGD fluxes at the Sian Ka'an biosphere
reserve are particularly high and it is therefore important to protect
and manage this area to ensure good water quality for the coastal
environment. This study demonstrates the need to understand the
connectivity between inland anthropogenic activities and discharge
to the coast through submarine springs and highlights the potential
impacts to nearshore coastal environments.
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