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hemical cycling of Ba, Sr, Ca, U, Mn and Ra within a karst subterranean estuary is evaluated. • Terrestrial groundwater reflects aquifer rock trace

ent content for Sr, Ca, Ba, Mn and Ra. • Ra and Ba chemical cycling is decoupled; both demonstrate low salinity desorption. • Spring mixing zone

Sr, Ca and Mn cycling is largely conservative between terrestrial groundwater and the ocean. • Karst subterranean estuaries are a significant source of

, Sr and U to the ocean.
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bstract

Trace element cycling within subterranean estuaries frequen
ately control the total chemical load to the coastal ocean ass
ndscapes occur over 12% of all coastlines. Subterranean est
filtration of precipitation and transport of groundwater to t
luble. We studied the chemical cycling of barium (Ba), stro
dium (Ra) within the carbonate karst subterranean estuary o

roundwater lens overlying marine groundwater intrusion wit
ial groundwater calcium (1–5 mmol kg�1) and alkalinity (3–
etween recharging precipitation and calcite, which can be a
bsequent dissolution of calcite, dolomite and gypsum. There
ater Sr/Ca, Mn/Ca, Ba/Ca and Ra/Ca and that predicted

ontent of terrestrial groundwater is largely determined by min
ater and the ocean within the actively discharging springs is
hile U is variable and Ra displays a large enrichment (salin
.3–35 nmol kg�1, Mn: 0.3–200 nmol kg�1, Ca: 4.3–12.9 mmo
mpled through cenotes, local dissolution features, is typified
arine groundwater, due to enhanced dissolution of the aquif

esses including sulfate reduction (salinity: 0.2–36.6, Ba: 7–163
.6–2600 nmol kg�1, Ca: 2.1–15.2 mmol kg�1, 226Ra 20–5120 d
hemistry that deep marine groundwater within this reaction
otal submarine groundwater discharge rates calculated from
ontributing 75 ± 25% of the total. Global estimates of chemi
uxes are potentially 15–28% and 7–33% of total ocean inputs
26 inputs from karst subterranean estuaries are 34–50 times
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lters the chemical signature of groundwater and may ulti-
ed with submarine groundwater discharge. Globally, karst
s in these regions are highly permeable, resulting in rapid
oast, and the predominant carbonate minerals are readily
m (Sr), manganese (Mn), uranium (U), calcium (Ca) and
Yucatan Peninsula, which is characterized by a terrestrial

tive submarine discharge through coastal springs. Terres-
ol kg�1) are enriched over that predicted by equilibrium

nted for by groundwater organic matter respiration and
close agreement between the observed terrestrial ground-
quilibrium dissolution of calcite, thus the trace element
issolution. Subsequent mixing between terrestrial ground-

racterized by conservative mixing of Sr, Mn, Ba and Ca,
.9–34.9, Ba: 60–300 nmol kg�1, Sr: 15–110 lmol kg�1, U:
1, 226Ra: 18–2140 dpm 100 L�1). The deep groundwater

evated Ba, Sr, Ca, Mn and Ra and the absence of U within
trix following organic matter degradation and redox pro-

ol kg�1, Sr: 1.3–210 lmol kg�1, U: 0.3–18 nmol kg�1, Mn:
100 L�1). However, there is no evidence in the spring geo-
e exchanges with the coastal ocean via spring discharge.
m tracers are 40–95 m3 m�1 d�1, with terrestrial discharge
ading from karst subterranean estuaries suggest Sr and U
–15.3 mol y�1 and 4.0–7.7 mol y�1), respectively. Radium-

inputs (6.7–9.9 � 1016 dpm y�1).

n estuary; SI, saturation index.
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40 1. INTRODUCTION

41 Submarine groundwater discharge (SGD) is the trans-
42 port of terrestrially sourced groundwater and groundwater
43 of marine origin across the ocean-aquifer interface (Burnett
44 et al., 2006). Many studies have shown that SGD is an
45 important source of trace elements to the coastal ocean
46 (Shaw et al., 1998; Basu et al., 2001; Moore et al., 2006; Beck
47 et al., 2007; Bone et al., 2007; Moore, 2010; Santos et al.,
48 2011; Beck et al., 2013; Gonneea et al., 2013). However,
49 uncertainty remains concerning the total chemical flux via
50 SGD, due in part to groundwater transit through the subter-
51 ranean estuary (STE), the region of the coastal aquifer where
52 sharp gradients in salinity, oxygen and redox state facilitate
53 the biogeochemical cycling of trace elements (Moore, 1999;
54 Charette and Sholkovitz, 2006; Kaleris, 2006; Beck et al.,
55 2007; Gonneea et al., 2008; Santos et al., 2011). To fully
56 understand the impact SGD has on the coastal ocean and
57 the role SGD plays in global ocean element budgets, we need
58 to quantify how chemical cycling within the subterranean
59 estuary impacts transport of dissolved species to the ocean.
60 Geochemical transformations within the salinity-mixing
61 zone of the subterranean estuary have been observed at
62 many sites characterized by permeable sand and dominated
63 by aluminosilicate minerals (Charette and Sholkovitz, 2006;
64 Beck et al., 2007; Gonneea et al., 2008; Santos et al., 2011).
65 Karst subterranean estuaries, however, have three unique
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99a proxy of ocean redox state (Tribovillard et al., 2006).
100More recently, studies have shown SGD associated fluxes
101and chemical transformations within the subterranean estu-
102ary should be considered in oceanic element budgets (Dunk
103et al., 2002; Santos et al., 2011; Holmden et al., 2012; Beck
104et al., 2013). To this end, SGD-derived chemical fluxes are
105determined for the Yucatan Peninsula. We then extrapolate
106the karst end members reported here to calculate potential
107global SGD derived chemical fluxes through karst subterra-
108nean estuaries and compare them to ocean element budgets.

1092. METHODS

1102.1. Field site

111The Yucatan Peninsula is a large karst platform (165,000
112km2) that is bordered by the Gulf of Mexico along the west
113and north coasts and by the Caribbean Sea on the east coast
114(Fig. 1). The peninsula is characterized by a humid tropical
115climate, with maximum daily temperatures ranging from 25
116to 35 �C and average rainfall that varies spatially across the
117Peninsula from 555 to –1500 mm y�1. Evapotranspiration
118rates are �80% of total precipitation and invariant over
119the course of the year due to a low seasonal temperature dif-
120ference and sustained vegetation growth (Bautista et al.,
1212009). The rainy season is from June through October with
122dry conditions prevailing from December through May,
123,
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characteristics: (1) the water to rock ratio is much highe
and more variable due to multiple scales of permeability
(2) carbonate minerals are readily soluble; and (3) ground
water mixing occurs during channelized conduit flow of both
terrestrial and marine groundwater, with springs being the
primary route of water exchange with the coastal ocean (Per
ry et al., 2002; Beddows et al., 2007; Fleury et al., 2007; Cha
rette et al., 2008; Garcia-Solsona et al., 2010; Einsiedl, 2012)
The key processes that may alter dissolved trace element dis
tributions in the subterranean estuary include mineral disso
lution/precipitation, adsorption/desorption reactions, redox
cycling, and mixing between water sources. In the case o
radioactive trace elements such as the isotopes of radium
radioactive production or decay must also be considered.

Globally, 12% of submarine groundwater discharg
flows through karst subterranean estuaries (as reported in
Beck et al. (2013) calculated from aquifer lithologies pre
sented in Gibbs and Kump (1994) and regional SGD esti
mates in Zekster et al. (2006)). This study evaluate
geochemical cycling of barium (Ba), uranium (U), stron
tium (Sr), manganese (Mn), calcium (Ca) and radium
(226Ra, 228Ra and 223Ra) within the Yucatan Peninsula
karst subterranean estuary. These elements are of interes
given their utility as tracers of environmental processes
For example, past oceanic productivity can be recon
structed from BaSO4 burial rates (Paytan et al., 1996) whil
the oceanic Sr isotope record serves as a proxy for variou
inputs to the ocean, including continental weathering and
hydrothermal circulation (Hess et al., 1986; Palmer and
Edmond, 1989). Variability in oceanic Ca may be related
to changes in ocean carbon cycling on long time scale
(Griffith et al., 2008). Ra is used extensively as a tracer o
groundwater discharge (Moore, 1996). Uranium serves a
Please cite this article in press as: Gonneea M. E., et al. Trace elem
(Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), ht
coinciding with cool temperatures (Giddings and Soto
2003). From November through February temperature
are typically cool and north winds prevail. Tropical depres
sions, which frequently make landfall on the Yucatan Penin
sula, result in large precipitation events (Boose, 2006).

The Yucatan Peninsula consists of limestone, dolomit
and evaporite deposits, which can reach up to 1,500 m thick
ness (Bauer-Gottwein et al., 2011). The permeability of th
aquifer is so great that there are no streams or rivers. Pref
erential flow paths in the karst aquifer range in scale from
large dissolution conduits (10–100’s of meters) to smalle
scale fractures (1–10 cm), thus aquifer permeability is lar
gely scale dependent. The hydraulic gradient is very low
(1–10 cm km�1) and flow is generally perpendicular to th
coast (Hanshaw and Back, 1980; Beddows et al., 2007; Gon
dwe et al., 2010). Marine groundwater lies beneath a fresh
water lens across the entire northern Peninsula, with th
depth to the saltwater interface increasing with hydrauli
head elevation, as predicted by the Dupuit-–Ghyben-–Herz
berg model. Close to the coast (<20 km), the halocline is at
< 40 m and it is possible to sample both terrestrial and mar
ine groundwater through sinkholes, which are locally
known as “cenotes” (Perry et al., 2009; Bauer-Gottwein
et al., 2011). The freshwater portion of cenotes is typically
oxic, with reducing conditions developing in the saline por
tions due to reduction of organic matter and presumably
longer water residence times than terrestrial groundwate
(Cervantes-Martinez et al., 2002; Perry et al., 2002
Schmitter-Soto et al., 2002; Torres-Talamante et al., 2011)
A region of high permeability exists along the perimeter o
the Cretaceous asteroid impact crater; known as the ‘Ring
of Cenotes’, it bisects the coast at the Celestun and Boca
de Dzilam Lagoons (Perry et al., 1995).
ent geochemistry of groundwater in a karst subterranean estuary
tp://dx.doi.org/10.1016/j.gca.2014.01.037
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The degree of karstification of the Yucatan Peninsula re-
lts in high permeability with minimal surface flow (Perry

t al., 2009; Bauer-Gottwein et al., 2011). Since the major
ector for terrestrial freshwater transport to the coast is
ia SGD, many studies have evaluated its impact on the
oastal ocean, with a particular focus on nutrient loading
nd eutrophication (Smith et al., 1999; Herrera-Silveira
t al., 2002; ArandaCirerol et al., 2006; Young et al.,
008; Morales-Ojeda et al., 2010; Price et al., 2010). Semi-

ig. 1. Yucatan Peninsula field site. Samples were collected in 2007, 20
f Cenotes is denoted in a dashed line between Celestun and Dzilam.
al studies by Perry et al. (2002, 2009) have utilized ground-
ater major ion (i.e. Cl�, Ca2+, Mg2+, K+, Na+, SO2�

4 ) and
rontium isotope chemistry to infer the subsurface geostra-
graphy of the Yucatan Peninsula and groundwater flow
aths across the region.

.2. Field methods

Samples were collected during four field campaigns
ay 26–29, 2007; December 4–9, 2009; February 12–17,

011; and October 22–25, 2011) from cenotes, springs, wells
nd coastal ocean waters (Fig. 1). Springs were actively dis-
harging into the coastal ocean and were either submerged
r within the tidal zone. Well samples were collected only
om the east coast and were pumped from 15 cm diameter
ells with slotted casings extending down to 5–18 m. Ocean
mples were collected within 60 km of the coast. Cenotes
ere sampled with a Niskin bottle in 2007 and a Proactive
ega-Typhoone submersible pump in 2009 and 2011.

enote radium samples in 2007 were combined from multi-
le Niskin bottles and ranged from 3.4 to 10 L, while sam-
le volume in 2009 and 2011 was 22–30 L. Spring samples
ere collected by placing a submersible pump within the
utflowing water, with 4–30 L collected for radium. Coastal
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lease cite this article in press as: Gonneea M. E., et al. Trace element
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ace metal samples were collected from a Niskin bottle de-
loyed at 2 m and radium samples (44–84 L) were collected
om the same depth using a pump. Trace metal samples
ere passed through a 0.2 lm filter into clean LDPE bottles

d 2011, although not every site was sampled each year. The Ring
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215

216
organic carbon (DIC) and total alkalinity samples were
assed through a 0.2 lm filter into 125 mL glass bottles,
oisoned with 50 lL saturated mercuric chloride upon sam-
le collection and were kept free of air bubbles. Samples for
dium were filtered through MnO2 impregnated acrylic fi-

ers (hereafter referred to as Mn fibers) at a flow rate of
.2–0.8 L min�1 to quantitatively sorb Ra onto the MnO2

oore and Reid, 1973).
Basic water chemistry data including salinity, dissolved

xygen, temperature, pH and oxidation–reduction poten-
al (ORP, converted to Eh) were measured in the field with
YSI 600XLM or a YSI 6920V2 multi-parameter sonde in
flow-through cell (springs and cenotes) or directly in the

oastal ocean. In addition, separate water samples were col-
cted in 2009 and 2011 for salinity and were analyzed by a
uideline AutoSal instrument. Three samples of the surfi-

ial aquifer rock were collected in 2009 from the east coast.

.3. Analytical methods

Uranium, barium, and strontium were measured via iso-
pe dilution on a 20 times diluted sample. Briefly, 0.075 g of
mple was spiked with 135Ba, 236U and 84Sr and diluted to

.8 g with 5% Optima nitric acid. The resulting solution was
nalyzed on a Finnigan Element 2 high resolution induc-
vely coupled plasma mass spectrometer (ICP-MS) at the
oods Hole Oceanographic Institution for masses 84Sr,

135 138 236 238 84
 217Sr, Ba, Ba, U and U. The Sr peak was

geochemistry of groundwater in a karst subterranean estuary
dx.doi.org/10.1016/j.gca.2014.01.037
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218 corrected for rubidium and krypton interferences. Manga-
219 nese and calcium (for a subset of samples) were determined
220 separately by diluting samples 20-fold with 5% Optima nitric
221 acid and adding Indium (In) as an internal standard to ac-
222 count for instrument drift and matrix interferences of the
223 solution. Count rates were normalized to In and concentra-
224 tions were calculated from a standard curve. An additional
225 subset of samples was run for Ca on a Dionex ion chromato-
226 graph. NASS-5, SLEW-3, SLRS-4 and IAPSO reference
227 standards were run to determine accuracy, which was better
228 than 1% for Ca, 5% for U, Sr and Ba, and 15% for Mn (Ta-
229 ble S1). DIC and total alkalinity were measured within two
230 weeks of collection. DIC was determined by acidification of
231 0.5 mL of a water sample and the subsequent quantification
232 of CO2 with a non-dispersive IR detector (Li-Cor 6252). The
233 analytical precision is ±3 lmol kg�1. Total alkalinity was
234 determined using Gran titration (Metrohm 808 Titrando
235 with 1 mL burette) with precision of ±4 lmol kg�1. Both
236 DIC and total alkalinity were calibrated by certified refer-
237 ence materials from A.G. Dickson of Scripps Institution of
238 Oceanography. The aquifer rock samples were drilled to a
239 fine powder, dissolved in 5% nitric acid and then trace ele-
240 ments were analyzed as described above.
241 The Mn fibers were rinsed with Ra-free water to remove
242 salts, which interfere with counting (Sun and Torgersen,
243 1998), partially dried and placed within a delayed coinci-
244 dence counter to measure 223Ra and 224Ra 1–6 days after
245 collection (Moore and Arnold, 1996). For the oldest sam-
246 ples (6 days), only 30% of the initial 224Ra remained. Sam-
247 ples from 2007 were counted at four weeks and two months
248 post sampling to correct 223Ra for 227Ac adsorbed to the
249 Mn fibers. In 2009 and 2011, an additional count was done
250 at 11 to 17 days post sampling to improve 223Ra measure-
251 ments. Due primarily to low 224Ra activities and decay dur-
252 ing transit from Mexico, the majority of groundwater 224Ra
253 values were below detection and are not reported here1.

254Note that several water samples collected from deep cenotes
255for radium analysis were highly reducing, and despite aera-
256tion, the Ra could not effectively be removed from these
257samples due to loss of Mn oxide coating. Radium-223 activ-
258ities of the surficial rock samples were determined by dis-
259solving 20–30 g of powdered carbonate in 20% HCl,
260which was then neutralized to pH 8 with NaOH. Mn fibers
261were added to each solution and shaken for 24 h to remove
262radium. The Mn fibers were then rinsed and counted as
263above.
264Manganese fibers were ashed (820 �C, 16 h), homoge-
265nized and capped with epoxy, prior to being placed
266within a well-type gamma spectrometer to measure
267228Ra (via 228Ac at 911 keV) and 226Ra (via 214Pb at
268351.9 keV) (Charette et al., 2001). All detectors were
269standardized using a 226Ra NIST-certified Standard Ref-
270erence Material (#4967A) and a gravimetrically pre-
271pared ThNO3 powder, with Th daughters (228Ra) in
272equilibrium, which was dissolved and calibrated via iso-
273tope dilution MC-ICP-MS with the 226Ra NIST stan-
274dard. These standard solutions were sorbed to Mn
275fibers and prepared in the same manner as the samples.
276Gamma counting detection limits (0.2 dpm) were calcu-
277lated with the Currie Hypothesis test and were equiva-
278lent to 5 dpm 100 L�1 for 4 L cenote and spring
279samples and 0.2 dpm 100 L�1 for 84 L offshore samples
280(De Greer, 2004). 223Ra and 228Ra activities were decay
281corrected to the time of collection. Aquifer rock samples
282were drilled to a fine powder, capped with epoxy as
283above and 228Ra and 226Ra were quantified on gamma
284detectors.

2852.4. Geochemical modeling

286We used model simulations to determine how organic
287matter respiration could alter the groundwater chemistry
288through enhanced mineral dissolution. All groundwater
289speciation and mineral solubility calculations were per-
290formed with PHREEQ (Parkhurst and Appelo, 2013).
291The modeling was done with the Pitzer aqueous ion-inter-
292action model using the PHREEQ reaction database. The
293actual composition of groundwater organic matter was
294not determined, so in our model we chose a simple organ-
295ic substrate (CH2O(NH3)) to react at a fixed pressure of
2961.1 atm. Organic matter (0.1–16 mmol kg�1) was first re-
297acted in the groundwater and then the modeled solution
298was allowed to equilibrate with three different mineral
299assemblages: (1) 100% calcite (1 mol L-1), (2) 95% calcite
300and 5% dolomite (MgCa(CO3)2) and (3) 95% calcite,
3014.75% dolomite and 0.25% gypsum/anhydrite (CaSO4/
302CaSO42(H2O)). Typical contributions of dolomite to the
303r
304-
305,
306

307r
308r
309-
310

1 The delayed coincidence counter employs a timed gate to
differentiate between decay events associated with 224Ra (224Ra
(t1/2 = 3.6 d)-220Rn (t1/2 = 55 s)-216Po (t1/2 = 150 ms)) and 223Ra
(223Ra (t1/2 = = 11.4 d)-219Rn (t1/2 = 4.0 s)-215Po (t1/2 = 1.78 ms)),
and records decay events associated with each isotope in two different
channels on the detector (Moore and Arnold, 1996). However, some
counts recorded in each channel are not associated with the targeted
Ra isotope. These are known as chance coincidence events, and can
be subtracted based on probability statistics (Giffin et al., 1963).
Since the chance coincidence rate increases as the square of the total
count rate of the system, 224Ra and 223Ra uncertainties increase at
high total count rates and at very high total count rates, the chance
coincidence corrections break down, particularly for 224Ra (Moore
and Arnold, 1996). This is observed in the detector counting logs as
an increase in the chance coincidence corrected values over time.
Thus, we evaluated the counting logs from every sample to ensure

r
e
e

,

r
.

Q3
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that there were no anomalous increases in either corrected 219Rn (fo
measurement of 223Ra) or 220Rn (for measurement of 224Ra). If th
difference in the corrected cpm between the beginning and end of th
counting period differed by more than 20%, that data was considered
unreliable. We observed that many of the 224Ra values in cenote and
spring samples could not be measured with the RaDeCC system
likely due to high 223Ra and 226Ra activities in these samples. 224Ra
values are not reported since they were either below detection o
unreliable due to the breakdown in chance coincidence calculations
Please cite this article in press as: Gonneea M. E., et al. Trace elem
(Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), ht
aquifer matrix are 5%; however, in regions of the aquife
where dolomitization has occurred, such as near the im
pact crater, it may be as much as 50% (Schmitt et al.
2004; Tuchscherer et al., 2005; Escobar-Sanchez and
Urrutia-Fucugauchi, 2010). Since all of our groundwate
samples are from the top 50 m of the aquifer, an uppe
limit dolomite to calcite ratio of 5% is used in the model
ing here.
ent geochemistry of groundwater in a karst subterranean estuary
tp://dx.doi.org/10.1016/j.gca.2014.01.037
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3. RESULTS

.1. Barium

Barium concentrations in cenote waters are elevated
ver ocean end members, with the highest concentrations
und in reducing cenote waters (Eh < 200, 400–

00 nmol kg�1; Fig. 2a and Table S2); at depths >62 m in

ig. 2. Element plotted against salinity for (a) barium, (b) uranium, (c
own in (a) assuming a seawater sulfate end member of 28.2 mmol k
ring samples (dashed lines) and reducing cenote samples (dotted l

ischarging groundwater in the coastal ocean, well samples were pum
llected from natural dissolution features. Note scale break in a and
lease cite this article in press as: Gonneea M. E., et al. Trace element
Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), http://
cenote on the North coast (YT 175 and 176, Table S2),
a values exceeded 1400 nmol kg�1. In contrast, low salin-
y spring, well and cenote samples had lower, but very sim-
ar Ba concentrations (�125 nmol kg�1) with peak values
bserved at salinity �2. This type of non-conservative
nrichment has been previously observed for Ba in subter-
nean estuaries (Shaw et al., 1998; Charette and Sholko-

itz, 2006; Santos et al., 2011). Spring samples

ntium, (d) manganese, and (e) calcium. The barite solubility line is
Statistically significant (p < 0.0001) conservative mixing lines for
are shown (Table S3). Spring samples were taken from actively
om shallow drilled wells near the coast, and cenote samples were
geochemistry of groundwater in a karst subterranean estuary
dx.doi.org/10.1016/j.gca.2014.01.037
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325 (140 ± 60 nmol kg�1) fall along a conservative mixing line
326 between coastal ocean Ba values (65 ± 10 nmol kg�1) and
327 the salinity �2 end member (dashed line in Fig. 2a, Table
328 S3). In the reducing cenote waters, the high Ba concentra-
329 tions would be supersaturated with respect to barite
330 (BaSO4) formation (Rushdi et al., 2000) if seawater SO2�

4

331 concentrations persisted, however, sulfate reduction and
332 depletion has been detected in this region of the aquifer
333 (Perry et al., 2002, 2009).

334 3.2. Uranium

335 Low salinity cenote waters range from 1.6 to
336 15.7 nmol kg�1 U, and low salinity spring and well samples
337 typically have U concentrations >10 nmol kg�1 (Fig. 2b
338 and Table S2). High salinity, reducing cenote samples are
339 marked by depletion of U relative to predicted values for
340 oxygenated seawater. Spring U concentrations are
341 largely invariant across the salinity-mixing zone between ter-
342 restrial groundwater and the coastal ocean value
343 (14 ± 0.5 nmol kg�1).

344 3.3. Strontium

345 There are two conservative mixing relationships appar-
346 ent in the strontium data (Fig. 2c and Table S2). Strontium
347 concentrations range from 1 to 34 lmol kg�1 in low salinity
348 spring, well and cenote samples although some well samples
349 reach 50 lmol kg�1 at salinities 2–5. Reducing cenote sam-
350 ples then follow a conservative mixing line to peak values of
351 210 lmol kg�1 at salinity 36.6. Spring and well samples fall
352 along a separate mixing line between a 20 lmol kg�1 low
353 salinity end member and the coastal ocean
354 (96 ± 3 lmol kg�1) with the exception of a few low salinity
355 well samples that are enriched in Sr (�60 lmol kg�1). All
356 samples are undersaturated with respect to celestite
357 (SrSO4), which reaches saturation at 450 lmol kg�1 Sr at
358 salinity greater than 15, assuming conservative seawater
359 SO2�

4 concentrations (Rushdi et al., 2000).

360 3.4. Manganese

361 Manganese concentrations are generally less than
362 100 nmol kg�1 in the low salinity cenote groundwater
363 (Fig. 2d and Table S3). Higher salinity, reducing groundwa-
364 ter is comparatively enriched in manganese (10–
365 2600 nmol kg�1). Mixed salinity spring and coastal well sam-
366 ples mix conservatively between terrestrial groundwater
367 )
368
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(80 ± 160 nmol kg�1) and coastal ocean (9.6 ± 4 nmol kg�1

end members (Table S3).

3.5. Calcium

Calcium was only measured on a subset of the samples
Calcium is conservative with salinity, with two distinct mix
ing relationships (Fig. 2e and Table S2). Terrestrial ground
water is enriched in Ca (3.8 ± 0.9 mmol kg�1) with spring
samples falling on a mixing line (slope of 0.23 and intercep
of 3.4) with the coastal ocean value (10.7 mmol kg�1). Pre
viously reported Ca values for Yucatan groundwater fal
Please cite this article in press as: Gonneea M. E., et al. Trace elem
(Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), ht
along a similar mixing line as the terrestrial groundwate
and mixed salinity springs and wells (slope 0.19 and inter
cept 3.4 (Stoessell et al., 1989); slope 0.18 and intercep
4.2 (Reeve and Perry, 1994)). The mixing line for the deep
reducing cenote samples from Sabtun Cenote shown her
(slope of 0.59 and intercept of 3.7) intersects deep
(UNAM2, 300 m) samples enriched in Ca reported in Perry
et al. (2002), although the high Ca samples shown here ar
from a maximum depth of 35 m. Other reducing cenot
samples are enriched in Ca to a lesser extent.

3.6. Radium isotopes

Radium-226 (t1/2 = 1600 y) and 223Ra (t1/2 = 11.4 d) ar
enriched 100 and 230 times, respectively in groundwate
compared to coastal ocean activities. Radium-228 (t1

2 = 5.7 y) is comparatively less enriched (14 times) sinc
its particle reactive parent (232Th) occurs in very low abun
dance in both seawater and carbonate minerals (Fig. 3)
This pattern is also observed in low salinity groundwater
from both cenotes and wells, which are approximately 20
times enriched in 226Ra (360 ± 380 dpm 100 L�1, Fig. 3a
and 223Ra (21 ± 35 dpm 100 L�1, Fig. 3c) compared to
coastal ocean activities, while 228Ra is only four times high
er in low salinity groundwater (24 ± 20 dpm 100 L�1

Fig. 3b) than in the coastal ocean. The two long-lived iso
topes peak in spring samples at a salinity of �5 (226Ra
2200 dpm 100 L�1, 228Ra: 180 dpm 100 L�1), while th
short-lived 223Ra spring samples do not display a distinc
peak (Fig. 3). Several high salinity cenote samples hav
very high 226Ra (>3000 dpm 100 L�1) and 228Ra
(>400 dpm 100 L�1) without a corresponding enrichmen
of 223Ra.

3.7. Aquifer rock trace elements and radium

The trace element content of the Yucatan surficial aqui
fer rock collected 10 km inland is: Ba = 0.17 lmol g�1

Sr = 3.3 lmol g�1, U = 3.2 nmol g�1, Mn = 0.24 lmol g�

(Table 1). Radium isotopes were also measured on two
additional samples (collected 0.5 and 20 km from the coast
and displayed a large range: 228Ra = 0.17–0.28 dpm g�1

226Ra = 1.8–6.1 dpm g�1 and 223Ra = 0.02–0.22 dpm g�

(Table 1).

4. DISCUSSION

4.1. Aquifer rock geochemistry

The Ba, Sr, U and Mn content of the Yucatan aquife
rock reported here is slightly lower than global limeston
values, likely due to some aluminosilicate inclusions in th
global average limestone. The Yucatan carbonate aquife
we measured has minimal terrestrially-derived inclusion
evidenced by a much lower Mn content, however there i
a high silicate content due to the presence of diatom frust
rules. Unaltered carbonate rocks from of the Chicxulub me
teor impact zone (northwest Yucatan) have similar trac
metal concentrations as those analyzed during this study
(Table 1). Ba concentrations in unaltered carbonate
ent geochemistry of groundwater in a karst subterranean estuary
tp://dx.doi.org/10.1016/j.gca.2014.01.037
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430 ranged from 0.07–0.22 lmol g�1, in close agreement with
431 samples from the east coast (0.17 lmol g�1, Table 1) (Tuc-
432 h
433 sa
434 U
435 th
436 ti
437 su
438 m
439 g
440 22

441 re

442largely determined by the U present at the time of forma-
443tion, leading to a large range in radium activities (Langmuir
444and Riese, 1985).

4454.2. Geochemistry of the karst subterranean estuary
446terrestrial end member

447Numerous studies of this aquifer have shown that
448groundwater is in equilibrium with calcite, the primary
449aquifer mineral (Stoessell et al., 1989; Reeve and Perry,
4501994; Perry et al., 2002, 2009;). In addition, aragonite, celes-
451tite (SrSO4) and evaporite layers (gypsum and anhydrite)
452occur in certain parts of the aquifer and dissolution of these
453minerals may further modify groundwater chemistry
454(Stoessell et al., 1989, 1993; Perry et al., 2002, 2009). Water
455in equilibrium with atmospheric CO2 has a pH of 5.6; when
456this water reacts with calcite the resulting solution has a pH
457of 8.2, an alkalinity of 1100 lmol kg�1 and a dissolved Ca
458concentration of 0.5 mmol kg�1. In contrast, our samples
459of Yucatan terrestrial (salinity < 2) groundwater had an
460alkalinity of 6460 ± 1210 leq kg�1, DIC of 6630 ±
4611230 lmol kg�1, pH of 7.25 ± 0.56 and 3.8 ±
4620.9 mmol kg�1 dissolved Ca. To acquire this elevated alka-
463linity, DIC and Ca content, further mineral dissolution
464must be induced under elevated groundwater pCO2 concen-
465tration and reduced pH. This modeling exercise is primarily
466meant to demonstrate the potential coupling between or-
467ganic matter respiration and mineral dissolution that is nec-
468essary to explain the elevated dissolved Ca (and by proxy
469trace elements associated with CaCO3) in terrestrial
470groundwaters and is not exhaustive due to the paucity of
471carbonate chemistry available for this data set. We com-
472pared the total dissolved calcium, alkalinity and DIC of
473the modeled groundwater to a subset of samples (collected
474in 2009) for which carbonate chemistry (i.e. alkalinity, dis-
475solved inorganic carbon) was determined.
476We reacted 0.1–16 mmol kg�1 organic matter and then
477allowed the resulting solution to reach equilibrium with cal-
478cite (1 mol L�1), a mixture of calcite and dolomite (5%),
479and a mixture of calcite, dolomite (4.75%) and gypsum
480(0.25%) (Fig. 4). The dissolution of gypsum with at least
4818 mmol kg�1 of organic matter respiration is needed to ex-
482plain the highest dissolved Ca values (>3 mmol kg�1

483(Fig. 5)). We observed excess alkalinity in our samples
484above model predicted values, while DIC values largely
485agreed with modeled values (Supplemental Fig. 1). This is
486potentially due to organic matter contributions to total
487alkalinity that may be difficult to quantify without further
488sampling and analyses (Kim et al., 2006; Kim and Lee,
4892009). Perry et al. (2002) suggest that shallow root systems
490in the coastal aquifer may contribute organic matter to the
491g
492

493g
494re
495w
496re
497C
498th
499c

Fig. 3. (a) 226Ra, (b) 228Ra and (c) 223Ra plotted against salinity.
Note scale breaks in a and b.
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scherer et al., 2005). Sr content was slightly higher in the
mple reported here (3.3 versus 2.3–2.6 lmol g�1), while
and Mn are 30–40% lower in the sample analyzed here

an near the impact zone. These differences may be poten-
ally due to alteration associated with the bolide impact or
bsequent changes in hydrogeology and weathering (Sch-
itt et al., 2004; Tuchscherer et al., 2005). There was a lar-

er range in the sediment radium activities, particularly for
3Ra and 226Ra (within the 235U and 238U decay series
spectively). The radium content of carbonate minerals is
lease cite this article in press as: Gonneea M. E., et al. Trace element
Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), http://
roundwater.
We posit that the dissolved Ca load of terrestrial

roundwater is a function of the amount of organic matter
spiration that has occurred during transit of the ground-
ater through the aquifer and the aquifer mineral matrix,
sulting in a range of potential pH, alkalinity, DIC and
a concentrations for the terrestrial end member. With
e available data it is not possible to determine the exact

ombination of organic matter respiration and calcite,
geochemistry of groundwater in a karst subterranean estuary
dx.doi.org/10.1016/j.gca.2014.01.037
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Table 1
Yucatan aquifer and global average limestone Ba, Sr, U, Mn and Ra isotope concentrations.

Element lmol g�1 or (Ra) dpm g�1 E/Ca (lmol mol�1 or (Ra) dpm mmol�1) Location Reference

Ba 0.17 17 Yucatan This study
0.07–0.22 8–30 Yucatan –a

0.66 66 Global limestone –b

Sr 3.3 330 Yucatan This study
2.3–2.6 300–320 Yucatan –a

2.3–3.3 250–390 Yucatan –b

7.0 700 Global limestone –c

U 0.0032 0.32 Yucatan This study
0.0073–0.0078 0.9–1.1 Yucatan –a

0.009 0.9 Global limestone –b

Mn 13.1 1310 Yucatan This study
38–55 5200–6400 Yucatan –a

11 1130 Global limestone –b

226Ra 1.5–6.1 0.15–0.61 Yucatan This study
228Ra 0.17–0.33 0.017–0.033 Yucatan This study
223Ra 0.02–0.22 0.011–0.035 Yucatan This study

a Tuchscherer et al. (2005).
b Bowen (1979).
c Schmitt et al. (2004).

Fig. 4. Ca plotted against DIC for terrestrial (salinity < 2)

c

;

t

Fig. 5. Predicted terrestrial groundwater dissolved Ca versus
salinity following 1 mmol kg�1 (dotted lines) and 8 mmol kg�1

f
s
e
l
l
e
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dolomite and gypsum dissolution that has occurred within
each terrestrial groundwater sample, rather we use the mod
el results and data to place bounds on the potential for en
hanced dissolution and to explain the relatively high
groundwater trace element concentrations we report here.

If chemical equilibrium with aquifer minerals, as dis
cussed above, controls the terrestrial groundwater elemen
tal concentrations (i.e. outside of the salinity mixing
zone), the relative proportion of the element/calcium ratio

groundwater samples collected in Dec. 2009 (diamonds). Also
shown is the predicted Ca:DIC relationship following organi
matter degradation as modeled using PHREEQ (Parkhurst and
Appelo, 2013) for equilibrium with 1 mol L�1 calcite (dashed line)
95% calcite, 5% dolomite (dotted line) and 95% calcite, 4.75%
dolomite and 0.25% gypsum (solid line). Vertical hatch marks and
numbers in bold indicate the amount of organic matter respired a
each point.
(E/Ca) in the aquifer matrix (E/Casolid) to groundwater

Please cite this article in press as: Gonneea M. E., et al. Trace elem
(Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), ht
(E/Cagroundwater) can be predicted from the partition coeffi
cient (Kd):

Kd ¼
E=Casolid

E=Cagroundwater

ð1

Calcite partition coefficients are readily available to calcu
late the equilibrium groundwater E/Ca for Ba, Sr, U, Mn
and Ra (Table 2). The partition coefficient varies with tem

(dashed lines) organic matter respiration in equilibrium with
1 mol L�1 calcite; 95% calcite (C), 5% dolomite (D); and 95%
calcite 4.75% dolomite and 0.25% gypsum (G). Addition o
dissolved Ca through conservative mixing with ocean waters i
shown in the solid line; this contribution has also been added to th
mineral equilibrium lines. See Fig. 4 for dissolved Ca in terrestria
groundwater at additional organic matter respiration amounts. Al
terrestrial (salinity < 2) groundwater samples with measured Ca ar
shown.
518perature and environmental conditions (Kitano and

ent geochemistry of groundwater in a karst subterranean estuary
tp://dx.doi.org/10.1016/j.gca.2014.01.037
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Table 2
Element radius, calcite partition coefficient and predicted dissolved E/Ca.

Element Radius* Kd calcite Predicted dissolved E/Ca
(lmol mol�1 or dpm mmol�1)

Kd Reference

Ba 1.38 0.8 21.25 –a

Sr 1.21 0.1 3300 –b

U 1.00 0.2 1.6 –a

Mn 0.83 50 26.24 –c

226Ra 1.48 0.5 0.36–1.2 –a

228Ra 1.48 0.5 0.034–0.056 –a

223Ra (in equilibrium with 227Ac) 1.48 0.5 0.004–0.044 –a

Ca 1.06

* Ionic radii from Shannon (1976).
a Rihs et al. (2000).
b Kitano and Oomori (1971).
c Lorens (1981).

F d wel
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omori, 1971; Lorens, 1981; Rihs et al., 2000). The values
sed here are based on empirical studies of modern calcite,
nd may vary for the specific conditions present in the Yuca-
n aquifer, yet are sufficient to evaluate if the trace element

ontent of terrestrial groundwater results from equilibrium
issolution of aquifer rocks. In addition, the extent to which
/Cagroundwater due to dissolution can be constrained also
epends on potential variability in E/Casolid. The available
ata for the Yucatan (Table 1) suggests the range of E/Ca

the unaltered aquifer matrix is small. Dolomite is a minor
ineral in the portion of the aquifer studied here, but may

ave a different trace element content than calcite (Dawson
nd Hinton, 2003).The Sr/Ca ratio of the terrestrial end
ember (2.4 ± 2.6 mmol mol�1) is near that predicted by

quilibrium with calcite (3.3 mmol mol�1, Fig. 6 and Table
). Some well samples have much larger Sr/Ca ratios, coin-
ident with the high Ba/Ca ratios, potentially due to ground-
ater interactions with aragonite and/or celestite, which

ig. 6. Ba/Ca, Sr/Ca, Mn/Ca and U/Ca ratios for terrestrial cenote an
atistically significant spring mixing relationships (i.e. Ba intercept/Ca
quifer calicite according to Eq. (1) is also shown. Note separate axis
lease cite this article in press as: Gonneea M. E., et al. Trace element
Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), http://
ave a higher Sr content than calcite. Predicted equilibrium
issolved Ba/Ca is slightly greater than the value observed in
e terrestrial groundwater samples (Fig. 6, Table 2). Some
ell samples (from the east coast) have much higher Ba and
8Ra than expected, potentially due to interaction with ara-
onite, which has a higher Ba content than calcite. Terres-
ial groundwater U/Ca ratios (2.1 ± 1.4 lmol mol�1,
ig. 6) are within error of the predicted value due to chem-
al equilibrium with calcite (1.6 lmol mol�1, Table 2). Ter-
strial groundwater Mn/Ca ratios (16 ± 70 lmol mol�1,
ig. 6) also agree with those predicted by equilibrium with
alcite (26 lmol mol�1, Table 2). Terrestrial groundwater
6Ra/Ca, 228Ra/Ca and 223Ra/Ca fall within the predicted
nges (Fig. 7). Terrestrial groundwater trace element and
dium concentrations thus appear to largely be explained

y dissolution of calcite, the main aquifer mineral, although
is elevated potentially due to complexation with carbon-

te (see Section 4.3.3).

l (salinity < 2) samples. Also shown is the predicted ratio from the
rcept, Table S3). The groundwater E/Ca ratio in equilibrium with
U/Ca on right.

Q4
geochemistry of groundwater in a karst subterranean estuary
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555 4.3. Geochemistry of the karst subterranean estuary mixing
556 zone and marine groundwater

557 The processes that may modify groundwater geochemis-
558 try within the mixing zone include: (1) chemical equilibrium
559 between groundwater and the aquifer matrix as discussed in
560 Section 4.2, (2) conservative mixing between terrestrial and
561 ocean end members, (3) desorption/sorption exchanges
562 with mineral surfaces and (4) in situ production and decay
563 for radium isotopes. Mixing between seawater and terres-
564 trial groundwater is predicted to enhance dissolution of
565 the aquifer minerals (Hanshaw and Back, 1980; Stoessell
566 et al., 1989). To determine if mixing induced dissolution
567 was important for the subterranean estuary under study
568 here, we modeled mixing between terrestrial groundwater
569 and the ocean. The calcite saturation index (SI) is calcu-
570 lated according to:
571

SI ¼ log
aCa2þaHCO�3

aHþKcalcite

� �
ð2Þ

573573

574 s
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592samples ranging in salinity from 2 to 35. We thus conclude
593that dissolution may occur during some groundwater mix-
594ing, but this phenomenon is not ubiquitous across the
595Yucatan Peninsula.

5964.3.1. Barium and radium
597Ba serves as a chemical analogue for Ra since they are
598both group II alkaline earth metals and have comparable
599ionic radii (Table 3). Similar distributions of barium and
600long-lived radium isotopes have been observed in subterra-
601nean estuaries where conservative mixing dominates (Kiro
602et al., 2012), where ionic strength dependent desorption oc-
603curs (Gonneea et al., 2013) and in carbonate groundwater
604systems where precipitation/adsorption reactions dominate
605(Rihs et al., 2000).
606Long-lived Ra isotopes are expected to be in secular
607equilibrium with parent nuclides in marine carbonate
608deposits of this age (surface outcrops are largely Pliocene,
609with older rocks deeper in the aquifer (Perry et al.,
6102009)). The parent nuclide activity is a function of seawater
611232Th and 238U at the time of deposition, the calcite parti-
612tion coefficient for the parent nuclide (Eq. (1)) and any sub-
613sequent weathering or alteration that may impact U or Th
614content. Considering the limited number and large range of
615Ra/Ca in rock samples measured here, the potential range
616in aquifer rock Ra/Ca may be even greater. However, the
617228Ra:226Ra groundwater activity ratio largely falls within
618the bounds of the measured rock ratios (Fig. 7).
619Spring Ba concentrations fall on a conservative mixing
620line with a zero salinity intercept of 200 nmol kg�1 (dashed
621line in Fig. 2a), greater than the observed terrestrial end
622member (122 ± 75 nmol kg�1). Ba peaks at salinity �2,
623the lowest salinity spring sample (Fig. 9). Conversely, there
624is no evidence of conservative mixing in spring 226Ra, 228Ra
625

626e
627

628.

Fig. 7. 226Ra/Ca, 228Ra/Ca and 223Ra/Ca ratios for terrestrial cenote and well samples (salinity < 2) as well as that predicted by rock
dissolution according to Eq. (1). Note separate axis for 228Ra/Ca and 223Ra/Ca on right.
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where aCa2+ refers to the dissolved Ca activity, aHCO�3 i
the carbonate activity and aH+ is pH. K is the equilibrium
constant for the formation of calcite (CaCO3) calculated
using the temperature-salinity dependence as founding
PHREEQ. Even with the limited set of samples from
2009 where carbonate chemistry was determined, we ob
served a range of possible terrestrial end members. The
two groundwater end members with a pH of 7.44 and
8.44, alkalinity of 6890 and 7410 lmol kg�1 and
2.8 mmol kg�1 Ca did not result in corrosive mixing with
seawater, however, a groundwater end member with a pH
of 6.95, alkalinity of 6321 lmol kg�1 and 3.4 mmol kg�

Ca was corrosive upon mixing (Fig. 8). As discussed previ
ously, such a terrestrial groundwater end member result
only after respiration of 16 mmol kg�1 of organic matte
and equilibration with calcite. There is no evidence for non
conservative addition of Sr, Mn, Ba and U, as might be ex
pected upon mixing induced dissolution, in the spring
Please cite this article in press as: Gonneea M. E., et al. Trace elem
(Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), ht
or 223Ra activities, nor is there a clear trend of salinity
dependent desorption influencing all spring samples. Th
observed decoupling between long-lived Ra isotopes and
Ba is unusual within the subterranean estuary (Fig. 10)
ent geochemistry of groundwater in a karst subterranean estuary
tp://dx.doi.org/10.1016/j.gca.2014.01.037
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P
(

ne potential explanation is that adsorption of alkaline
arth elements increases with ionic radius, thus Ra, with a
rger ionic radius than Ba, would be less mobile than Ba
tumm and Morgan, 1996). Sorption of divalent cations

nto calcite has been shown to inhibit movement of dis-
lved species within aquifers. Under the pH and carbonate
n concentrations present in the Yucatan STE (Stoessell

t al., 1989), empirical adsorption coefficients for Ra and
a predict little change in adsorption across the mixing
one (Zhu, 2002). In addition, there is much greater vari-
bility in terrestrial end member 226Ra and 228Ra activities
an in Ba concentrations due a greater range in aquifer
ck Ra.
Deep cenotes were reducing and anoxic as evidenced by

e presence of H2S in these samples (indicated by strong

2S smell upon sampling). Perry et al. (2002) suggests that
ese conditions are due to reduction of terrestrial organic
atter that has accumulated in the bottom of cenotes. This

ig. 8. Predicted calcite saturation index (Eq. (2)) based on mixing
etween three different terrestrial end members and ocean waters.
ixing between the pH 8.44 and 7.44 (resulting from 0.1 and
mmol kg�1 organic matter respiration in equilibrium with calcite
spectively) and ocean waters does not result in undersaturation
aturation index < 0). However, the pH 6.95 terrestrial end
ember does produce corrosive waters upon mixing with the

cean. Also shown (solid line) is the mixing relationship predicted
y Stoessell et al. (1989) for Yucatan groundwaters. Mixing
duced dissolution is therefore a function of the amount of organic
atter respired in the terrestrial end member.

able 3
adium-tracer based submarine groundwater discharge estimates.

ocation Date SGD (m�3 m�1 d�1) Tw (days)

est coast Oct-01 50 13
est coast Jul-02 73 (40)* 7
orth coast May-07 95 12
est coast May-07 36 14
orth coast Dec-09 84 13

Average 67 (61)

Tw of July 2002 transect is much lower than the other time
eriods. Value in parentheses indicates SGD if average Tw from all
me periods is used rather than 7 days.
lease cite this article in press as: Gonneea M. E., et al. Trace element
Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), http://
rganic matter is reduced first using oxygen, then NO�3 ,
nO2 and finally SO2�

4 (Stumm and Morgan, 1996). Ba
oncentrations in reducing cenotes in excess of that pre-
icted by barite (BaSO4) solubility (modeled saturation in

ig. 9. a) 228Ra:226Ra activity ratios and b) 223Ra:226Ra activity
tios. Solid lines denote the measured aquifer rock activity ratios.

ig. 10. 226Ra plotted against Ba. The relationship between these
ements is somewhat decoupled, particularly in the terrestrial
note and well samples, potentially due to reduced mobility of the
rge Ra2+ ion compared to Ba2+. There is a linear relationship
etween a subset of spring (gray squares) and reducing cenote
riangles) samples where conservative mixing of these elements
ominates.
geochemistry of groundwater in a karst subterranean estuary
dx.doi.org/10.1016/j.gca.2014.01.037
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651 Fig. 2a assumes seawater SO2�
4 concentrations) are presum-

652 ably due to the depletion of SO2�
4 in the reducing zone.

653 226Ra and 228Ra activities are quite high in reducing cenote
654 waters, with a large range in 226Ra/Ca and 228Ra/Ca ratios
655 (0.01–13 and 0.003–0.703 dpm mmol�1 respectively) sug-
656 gesting that in addition to enhanced aquifer matrix dissolu-
657 tion, Mn-oxide cycling in these reducing environments may
658 maintain elevated Ra activities.

659 4.3.2. Manganese and uranium
660 U readily complexes with carbonate, increasing the
661 mobility of uranium in groundwater (Langmuir, 1978).
662 Indeed, terrestrial groundwater U/Ca ratios (2.1 ±
663 1.4 lmol mol�1, Fig. 6) are higher than predicted by chem-
664 ical equilibrium with calcite (1.6 lmol mol�1, Table 2). At
665 the high alkalinity (>3 mmol kg�1) and neutral pH values
666 of terrestrial groundwater, dissolved U is largely present
667 as uranyl carbonate complexes, which impede sorption
668 and thus maintain the high U concentrations in terrestrial
669 groundwater and across the spring mixing zone. Under
670 the reducing pH and Eh conditions of the deep cenotes,
671 reduction of uranyl (VI) species to U(IV) results in precip-
672 itation of highly insoluble uranium minerals or sorption
673 onto calcite, accounting for the observed removal of U
674 from groundwater (Fig. 2b) (Langmuir, 1978). Likewise,
675 Mn is elevated (100–2600 nmol kg�1) in reducing cenote
676 waters likely due to Mn(IV) reduction.

677 4.4. Chemical fluxes associated submarine groundwater
678 discharge

679 Both the water flux and concentration of discharging
680 water must be known to calculate chemical fluxes associ-
681 ated with SGD. We first calculate the radium-tracer based
682 total SGD and compare these values with terrestrial
683 groundwater fluxes derived from recharge-based estimates.
684 We then assign end member concentrations to discharging
685 water and calculate potential trace element fluxes from
686 the Yucatan Peninsula to the coastal ocean. Finally, we ex-
687 plore the potential magnitude of fluxes from karst subterra-
688 nean estuaries globally and place these estimates in the
689 context of ocean element cycles.

690 4.4.1. Ra-tracer based SGD estimates
691 Despite the large variability in Ra activities, these iso-
692 -
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694

695

696

697

698 -
699

700 s
701 ,
702

703

704 -
705 t
706

7072 km of shore (shaded area in Fig. 11) to calculate the
708inventory of the long-lived 226Ra according to:
709

226RaSGD¼
ð226Ratransect� 226RaexchangeÞ�V transect

� �
T w

� 226Rasediment

ð3Þ 711711

712where 226Ratransect is the average activity of the coastal
713ocean, 226Raexchange is the activity of the water exchanging
714with this volume, (shelf waters > 2 km: 20 dpm 100 L�1);
715Vtransect is the volume of the coastal ocean box; Tw is the
716average residence time of the water in the box; and
717226Rasediment is the sediment flux (Moore, 1996; Charette
718et al., 2001). Sediment production of 226Ra was calculated
719assuming 230Th activities in offshore sediments were in sec-
720ular equilibrium with the sediment 226Ra activity measured
721in onshore carbonate sands with a partition coefficient of 1
722(Beck and Cochran, 2013). 226Rased fluxes were calculated
723according to:
724

226Rasediment ¼ 226Rarock � q� depth� fdesorb � area� k226

ð4Þ 726726

727where 226Rarock is the activity of the rock (Table 1), q is the
728density of carbonate sands (2.7 g cm�3), the sediment depth
729which is flushed with overlying water is 10 cm, the area is
730shoreline normalized out to 2 km and k226 is the decay con-
731stant of 226Ra. Sediment regenerated fluxes are minimal at
73230 dpm m�1 d�1 along a 2 km transect, compared to a 226-

733RaSGD of 105–106 dpm m�1 d�1 of shoreline calculated
734according to Eq. (3). Thus we conclude that SGD is the
735main source of 226Ra to coastal waters.
736We used the short-lived 223Ra to calculate Tw, water res-
737idence time, according to:
738

Tw ¼
ln

223=226Ratransect
223=226RaSGD

� �
k223

ð5Þ
740740

741where 223/226Ratransect is the activity ratio of the coastal
742ocean, 223/226RaSGD is the activity ratio of discharging
743groundwater (spring average of 0.12) and k223Ra is the de-
744cay constant for 223Ra (Moore, 2000). This model assumes
745a discrete input at the coast, with mixing and decay control-
746ling the 223/226Ratransect. An alternative method for calculat-
747ing residence time is the continuous input model whereby a
748radium source with a known 223:226 activity ratio is added
749along the entire transect (Moore et al., 2006). Sediment gen-
750
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752r
753-
754-
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topes remain excellent tracers of SGD due to the high con
centration gradient between groundwater and seawater
Radium based estimates of SGD were calculated along
the west and north coasts of the Yucatan Peninsula in
May 2007 and December 2009 (Table 3). In addition, data
from offshore radium transects completed in October 2001
and July 2002 were used to extend the temporal and sea
sonal range of SGD estimates (Young et al., 2008). SGD
fluxes are based on coastal ocean radium survey
(Fig. 11). These surveys extend from the coast 3.5–60 km
however the near-shore 226Ra gradient was very steep. In
addition, production of 223Ra from shelf sediments (max
water depth of 10 m out to 60 km) appears to be large rel
ative to the SGD-derived 223Ra flux over the full transec
distance (see Section 4). Thus, we used 226Ra data within
Please cite this article in press as: Gonneea M. E., et al. Trace elem
(Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), ht
erated 223Ra inputs likely occur along the shallow Yucatan
coast, however, it is unlikely that the 223:226 activity ratio
via sediment production will be the same as groundwate
discharge, since dissolution and desorption control long
lived concentrations in groundwater, while radioactive de
cay would be the primary source from coastal sediments
The sediment generated 223Ra flux (calculated according
equation 4) is 104 dpm m�1 d�1, 16–40% of SGD-derived
223Ra flux. This production of 223Ra along the transect i
apparent in 223:226 activity ratios that increase with dis
tance from shore (Fig. 11b). Thus, the ages calculated fo
the Yucatan coast may be an underestimated.

226RaSGD can be converted from a radium flux to a
water flux if the 226Ra activity of groundwater (226RaGW

discharge is known:
ent geochemistry of groundwater in a karst subterranean estuary
tp://dx.doi.org/10.1016/j.gca.2014.01.037
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P
(

GD ¼
226RaSGD

226RaGW

ð6Þ

ere we use the average spring activity for 226RaGW

180 ± 490 dpm 100 L�1). Uncertainty is introduced into
ese estimates primarily from uncertainty in the 226Ra
ventory (10%), water ages (30–60%) and in the groundwa-
r end member (40%). Error propagation results in 80–

00% uncertainty in total SGD estimates.
Total SGD ranged from 40–95 m3 m�1 d�1. In May

007 we had measurements along both coasts, and dis-
harge was greater along the North coast (95 m3 m�1 d�1)
an the West coast (40 m3 m�1 d�1, Table 3). Here we as-
me that the sampled springs are representative of sub-
arine groundwater discharge in this region, which may

a
T
R
9
w
in
sc
in
D

p
p
G
st

ig. 11. a) 226Ra activity, b) 223Ra:226Ra activity ratio and c) water age (ca
002, 2007 and 2009 along the north and west coast of the Yucatan Peninsu
ventories for the tracer-based estimate of submarine groundwater discha

lease cite this article in press as: Gonneea M. E., et al. Trace element
Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), http://
780dditionally include diffuse discharge away from springs.
781he salinity of the spring samples used to calculate the
782a end member ranged from 2 to 35, with an average of
783± 9, suggesting approximately 75 ± 25% of the discharge
784as terrestrial, with the remainder due to mixing with mar-
785e groundwater. This is in contrast to many other shelf-
786ale SGD studies where the majority of the SGD is marine
787origin (e.g. Moore, 1996; Burnett et al., 2007; Prieto and
788estouni, 2011).
789The hydrology of the Yucatan Peninsula has been ex-
790lored in depth through both field studies and modeling ap-
791roaches (Hanshaw and Back, 1980; Beddows et al., 2007;
792ondwe et al., 2010; Bauer-Gottwein et al., 2011). Such
793udies have assumed that terrestrial discharge was bal-

lculated according to equation (5) for offshore transects in 2001,
la. The shaded area indicates the region used to calculate radium

rge (Table 3).

geochemistry of groundwater in a karst subterranean estuary
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anced by net groundwater recharge, which was reported to
be 26 m3 m�1 d�1 averaged annually over the 1100 km
coastline of the Yucatan Peninsula aquifer (essentially the
coastline north of 19�N, Hanshaw and Back, 1980; Gondw
et al., 2010). In all instances the Ra-tracer based discharg
shown here is greater than the previously reported terres
trial discharge (Table 3). Patterns of temporal variability
in either the marine or terrestrial component of discharg
cannot be constrained by the limited number of SGD esti
mates presented here. Assuming 75% of total discharge is o
terrestrial origin, as indicated by spring salinity, we estimate
this flux for our study to be 45 ± 20 m3 m�1 d�1.

4.4.2. Yucatan Peninsula trace element fluxes

We extrapolated the spring element concentrations and
terrestrial and total SGD estimates across the entire Yuca
tan coast (1100 km) to calculate trace element fluxes to the
ocean. Such an extrapolation is possible for several reasons
First, the conservative mixing behavior observed in actively
discharging springs (over a relatively wide spatial scale) fo
Sr, Ba and Mn and relatively invariant U concentration
simplifies estimates of SGD-derived fluxes since end mem
ber concentrations are well constrained. Spring Sr and
Mn concentrations lie along a mixing line between terres
trial groundwater in equilibrium with the aquifer rock
and seawater. While spring Ba concentrations are conserva
tive, enrichment at salinity 2 (200 nmol kg�1) is observed
compared to terrestrial groundwater in chemical equilib
rium with aquifer rocks, thus it is the flux of this low salin
ity spring water that will determine the SGD-associated Ba
load. Spring Ra activities display a much larger range and
were enriched compared to the terrestrial end member
resulting in a Ra end member that is less well constrained

Table 4
Trace element end member and flux from the Yucatan Peninsula

Element River EM (nmol kg�1 or
Ra dpm 100 L�1)

Karst EM (nmol k
Ra dpm 100 L�1)
Ba-salinity
2*

168 190�

Sr 685 20,100
1208 20,100

U 1.56 10
2.14

Mn 620 103
127

226Ra-
salinity 5*

5.3 1000�

9.6 1000�

* Ba and Ra concentrations peak at salinities greater than the pure terr
Ba) and 5 (for Ra) is calculated according to: SGDx = SGDterrestrial + S
interest. SGDterrestrial is 26–46 m3 m�1 d�1 (Hanshaw and Back, 1980;
� Karst Ba and 226Ra end members were modified to exclude the comp
was reduced to 190 nmol kg�1 to account for seawater Ba in the
996 dpm 100 L�1 at SGD flux at salinity 5.
� Yucatan Peninsula fluxes are calculated for the entire 1,100 km coas

a Gaillardet et al. (2003).
b Peucker-Ehrenbrink et al., 2010.
c Chabaux et al., (2003).
d Bender et al. (1977).

Please cite this article in press as: Gonneea M. E., et al. Trace elem
(Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), ht
than the other elements. Thus, we conclude that there i
minimal alteration of the chemical signature of SGD upon
subterranean mixing, except in the case of barium and ra
dium as noted above. Secondly, terrestrial SGD dominate
the total SGD flux and is fairly well constrained. We use th
water recharge estimate of 26 m3 m�1 d�1 as a minimum
flux and the 45 m3 m�1 d�1 reported here as a maximum
terrestrial flux. Uncertainty in the marine component o
SGD will have minimal impact on the SGD-derived chem
ical fluxes, especially for Sr, U and Mn. Even for element
where mixed salinity discharge must be considered, th
component of marine discharge at salinity 5 (for Ra) and
salinity 2 (for Ba) is small.

Submarine groundwater discharge associated Ba fluxe
from the Yucatan are 2.3–3.7 � 106 mol y�1 or 2.1–
3.4 mol m�1 y�1 (Table 4). The Ba flux calculated for th
Yucatan is only 2–12% of the shoreline normalized flux to
the South Atlantic Bight (28–114 mol m�1 y�1, Shaw
et al., 1998), but is �4 times greater than shoreline normal
ized fluxes reported for a site in the northeast Gulf of Mex
ico (Santos et al., 2011) and Waquoit Bay, MA (Gonneea
et al., 2013). Radium-226 export on the Yucatan Peninsula
is 1.5 � 1014 dpm y�1 (Table 4). This flux (at salinity 5) i
within a factor of two of the shoreline normalized fluxe
to the South Atlantic Bight (Moore, 1996) and the Mediter
ranean coast of Spain (Garcia-Solsona et al., 2010), both
locations with karst aquifers. In contrast, shoreline normal
ized 226Ra flux from the sandy aluminosilicate dominated
STE of Waquoit Bay is two orders of magnitude less (Gon
neea et al., 2013). Sr fluxes calculated for the Yucatan ar
2.1–4.0 � 108 mol y�1 (Table 4), 1–3% of the total globa
SGD Sr flux (Beck et al., 2013). Yucatan U SGD-associated
fluxes are 1.0–2.0 � 105 mol y�1 (Table 4). U remova

r Ratio Karst/
River EM

Yucatan karst flux�

(mol or Ra dpm yr�1)
River
Reference
1.2 2.3–3.7 � 106 –a

29 2.1–4.0 � 108 –a

17 –b

6.4 1.0–2.0 � 105 –a

4.7 –c

0.17 1.1–2.0 � 106 –a

0.81 –d

190 1.7–2.6 � 1015 –a

96 1.3–2.6 � 1015 –c

estrial groundwater end member. Thus the SGD flux at salinity 2 (for
GDmarine � (salinityx/salinityTotalSGD), where x refers to the salinity of
Gondwe et al., 2010) and salinityTotalSGD is 9.
onent from recirculated marine groundwater. Thus 200 nmol kg�1 Ba
SGD flux at salinity 2, while 226Ra was reduced from 1000 to

tline north of 19�N.

ent geochemistry of groundwater in a karst subterranean estuary
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(

ccurs within the deep groundwater reaction zone, how-
ver, the residence time of this region with regard to coastal
cean exchange is unknown, but appears to be long (Bed-
ows et al., 2007). This removal would result in a lower
et flux of U, which cannot be fully constrained in the pres-
nt study. The Yucatan U flux is �1% of the global SGD-
erived U input of 9.3 ± 8.7 � 106 mol y�1 proposed by
unk et al. (2002). Mn fluxes associated with SGD are

.1–2.0 � 106 mol y�1, much less than those reported from
site in Brazil (Sanders et al., 2012), due to the low Mn

ontent of carbonate rock. We did attempt to measure iron
these samples, however our detection limit was

00 nmol kg�1 and all but a few of the reducing cenote sam-
les were below this. Thus, it is unlikely that karst subterra-
ean estuaries represent a significant iron flux globally.

.4.3. Global karst subterranean estuary element fluxes

To evaluate potential global element fluxes associated
ith submarine groundwater discharge from karst subterra-
ean estuaries, we extrapolate the fluxes for the Yucatan to
e 12% of global subterranean estuaries that are karst
eck et al., 2013). This scaling exercise assumes that: (1)

ace element concentrations reported for the Yucatan are
presentative of those in other karst STEs, (2) there is min-
al alteration of the chemical signature of SGD upon sub-

rranean mixing, except as discussed above for Ba and Ra,
nd (3) discharge of terrestrial (or low salinity) SGD dom-
ates the chemical transport and is of a similar magnitude
other karst settings.
Terrestrial groundwater within carbonate aquifers ap-

ears to largely derive its chemical signature from solid-
lution equilibrium. Since Yucatan aquifer bedrock trace

lement content is at the lower range of global limestone
alues (Bowen, 1979), this may also apply to groundwater
ace element concentrations. The terrestrial groundwater
ux (26–45 m3 m�1 d�1) is well within the expected range;
veraged globally, terrestrial groundwater discharge is
8 m3 m�1 d�1 (Zekster et al., 2006). While the discharge
f terrestrial groundwater is ultimately linked to inland

able 5
lobal fluxes of elements into the ocean.

ource Ba
(109 mol y�1)

Sr
(109 mol y�1)

iver 6.3 29–47
ydrothermal 4.3
eolian
eathering/diagenesis 3.4
arst groundwater discharge 0.089–0.145 8.2–15.3

aillardet et al. (2003).
eucker-Ehrenbrink et al. (2010).
unk et al. (2002).
arnes and Cochran (1990).
ender et al. (1977).
artin and Knauer (1980).

hiller (1997).
tatham et al. (1998).
oore (1996).
oore et al. (2008).
almer and Edmond (1989).
lease cite this article in press as: Gonneea M. E., et al. Trace element
Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), http://
charge rates, it is likely that discharge along karstic coast-
nes is greater than the global average due to the high per-
eability of these aquifers and typically high precipitation
tes. A wide range of terrestrial groundwater discharge
tes in karst regions have been reported, from 2 m3 m�1 -
�1 at one site in Ireland (Einsiedl, 2012) to 120 m3 m�1 d�1

long the Spanish coast (Garcia-Solsona et al., 2010). Ta-
en together, these global fluxes represent a reasonable esti-
ate of chemical export from karstic subterranean

stuaries. We have not attempted to propagate errors on
ese estimates, due to limited data on global karst STE

nd member concentrations and water fluxes.
Submarine groundwater discharge from karst subterra-

ean estuaries is an important source of U, Sr and Ra to
e global ocean (Table 5). We found that the Yucatan U

nd member was 6.4 times greater than the global riverine
nd member (Table 4, Gaillardet et al. (2003)) making car-
onate karst subterranean estuaries potentially an impor-
nt global source of U (4.0–7.7 � 106 mol y�1, 7–33% of
ver flux, Table 5). Dunk et al. (2002) calculated global
GD-derived U inputs of 9.3 ± 8.7 � 106 mol y�1. The glo-
al flux we report here is 43–83% of this value, but is de-
ved only from the 12% of the global coastline that is
The average Sr concentration in Yucatan terrestrial
roundwater samples (20.1 lmol kg�1) was 17 times greater
an the global riverine end member (1.21 lmol kg�1, Table

, Peucker-Ehrenbrink et al., 2010) resulting in a Sr flux
om karstic subterranean estuaries of 8.2–15.3 � 109 -
ol y�1, �25% of total river-derived Sr flux (Table 5). This

alue is within the global meteoric SGD derived Sr flux to
e ocean reported by Beck et al. (2013) (7–28 � 109 -
ol y�1). In addition, the global karst SGD Sr flux is about

n order of magnitude larger than the SGD derived Sr flux
om groundwater discharge in the Ganges–Brahmaputra
iver system (9 � 108 mol y�1) (Basu et al., 2001).

The dominance of groundwater as a source of radium to
e ocean has long been recognized (e.g. Moore, 1996;
oore et al., 2008). Here we focus on export of the

6 mol y�1)
Mn
(109 mol y�1)

226Ra
(1015 dpm y�1)

Reference

59 4.6–23 0.8–2.0 a–j
13.6 k, e, f
4.2 c, e, f
59.2 k, e, f

–7.7 4.2–7.9 67–99 This study
geochemistry of groundwater in a karst subterranean estuary
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longest-lived isotope, 226Ra, since it makes up the majority
of the ocean radium inventory. Sparse measurements of riv
erine dissolved 226Ra activities suggest a median end mem
ber of 10 dpm 100 L�1 (Chabaux et al., 2003), although
Gaillardet et al. (2003) reports a lower value o
5 dpm 100 L�1, resulting in a dissolved river flux of 0.8–
2.0 � 1015 dpm y�1 (Table 5). The karst groundwater end
member was averaged across all spring sample
(1175 dpm 100 L�1). Given the additional release at salinity
5, the global 226Ra flux from karst STEs is 6.7–9.9 � 1016

dpm y�1, 34–126 times the riverine flux (Table 5).

4.5. Conclusions

Groundwater trace element chemistry within the kars
Yucatan aquifer is influenced by a variety of processes. Ter
restrial groundwater with elevated pCO2 due to organi
matter degradation results in enhanced dissolution of aqui
fer minerals and elevated dissolved trace element concentra
tions. Thus, in this setting, the aquifer mineral geochemistry
strongly influences groundwater trace element loading
Clearly complimentary analysis of aquifer sediments wil
enhance studies of subterranean estuary geochemistry in
carbonate karst settings. In addition, desorption at low
salinity within the mixing zone elevates Ba, 226Ra and
228Ra, while carbonate complexation maintains high U
concentrations. Ba, Sr, Ca, and Mn all display conservativ
mixing in the shallow subterranean estuary typified by
coastal springs. Thus there is no evidence of mixing induced
dissolution in this portion of the Yucatan STE. Within the
deep reducing groundwater, redox processes result in U re
moval and high Mn concentrations, while Ba, Ca, Sr, 226Ra
and 228Ra are elevated due to enhanced dissolution. Sub
marine groundwater discharge associated transport of U
Mn and Sr may be calculated with a relatively straightfor
ward approach since there is minimal chemical alteration
upon mixing within the Yucatan karst STE. Even for Ba
which exhibits a peak at low salinities (2), the terrestria
component of discharge dominates the chemical flux.

Since we do not observe a large enrichment in Ba, Ca, S
and Ra or depletion of U in spring samples, we conclude tha
the deep reducing marine groundwater is not actively dis
charging. Rather, we suggest that the deep anoxic cenote i
a groundwater reaction zone that does not take part in shal
low subterranean estuary mixing. Additionally, there is no
evidence of elevated Sr or depleted U in near shore sample
(Charette et al., 2008). Thus, chemical cycling within the re
gional terrestrial-marine groundwater mixing zone (such a
U removal) is not expected to affect large scale SGD associ
ated chemical transport to the coastal ocean. However, it i
possible that the deep aquifer dominated by reducing marine
groundwater exchanges with the coastal ocean outside the
bounds of our study domain (60 km from shore).

Submarine groundwater discharge estimates for the
Yucatan Peninsula range from 36 to 95 m3 m�1 d�1, and
contained as much as 75 ± 25% terrestrial groundwater
in contrast to many other shelf-scale studies where the recir
culated marine component dominates. First order estimate
of global fluxes of Sr, U and Ra from karst subterranean

estuaries, which only make up 12% of all coastal aquifers,

Please cite this article in press as: Gonneea M. E., et al. Trace elem
(Yucatan Peninsula, Mexico). Geochim. Cosmochim. Acta (2014), ht
indicate that submarine groundwater discharge fluxes from
karst subterranean estuaries are significant contributors to
the global ocean budgets of these elements. Recently Beck
et al. (2013), presented evidence that SGD is an importan
source of Sr to the ocean and that isotopic exchange within
the subterranean estuary results in groundwater discharg
of a more radiogenic end member. Uranium cycling within
the subterranean estuary and subsequent discharge via
SGD has been posited as both a potential source (Dunk
et al., 2002) and sink (Charette and Sholkovitz, 2006
Moore and Shaw, 2008; Santos et al., 2011). There is a need
to expand the study of chemical cycling within subterra
nean estuaries to include a greater diversity of aquife
lithologies and morphologies, as well as mixing regimes
to more fully constrain the potential role SGD plays in glo
bal ocean element budgets. For example, relatively little i
known about either discharge or chemical cycling within
fractured bedrock (Oberdorfer et al., 2008) or volcanic is
land systems (Peterson et al., 2009; Knee et al., 2010; Povi
nec et al., 2012), although a substantial amount o
groundwater discharge and/or enriched fluid concentra
tions may result in enhanced chemical fluxes from thes
types of subterranean estuaries.
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