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ABSTRACT

Few studies exist on the contribution of subteraanestuaries (STES) to the oceanic uranium
(U) budget. Here, we estimate the dissolved U #uaset of a quartz sand STE located on the
east coast of Australia. Our results indicate that advective flow of seawater in permeable
sands enhances cycling of U in the STE. Dissolvembhkentrations ranged from 25 nM in the
STE to an effective zero salinity end-member of tidMBin the surface estuary. The dissolved U
(salinity corrected) concentrations were positivetyrelated to Fe {r= 0.49 p< 0.001) during a
shallow beach time series experiment. These resulisate that reductive dissolution of Fe
oxides may be an important process maintaining baicentrations of U in shallow permeable
sand STEs. The U export rates from the STE to thkace estuary in this study were estimated
to be 1.8 pmol U it day ' based on the shallow saline groundwater exchanievpgs and 0.4
pumol U m? day* based on the deep fresh submarine groundwateradige{SGD). Uranium’s
behavior in STEs is diverse and site specific. @iuthe seven investigations available here and
in the literature, three suggested a SGD-derivedource to the coastal ocean, while four
suggested a U sink within STEs removing seawater hérefore, it remains unclear whether
SGD is a source or sink of U to the ocean and mh@ik investigations in contrasting settings are

required to resolve the global contribution of S@Rhe marine U cycle.
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1. Introduction

Subterranean estuaries (STE) are located in geocaklyrdynamic transition zones, where
fresh groundwater and seawater mix (Moore, 1999 Bwal., 2010). The STE and coastal
groundwater are a known source of several imposahites including nutrients, carbon, and
trace metals to the coastal ocean (Moore, 1999 &aret al., 2012). Recent studies indicate that
due to dynamic geochemical processes associatéd griundwater — seawater interactions,
STE’s may be important to oceanianium (U) budgets (Charette and Sholkovitz, 20énk
et al., 2002). Tidal pumping and fresh water fluakshg the STE drive the highly dynamic trace
metal precipitation and dissolution cycles which anderpinned by oscillating redox conditions
that are difficult to characterize (Gonneea et2008; Gonneea et al., 2013a; Klinkhammer and
Palmer, 1991; Moore, 2008; Rodellas et al., 201ay & al., 2013; Roy et al., 2012; Sanders et
al., 2012; Santos et al., 2008; Santos et al., 2010

The dissolved U concentration in the ocean is apprately 13.6 nM with river inputs of 3
to 5 x 10 mol U year* (Andersen et al., 2016; Chen et al., 1986; Oweras. e2011). In general,
U shows a distinct non-conservative behavior imltielstuaries (Anderson, 1987). While fresh
subterranean groundwater discharge (SGD) is exphe¢otbe a source of U, saline SGD creates
conditions for the removal of seawater U by somafagmaterials (Moore et al., 2011). As such
aquifer lithology plays a major role in whether ST&re a U source or sink to the coastal ocean
(Gonneea et al., 2014). For example, investigationgarst aquifers have shown that U is
released into solution in the STE and represeruacs to the ocean (Gonneea et al., 2014,
Swarzenski and Baskaran, 2006), while other stuidiesstuarine sands and saltmarsh settings
have indicated that STEs are U sinks (Beck e28D8; Charette and Sholkovitz, 2006; Moore et

al., 2011; Santos et al., 2011).
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Previous studies have also highlighted gaps inlhsceanic budgets of which STEs may
play important roles (Dunk et al., 2002). The seusc sink behavior of U in STEs is a function
of not only the aquifer lithology but other geocheah properties, including redox conditions as
well as the proportion of fresh versus saline SGvdrzenski, 2007; Swarzenski and Baskaran,
2006). For instance, under oxic conditions, U isrensoluble and can be released to solution,
while under anoxic conditions U is less soluble amaly be adsorbed on particles. Uranium
carbonate complexation and pH are also importantlgemical parameters which influence
dissolution or precipitation (Langmuir, 1978). Aetter understating of the source or sink
processes that drive the global U budgets can geguivotal understanding of specific processes
such as historical changes in marine ocean watmisry (Andersen et al., 2015; Tissot and
Dauphas, 2015). However, the current lack of datadifferent environmental conditions

prevents a reliable assessment of whether SGD tagyapgmajor role in the oceanic U budget.

The objective of this work is to investigate U beba and fluxes in a quartz sand STE
during a tidal cycle as well as along vertical dmdizontal transects. Iron, Mn, Ba, DOC, pH,
salinity, DO% were also analyzed to assist in eéxpig the dissolved U behavior along the STE.
We attempt to determine the source or sink behadfids in the STE by estimating deep fresh

groundwater fluxes and shallow saline groundwdtmek to the surface estuary.

2. Methods

Field measurements were undertaken in a quartz saach STE, near a coastal estuarine
creek, located in Hat Head, New South Wales, Aliatrél53°3'27.268"E, 31°3'24.801"S)
(Figure 1). The coastal creek in this study (KompgoCreek) has a catchment area of

approximately 18 ki The creek is tidally flushed (Acworth et al., ZQ@vith salinity ranging
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from 5 to 35 ppt at the mouth of the creek (Sandeed., 2015). The bedrock is found at depths
between 60 to 80 m and permeable quartz sandscttiaze the tidal estuary with depths of up
to 30 m (Acworth et al., 2007). A combination dfyssands, silts and clays lie beneath the upper
sandy region. The region has an average annudppeasion of 1,490 mm and has a subtropical

climate (http://www.bom.gov.au). The U dataset regmb here builds on recent radon and radium

isotope (Sadat-Noori et al., 2015) and dissolvedJanders et al., 2015) investigations at the
same site.

A total of 84 groundwater and 59 surface water dasnwvere collected from different
locations (Figure 1) following four different ap@ches: (1) a vertical groundwater profile at the
low tide mark approximately every ~2 hours for aétn@2 hours, from 0.5 to 2.7 m depths
(hereafter referred to as beach time series) tercaxcomplete tidal cycle (39 samples), (2) a 2
dimensional groundwater transect along the beackafier referred to as 2D transect (18
samples) (distance measured from the landwardstéti the seaward edge (m)) using a push
point piezometer system as described elsewhereré@haand Allen, 2006), (3) groundwater
sampling from permanent monitoring deep wells amallsw piezometers, spatially distributed
in the catchment (27 samples), and (4) surfaceagstiwater time series samples during the
summer (wet season) and winter (dry season) atfd thoe steps over 30 hours (59 samples) as
originally reported by Sanders et al. (2015). Watemples were analyzed for dissolved metals
and dissolved organic carbon (DOC) along with ptysihemical parameters. The wells in this
work were dug in the intertidal zone at low tideréened PVC pipes were installed to allow
groundwater infiltration (De Weys et al., 2011) pAristaltic pump was used to collect samples
after the wells were purged at least 3 volumesallbrated handheld YSI was used to determine

pH, temperature, DO and salinity for each samplbil&\all the groundwater U data is unique to
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this study, other observations for the surface whiee series measurements are presented in
Sanders et al. (2015). Groundwater times seriesfr@isect and shallow bore samples were
collected in the wet season and groundwater deeplea were collected in the dry season.
Dissolved Ba, Fe, Mn, Mo and U were measured bygnat sector high resolution ICP-MS
(Element II, Thermo-Fisher) at the ICBM using imi&r standards*{In for ***Ba and*®U, #Y
for °®Fe and®Mn) and a dilution factor of 20 for samples withsalinity of 35 (or lower if
salinity was lower). Samples could not be measwih the same dilution factor because the
salinity ranged from 0-35. To avoid matrix effedisring measurement by ICP-MS salt content
was diluted to < 0.2%. Ba and U were measureawn resolution (300) and Fe and Mn in
medium resolution (4500). Precision for all isot®peas better than 5%, except for Mn in some
samples below 50 nM where precision was in the %I@nge. Accuracy was checked by
several seawater reference materials (CASS-5 anf89N®, NASS-6, NRC Canada). Accuracy
for Mn in the CRM’s (9- 48 nM level) was better nh&%. As some samples for Mn and all
samples for Fe were much higher than in the CRMésalso spiked the CRM’s; in these CRM’s
accuracy was better than 4%. Ba was measured irSEARsulting in 53+2 nM, (n=64) which
is close to our ICP-OES measurements (51 +5 nMAph£doth mean of 3 years). For U, a
salinity derived concentration for U was assumenbifcertified value was given, and agreement
was within 6%. Uranium reference values are from Mmational Research Council Canada
(NRCC). DOC was analyzed using the wet oxidatiothae with an Ol Analytical 1030W TOC
analyzer following the methods described in detésewhere (Maher and Eyre, 2010). DOC
standards analyses were made of potassium hydpigbalate (KHP), and analytical precision

was better than 2%.
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Results

The dissolved U concentrations were highest in2lbegroundwater transect, 25.3 nM (1 m
depth and 12.6 meters from the seaward edge) (Swgpitary Material). During the shallow
beach time series measurements, dissolved U vakmshed 22.9 nM, while the highest
concentrations in the deep groundwater were 0.6 TiM: dissolved U concentrations in the
surface estuary were up to 13.5 nM (Sanders e2@l5) which is similar to the average oceanic
concentration of 13.6 nM (Andersen et al., 2016erCét al., 1986; Owens et al., 2011).

3.1 Beach time series

The shallow beach time series (0.5 to 2.7 m depgdsurements showed tidal fluctuations
in dissolved metal concentrations (Figure Phe U, Fe and Mn concentrations were highest
during the ebbing and low tides, up to 22.9 nM,A®%8M, and 328 nM respectively, while Ba
concentrations were highest during the flood tidp {o 112 nM). Dissolved organic carbon
concentrations showed the highest concentratiotfseat.5 m depth during high tide, up to 544
HM. The pH was higher at low tide and towardsghdace of the STE, up to 8.1, and lowest
towards the 2.7 m depth, reaching 7.9. During thieg series measurement, salinities ranged
from 17.9 to 33.3 (Figure 2).

3.2 Two dimensional (2D) transect

The 2D groundwater observations showed differing specific metal hotspots along the
STE (Figure 3). The dissolved U concentrations weghest towards the center of the STE,
while salinity was highest in the seaward mosti@taand at the surface, up to 33.3, and DOC
was highest (629 uM) towards the landward mosiostaDissolved Fe concentrations were
highest at the surface, up to 10900 nM and towdhds center of the STE, while Mn

concentrations were highest towards the landwardt nstation, up to 375 nM. Barium
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concentrations peaked at the surface near thercstatiions of the STE where saltwater first
contacts fresh groundwater within the STE, up t& M) (Supplementary Material).

3.3 Shallow and deep wells

The dissolved U concentrations were lowest in tbepdwells, reaching a maximum of 0.6
nM at the 18 m depth, and below the detection liatitmost of the other deep well sites
(Supplementary Material). In the shallow wells, dhcentrations reached 15.7 nM at the 1.5 m
depth. The Fe concentrations at the 4 m depthatiost beach groundwater were 13000 nM and
increased at the 6 m depth in the deep groundved#dion up to 16700 nM. Dissolved Mn
concentrations were highest at the 1.5 m depthethallow groundwater station (858 nM) and
up to 4470 nM at the 7.5 m of the deep groundwstiion. Dissoved Ba concentrations were
highest at the 1.5 m depth (813 nM) in shallow begroundwater and highest at the 7.5 m depth
in the deep groundwater station, concentrationsoufs4 nM. DOC peaked at 7730 uM, at the
2.7 m depth of the shallow groundwater station mathed 10200 uM at the 6.0 m of the deep
groundwater station (Supplementary Material).

3.4 Surface water U distributions

The surface estuary U concentrations show a pesitlationship to salinity, being highest
during high tide, with a similar concentration rargduring both times series experiments of 12.9
to 2.6 (winter/dry) and 12.8 to 1.7 nM (summer/w&ganders et al., 2015). The dissolved U
concentration in ocean water is approximately I®/6at 35 ppt salinity (Chen et al., 1986). All

other parameters had similar tidal trends.

3. Discussion
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The large salinity fluctuations within the STE, fi0l7.9 at low tide to 33.3 at high tide,
during the beach time series measurements (Figude@onstrate effective flushing of the
beach sands. While two hours after high tide theae an obvious injection of freshwater, with
salinity dropping from 33.3 to 20.1, there was gnadly important salinity increase (from 20.1
to 24.9) following low tide. Each of these wateuses have differing U concentrations. In
seawater, U is conservative in its soluble stdt® &hd stable when complexed with carbonates,
thus increasing its mobility (Koide and Goldber@63). However, when anoxic conditions
prevail, U® is reduced to t, decreasing its solubility and binding to DOC, huracids and
other forms of organic material (Carroll and Moot893; Dosseto et al., 2006; Klinkhammer
and Palmer, 1991). Dissolved U can be removed folution to solid phases in the presence of
Fe and Mn (hydr)oxides, for which U has a relagvairong affinity, forming oxide precipitates
in subterranean estuaries (Cochran et al., 1988 .apparent that U precipitation processes are
occurring at the onset of high tide in the STEjnalcated in the time series beach experiment,
when the dissolved U concentrations decline to 5 atMhe peak of high tide (Figure 2),
followed by U release as lower salinity, higher pidter dominates the STE during the falling
tide.

The 2D transect as well as the shallow and deepngrgater samples indicate that the
dissolved U concentrations did not directly cortelo other trace metals, depth, DOC, salinity
or pH (Figure 4) . However, the U concentrationsempositively correlated to Fe during the
beach time series measurement$ £R0.46 p< 0.001) (Figure 4). Salinity correctedvélues
(U/sal ratios), used to correct for simple dilutiefiects, were also positively correlated to Fe
during beach time series measuremenfsR.49 p< 0.001) (Figure 5). No relationship was

found between the dissolved Mn and U concentrateren though Mn oxides may also be
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strong U absorbers (Goldberg, 1954) (Figure 4)s Thiikely related to the differences in Fe and
Mn oxidation and reduction properties (Burdige, 399

The time series measurements are of interest heoaube trace metal dissolution-
precipitation/sorption-desorption cycles are ndtedelation to the tidal movement. Indeed, the
dynamic, non-conservative behavior of dissolvedsWated from the U vs salinity distributions
during the groundwater observations (Figure 6).s€heesults indicate that the dissolved U
concentrations may be driven by differing geochainprocesses such as redox cycling along
the STE, as the reductive dissolution of Fe oxitkay be an important process in maintaining
high concentrations of U in the shallow beach gdwater (up to 22.9 nM). As Fe (hydr)oxides
are strong absorbers of dissolved U, Fe may comeesmlution under reducing conditions and
release trace metals such as U (Charette and Shizlk®002). In the quartz sand beach STEs of
this work, the freshwater-seawater boundary appeahave a significant impact on oxidative
precipitation of groundwater U and Fe, i.e. therircurtain effect'(Charette and Sholkovitz,
2002).

During the ebb, low and flood tides, concentratimiscFe and U were greater at depths
slightly above 1.5 m (Figure 2). This suggests tmttidal oxic surface and bottom waters
infiltrate the upper and lower STE, redox processe¥ine the dissolved U and Fe towards the
1.5 m depth of the STE (Figure 2). Studies in theqWoit Bay (Cape Cod, Massachusetts, USA)
also showed vertical stratification of U, with centrations reaching 27 nM, in a region of the
STE subject to redox cycles (Charette and Sholkpwi006; Charette et al., 2005). However,
here, the U-salinity distributions in the highelirdsdy samples from the surface estuary resulted
in an effective zero salinity end-member conceimnabf 3.8 nM (Figure 6), In contrast,

Charette and Sholkovitz (2006) found a zero sagliaitd-member of -5.7 nM using surface water

10
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samples influenced by SGD. Hence, in this workrapdlating the surface estuary U trend back
to the zero salinity intercept yields a source igsdlved U, while in Waquoit Bay a sink was

implied (Charette and Sholkovitz, 2006). Other sadn North America (Duncan and Shaw,

2003; O'Connor et al., 2015; Santos et al., 20@d)EEurope (Moore et al., 2011) found STEs to
be sinks by extrapolating the U trend in STE grovsters or surface waters back to the zero
salinity, while studies in carbonate systems intBdtiorida and Yucatan Mexico dominated by

fresh SGD found STEs to be a source of U to tham¢&onneea et al., 2014; Swarzenski and
Baskaran, 2006) (Table 1).

We estimate SGD derived U fluxes using two appreachVe first use Charette and
Sholkovitz's (2006) approach to determine the ¢ifecSGD endmember. This approach relies
on the zero salinity intercept using surface wa@mples only (3.8 nM; see Figure 6) and
assumes that U cycling within the estuary is driyewmmarily by seawater recirculation in
sediments. Using the total SGD rate of 469 £ di (Sadat-Noori et al.; 2015), this approach
results in a U flux of 1.imol m? d. A second approach ignoring seawater recirculaition
sediments can be estimated by simply multiplying flesh SGD rate (275 L fd™) by the
average U concentration in fresh groundwater (Moin all 23 samples with salinity <2),
resulting in fluxes of 0.4mol m? d™*. This second approach ignores any U transformstion
the subterranean estuary, and may represent tigetéom flux of new terrestrial U via SGD
assuming that periodic sorption/desorption cyclieseawater U within the STE result in no net
long term flux. Therefore, we suggest that thelxdls are most likely between 0.4 and (in&ol

m2d?,

Regardless of assumptions involved in these cdlonks these SGD-derived U fluxes are

positive and greater than what was found from thestksediments in the Yucatan and in South

11
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Florida (Gonneea et al., 2014; Swarzenski and Bask&006) (Table 1). Furthermore, the U
export rates in this study are in contrast to nedethat suggest that STEs are U sinks (Charette
and Sholkovitz, 2006; De Weys et al., 2011; Dunead Shaw, 2003; Moore et al., 2011;
O'Connor et al., 2015; Santos et al., 2011; Windomd Niencheski, 2003) (Tables 1). For
instance, Charette and Sholkovitz (2006) found biaeal rate of -0.4umol m? d* on the
northeastern coast of North America and Santok €2@l1) reports that STEs removal of U at -
1 umol m2 d™* on the northern coast of the Gulf of Mexico (Tab)e Comparing these solute
fluxes via SGD should be made with care becauskffefences in the spatial scale of sampling
(Bratton, 2010). For example, while the Yucatanestigation represents a large continental
shelf (~2 km wide, ~1100 km long), our investigaticovers a much smaller scale within an
estuary ~20 m wide and ~5 km long. The SGD chemsighal in small spatial scale

investigations is likely to be stronger than irgluscale investigations (Bratton, 2010).

We use the data in this work and that availabléénliterature to update first order estimates
of the global contribution of SGD to the marine Udgget. Using the global estimates of fresh
SGD from Burnett et al. (2003) of 4,000 to 100,008° y*, and the average effective U
endmember in SGD from the seven systems in Tabl#314 nM), the U export rates from SGD
would be negative at -5.4 x 1 -1.3 x 18 mol y* (Table 2). In this case, SGD would be
interpreted as a sink of dissolved U. The avera@® £ndmember is highly influenced by the
Turkey Point outlier at -119 nM (Table 1). Omittinigurkey Point results in an average U
endmember of 1.7 nM which would lead to the intetation of SGD as a source of U to the
oceans at 6.8 x 2@ 1.7 x 18 mol y* (Table 2). The seven independent studies showrabieT
1 show large variations in the U fluxes. Therefaylmbal extrapolations may not adequately

account for the complex U cycling in geologicallyetse STEs. The very wide range in all of

12
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these SGD estimates falls in a comparable orderagnitude of estimates of global river inputs
and saltmarsh removal of U (Table 2). UpscalingsGD U export rates to a global scale has
large uncertainties associated with poorly knowmpgeral and spatial variability and a
substantial variability in physical and geochemiadifferences amongst coastal areas.
Furthermore, the results in these studies are basathgle sampling campaigns which may not
reflect the STE dynamics on a seasonal scale (Genret al.,, 2013a). For instance,
investigations focusing on radium isotopes andusanieveal a strong seasonal cycles related to
storage and release cycles that control the timin§GD fluxes (Gonneea et al., 2013b). For
these reasons, we feel that the current resesurobt mature enough to provide SGD-derived U
fluxes to the global ocean, and additional invegitans in diverse settings would be required to

better constrain the contribution of SGD to theim&ait) budget.

4. Conclusion

This study compares the dissolved U fluxes in geaof lithology diverse STEs to establish
a more detailed view into the geochemical cycliigJan coastal aquifers. The shallow beach
groundwater measurements in this and in previaudiest indicate that these systems are highly
dynamic in the site specific STEs around the gldiye large differences in U flux rates in this
and in previous studies, acting as sinks in Northefica and Europe while a source in karst
sediments (South Florida, Central America) and gamehches of Australia, indicates that a
combination of physical and geochemical processedral U cycling in STEs. The highly
permeable quartz sand STEs in this region of Aligtsastains the reductive dissolution of Fe
(hydr)oxide along with tidal pumping which may d¥iWJ export rates. A first order upscaling

exercise relying on the seven available estimatesy$tems were a sink for U, and 3 were a
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source of U) implies that SGD may be either a majok or major source of U to the ocean
depending on assumptions made. More comprehensiveages are needed in differing regions

to better constrain the U behavior is STEs andtmribution of SGD to global U budgets.
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Table 1. A summary of SGD-derived U fluxes to the coastaan. Negative values represent a
sink related to seawater recirculation in sediments

L ocation Site Description Effective U SGD rate U SGD flux
endmember (nM) (L m?d?Y)  (umol m2d?)

Korogoro Creek, Australta Tidal estuary, quartz sands 3.8 469 1.8 This work
Korogoro Creek, Australfa Tidal estuary, quartz sands 15 275 0.4 This work
Yucatan, Mexico Karst 10 20-48* 0.2-0.4 (Gonneea et al. 2014)
Tampa Bay, Florida Coastal bay, sands 13.2 8.3 1*0.1  (Swarzenski and Baskaran 2006
Waquoit Bay, USA Coastal bay, quartz sands 5.7 *Ig2* -0.4 (Charette and Sholkovitz 2006)
North Inlet, USA Saltmarsh tidal creek -8 15 -0.2  (Duncan and Shaw 2003)
Turkey Point, USA Quartz sand beach -119 Gk -0.6  (Santos et al. 2011)
York River Estuary, USA Estuary, coarse sands -2.9 55 -0.16 (O'Connor et al. 2015)

* Fluxes originally reported in units of fm™d™ converted assuming SGD occurs within 2 km from the
shore along a shoreline of 1100 km

**Converted using Tampa Bay area of 1030°km

*** Converted from 30 m

**+* Eresh SGD rate converted using a 200-m seefdage.

Effective SGD based on the endmember zero salimigycept using surface water samples (salinity
>30).
2SGD rate based on the fresh groundwater (salirflly <
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Table 2. A summary of the contribution of key coastal sesrand sinks to oceanic budgets.
Negative values represent a sink. The contributfddGD remains unresolved due to large
variability in fluxes in the systems investigated.

U mol yr?t Source 476
Rivers 3t06x 10 (Palmer and Edmond, 1993)
Saltmarsh -3 x 10 (Windom et al., 20C) 478
sGD -5.4 x 10to -1.3 x 18 This work 478
SGD’ 6.8 x 16t0 1.7 x 18 This work F8Q

481
!Assumes global U endmember in SGD is the overaltae of the seven sites shown in Table 1

-15.5 nM).
gExcludes Turkey point from global average to obtald endmember of 1.7 nM.

22



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

CAPTIONSTO FIGURES

Figure 1. Study area. The blue circle indicates the beacbdiseries measurement site, the grey
circles the 2D transect, the red circles repregentieep groundwater stations while the shallow
wells are indicated by green circles. White squiadecates site of surface water measurements

in Sanders et al. (2015).

Figure 2. Contour plots of the beach time series measurenet vertical transect at the low
tide mark sampled every 1 to 2 hours (see SuppleMaterial for more information on

sampling times).

Figure 3. Contour plots of the 2D groundwater transect alilvegsand beach STE.

Figure 4. Uranium groundwater metal concentrations in refatmiron, manganese, barium,
depth, dissolved organic carbon (DOC), pH and dissboxygen (DO %). The blue circle
indicates times series measurement site, the gegsthe 2D transect, the red circles represent
the deep groundwater stations while the shallowsvwagk indicated by green circles. Red circle

indicates obvious dissolved Fe outlier.

Figure5. Salinity corrected U Groundwater values (U/salogtused to correct for the effect of
dilution. The blue circle indicates times seriesam@ement site, the grey circles the 2D transect,
the red circles represent the deep groundwateossaivhile the shallow wells are indicated by

green circles. Obvious dissolved Fe outlier shawRigure 3 not included in this graph.
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Figure 6. Uranium groundwater and surface water vs salinityhe groundwater and surface
water samples. Surface water time series dat&es tom Sanders et al., 2015. A theoretical
mixing line is drawn by joining the creek and sester end member assuming conservative
mixing. The enlarged diagram is from the surfaeger salinities >30. The zero salinity
intercept (3.8 nM) is estimated from these surfaater samples only, and used to estimate the

apparent net fluxes out of the STE.

Figure 7. Conceptual model showing the dissolved uranium exjptes from the sandy beach

subterranean estuary in this work.
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