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Abstract 62 

 63 

Submarine groundwater discharge (SGD) is now recognized as an important process of the 64 

hydrological cycle worldwide and plays a major role as a conveyor of dissolved compounds 65 

to the ocean. Naturally occurring radium isotopes (223Ra, 224Ra, 226Ra and 228Ra) are widely 66 

employed geochemical tracers in marine environments. Whilst Ra isotopes were initially 67 

predominantly applied to study open ocean processes and fluxes across the continental 68 

margins, their most common application in the marine environment has undoubtedly 69 

become the identification and quantification of SGD. This review focuses on the application 70 

of Ra isotopes as tracers of SGD and associated inputs of water and solutes to the coastal 71 

ocean. In addition, we review i) the processes controlling Ra enrichment and depletion in 72 

coastal groundwater and seawater; ii) the systematics applied to estimate SGD using Ra 73 

isotopes and iii) we summarize additional applications of Ra isotopes in groundwater and 74 

marine studies. We also provide some considerations that will help refine SGD estimates 75 

and identify the critical knowledge gaps and research needs related to the current use of Ra 76 

isotopes as SGD tracers. 77 

 78 
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[1] Introduction 80 

 81 

Radium (Ra) is the element number 88 in the Periodic Table and it belongs to Group IIA, the 82 

alkaline earth metals. There are four naturally occurring radium isotopes (224Ra, 223Ra, 228Ra 83 

and 226Ra), which are continuously produced by the decay of their Th-isotope parents of the 84 

uranium and thorium decay series (228Th, 227Th, 232Th and 230Th, respectively). The most 85 

abundant isotopes are 226Ra from the 238U decay chain, an alpha-gamma emitter with a half-86 

life of 1600 y, and 228Ra from the 232Th decay chain, a beta emitter with a half-life of 5.8 y. 87 

There are two short-lived isotopes that also occur naturally, 223Ra and 224Ra, which are 88 

alpha-gamma emitters from the 235U and 232Th decay chains with half-lives of 11.4 d and 3.6 89 

d, respectively. Uranium and thorium are widely distributed in nature, mainly in soils, 90 

sediments and rocks, and thus the four Ra isotopes are continuously produced in the 91 

environment at a rate that depends on the U and Th content and the half-life of each Ra 92 

isotope. 93 

 94 

Radium isotopes are widely recognized as important geochemical tracers in marine 95 

environments, mainly because i) they behave conservatively in seawater (i.e., lack of 96 

significant chemical and biological additions or removals); ii) they decay at a known rate and 97 

iii) they are primarily produced from water-rock and sediment-water interactions. 98 

Consequently, Ra isotopes have been traditionally used to trace land-ocean interaction 99 

processes (e.g., Charette et al., 2016; Elsinger and Moore, 1983; Knauss et al., 1978), which 100 

is also referred to as boundary exchange processes (e.g., Jeandel, 2016), as well as to 101 

estimate mixing rates, apparent ages or residence times, in particular in coastal and ocean 102 

waters (e.g., Annett et al., 2013; Burt et al., 2013a; Ku and Luo, 2008; Moore, 2000a, 2000b; 103 

Moore et al., 2006; Tomasky-Holmes et al., 2013), but also in aquifers (e.g., Diego-Feliu et 104 

al., 2021; Kraemer, 2005; Liao et al., 2020; Molina-Porras et al., 2020) and hydrothermal 105 

systems (e.g., Kadko and Moore, 1988; Neuholz et al., 2020).  106 

 107 

Whilst initially applied to study open ocean processes and to estimate different exchange 108 

processes across the continental margins, the most common application of Ra isotopes in 109 

the marine environment has undoubtedly been the quantification of water and solute fluxes 110 

from land to the coastal sea, driven by Submarine Groundwater Discharge (SGD) (Figure 1) 111 

(Ma and Zhang, 2020). Radium isotopes have been used to quantify SGD in a wide range of 112 

marine environments, including sandy beaches (e.g., Bokuniewicz et al., 2015; Evans and 113 

Wilson, 2017; Rodellas et al., 2014), bays (e.g., Beck et al., 2008; Hwang et al., 2005; Lecher 114 

et al., 2016; Zhang et al., 2017), estuaries (e.g., Luek and Beck, 2014; Wang and Du, 2016; 115 

Young et al., 2008), coastal lagoons (e.g., Gattacceca et al., 2011; Rapaglia et al., 2010; 116 

Tamborski et al., 2019), salt marshes (e.g., Charette et al., 2003), large contintental shelves 117 

(e.g., Liu et al., 2014; Moore, 1996; Wang et al., 2014), ocean basins (e.g., Moore et al., 118 

2008; Rodellas et al., 2015a) and the global ocean (e.g., Kwon et al., 2014). SGD is now 119 

recognized as an important process worldwide and plays a major role as a conveyor of 120 

dissolved compounds to the ocean (e.g., nutrients, metals, pollutants) (Cho et al., 2018; 121 

Moore, 2010; Rodellas et al., 2015a). Thus, SGD has significant implications for coastal 122 

biogeochemical cycles (e.g., Adolf et al., 2019; Andrisoa et al., 2019; Garces et al., 2011; 123 

Garcia-Orellana et al., 2016; Ruiz-González et al., 2021; Santos et al., 2021; Sugimoto et al., 124 

2017). This review is focused on the application of Ra isotopes as tracers of SGD-derived 125 

inputs of water and solutes to the coastal ocean but also aims to provide some 126 
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considerations that will help refine SGD estimates and identify critical knowledge gaps and 127 

research needs related to the current use of Ra isotopes as SGD tracers. 128 

 129 

 130 
Figure 1. Record of published research articles that used the keywords 1) ‘radium’ and ‘submarine 131 
groundwater discharge’ (n= 511) and 2) ‘radium’ and ‘ocean’ (n= 477), as indexed by Web of Science. 132 
Articles related to NORM, radiation protection or sediment concentrations have been removed from the 133 
record of ‘radium’ and ‘ocean’. 134 

 135 

[2] Radium isotopes used as SGD tracers: Historical perspective 136 

 137 

[2.1] Early days: Radium isotopes as tracers of marine processes (1900 – 1990) 138 

 139 

Radium was discovered from pitchblende ore in 1889 by Marie Sklodowksa-Curie and Pierre 140 

Curie, representing one of the first elements discovered by means of its radioactive 141 

properties (Porcelli et al., 2014). This historic discovery initiated a remarkable use of Ra for 142 

medical, industrial and scientific purposes, including its use as an ocean tracer. Early oceanic 143 

investigations revealed elevated 226Ra activities in deep-sea sediments (Joly, 1908), but the 144 

first measurement of 226Ra activities in seawater was performed in 1911 to characterize the 145 

penetrating radiation observed in the ionization chambers of ships at sea (Simpson et al., 146 

1911). However, it was not until the publication of the first profile of Ra activities in 147 

seawater and sediments off the coast of California by Evans et al. (1938), which suggested 148 

the influence of sediments on the increase of seawater 226Ra activities with depth, that the 149 

use of Ra isotopes to study oceanographic processes was considered. The first true 150 

application of Ra as an oceanic tracer was by Koczy (1958), who showed that the primary 151 

oceanic source of 226Ra was 230Th decay in marine sediments, and who initiated the use of 152 

one-dimensional vertical diffusion models to describe the upward flux and characteristic 153 

concentration profiles of 226Ra. Shortly thereafter, Koczy (1963) estimated that 154 

approximately 1 – 5 % of the actual 226Ra present in seawater was supplied by rivers. This 155 

was followed by a study of water column mixing and ventilation rates in the different 156 
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oceans (Broecker et al., 1967). A global-scale picture of the distribution of long-lived Ra 157 

isotopes (226Ra and 228Ra) was first provided by the Geochemical Ocean Sections Study 158 

(GEOSECS – 1972 – 1978; e.g., Chan et al., 1977; Trier et al., 1972). 159 

 160 

In the mid 1960s, Blanchard and Oakes (1965) reported elevated activities of 226Ra in coastal 161 

waters relative to open ocean waters. The detection of significant activities of 228Ra in both 162 

surface and bottom waters led to the understanding that the distribution of radium 163 

depended on sediments but also on other sources that introduced Ra into the oceans 164 

(Kaufman et al., 1973; Moore, 1969). Few years later, Li et al. (1977) observed a higher 165 

concentration of 226Ra in the Hudson River estuary compared with those observed either in 166 

the river itself or in the adjacent surface ocean water, proposing that 226Ra was released by 167 

estuarine and continental shelf sediments, which represents an important source of 226Ra to 168 

the ocean. This was further corroborated by measurements in the Pee Dee River-Winyah 169 

Bay estuary, in South Carolina, USA, by Elsinger and Moore (1980) who concluded that Ra 170 

desorption from sediments could quantitatively explain the increase of 226Ra in brackish 171 

water. Several studies followed these initial investigations, highlighting the importance of 172 

coastal sediments in the release of long-lived Ra-isotopes to coastal waters (e.g., Li and 173 

Chan, 1979; Moore, 1987).  174 

 175 

Measurement of 226Ra and 228Ra in seawater samples was relatively complex prior to the 176 

wide-scale availability of high-purity germanium (HPGe) gamma detectors and the 177 

extraction of Ra from seawater using manganese-impregnated acrylic fibers. While 226Ra 178 

was measured in a few liters of seawater (5 - 10 L) by the emanation of 222Rn (Mathieu et 179 

al., 1988), the measurement of 228Ra required greater volumes (often >>100 L). The 180 

quantification of 228Ra proceeded either via the extraction of 228Ac and the measurement of 181 

its beta activity or via the partial ingrowth of 228Th over a period of at least 4 – 12 months 182 

and the measurement via the alpha recoil of 228Th or via its daughter 224Ra by a proportional 183 

counter (Moore, 1981; Moore, 1969). The introduction of manganese-impregnated acrylic 184 

fibers for sampling Ra isotopes in the ocean was also a key advance in the use of Ra as a 185 

tracer in marine environments (Moore, 1976; Moore and Reid, 1973). Before the 186 

development of this approach, large volumes of seawater and long and laborious 187 

procedures were required to concentrate Ra isotopes via BaSO4 precipitation (Kaufman et 188 

al., 1973; Moore, 1969; 1972; Trier et al., 1972). Since then, Ra isotopes in marine waters 189 

are concentrated in situ with minimum time and effort by manganese-impregnated acrylic 190 

fibers. More recently, mass spectrometry has been used for 226Ra determination in 191 

seawater, such as thermal ionization mass spectrometry (TIMS) (e.g., Ollivier et al., 2008), 192 

multicollector inductively coupled plasma mass spectrometry (MC‐ICP‐MS) (e.g., Hsieh and 193 

Henderson, 2011) or single-collector sector field (ICP-MS) (e.g., Vieira et al., 2021). 194 

 195 

The application of the short-lived 223Ra and 224Ra as tracers of marine processes lagged the 196 

long-lived Ra isotopes by several years due to analytical limitations and because their 197 

potential use in oceanic studies was limited due to their shorter half-lives (11.4 d and 3.6 d 198 

for 223Ra and 224Ra, respectively). Short-lived Ra isotopes were first applied to estuarine 199 

mixing studies, which have time-scales of 1 – 10 days. Elsinger and Moore (1983) published 200 

one of the first studies on the distribution of 224Ra, 226Ra and 228Ra, which was focused on 201 

the mixing zone of the Pee Dee River-Winyah Bay and Delaware Bay estuaries (USA). They 202 

showed that the main source of Ra-isotopes were desorption and diffusion from suspended 203 
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and bottom sediments, which together contributed to the non-conservative increase of the 204 

three isotopes in the river-sea mixing zone. Shortly thereafter, Bollinger and Moore (1984) 205 

suggested that 224Ra and 228Ra fluxes in a salt marsh from the US eastern coast could be 206 

supported by bioirrigation and bioturbation (i.e. sediment reworking and pumping driven by 207 

benthic fauna, respectively). Levy and Moore (1985) concluded that the potential use of 208 
224Ra as a tracer required a much better understanding of its input functions in coastal 209 

zones. The authors classified Ra sources into two main groups: (1) primary sources that 210 

include desorption from estuaries and salt marsh particles and; (2) secondary sources such 211 

as dissolved 228Th present in the water column, longshore currents that may transport 224Ra 212 

from other areas and in situ production from 228Th decay adsorbed on suspended particles 213 

or bottom sediments. 214 

 215 

[2.2] Development period: Radium isotopes as SGD tracers (1990 - 2000). 216 

 217 

Whilst  the concept of SGD had been introduced in several early hydrological-based studies 218 

(e.g., Bokuniewicz, 1992, 1980; Capone and Bautista, 1985; Cooper, 1959; Freeze and 219 

Cherry, 1979; Glover, 1959; Johannes, 1980; Kohout, 1966; Toth, 1963), the role of 220 

groundwater as a major conveyor of Ra isotopes to the coastal ocean was not established 221 

until the benchmark papers of Burnett et al. (1990), Veeh et al. (1995) and Rama and Moore 222 

(1996). Burnett et al. (1990) suggested that the high 226Ra activities in water from the 223 

Suwannee estuary (USA) and offshore were most likely supplied by submarine springs or 224 

seeps. Veeh et al. (1995) demonstrated that the “traditional” Ra sources to coastal waters 225 

(e.g., rivers, sediments) were insufficient to support the 226Ra activities in waters from the 226 

Spencer Gulf (South Australia), suggesting an external source for the excess 226Ra, such as 227 

the “submarine discharge of groundwater from granitic basement rocks”. The importance of 228 

groundwater as a source of Ra to the coastal sea led Rama and Moore (1996) to apply for 229 

the first time the four naturally occurring Ra isotopes (which they defined as the radium 230 

quartet) as tracers for quantifying groundwater flows and water exchange (North Inlet salt 231 

marsh, South Carolina, USA). One key finding of this study was that extensive mixing 232 

between fresh groundwater and saline marsh porewater occurred in the subsurface marsh 233 

sediment before discharging to the coastal ocean, resulting in a groundwater discharge that 234 

was not entirely fresh but included a component of seawater circulating through the coastal 235 

aquifer. This concept was previously demonstrated in a hydrology-based study in Great 236 

South Bay (NY, USA) conducted by Bokuniewicz (1992), and it decisively contributed 237 

towards defining the term SGD. 238 

 239 

Awareness of the volumetric and chemical importance of SGD was significantly increased by 240 

Moore (1996), who linked 226Ra enrichments in coastal shelf waters of the South Atlantic 241 

Bight to large amounts of direct groundwater discharge. Moore suggested that the volume 242 

of SGD over this several hundred-kilometer coastline was comparable to the observed 243 

discharge from rivers, although the SGD probably included brackish and saline groundwater. 244 

In a commentary on this article, Younger (1996) questioned the inclusion of salty 245 

groundwater as a component of SGD, and its comparison to freshwater discharge to the 246 

coastal zone via rivers. The rebuttal by Church (1996) argued that SGD, regardless of its 247 

salinity, is chemically distinct from seawater and therefore can exert a significant control on 248 

coastal ocean biogeochemical cycles. 249 

 250 
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In the same year, Moore and Arnold (1996) published the design of the Radium Delayed 251 

Coincidence Counter (RaDeCC), an alpha detector system that allowed a simple and reliable 252 

determination of the short-lived Ra isotopes (223Ra and 224Ra) based on an original design of 253 

Giffin et al. (1963). Since its introduction, the RaDeCC system has become the reference 254 

technique for quantifying short-lived radium isotopes in water samples, as it allows a robust 255 

and rapid 223Ra and 224Ra determination with a simple setup at a relatively low cost. The full 256 

potential of short-lived Ra isotopes was described shortly after, when Moore published two 257 

studies providing conceptual models to derive ages of coastal waters and estimate coastal 258 

mixing rates using 223Ra and 224Ra (Moore, 2000b, 2000a). 259 

 260 

In the period of 1990 - 2000, these pioneering researchers opened a new era in Ra isotope 261 

application to SGD quantification, including the development of most of the conceptual 262 

models, approaches and techniques that are currently in use.  263 

 264 

[2.3] The widespread application of Ra isotopes as SGD tracers (2000 – 2020) 265 

 266 

The pioneering work on Ra isotopes of the 1990s, the increased understanding of the 267 

importance of SGD in coastal biogeochemical cycles, the technical improvements of Ra 268 

determination via HPGe and the commercialization of the first RaDeCC systems led to a 269 

rapid increase in the number of studies using Ra isotopes as tracers of SGD (Figure 1). 270 

Hundreds of scientific articles have been published since then. During the 2000s, while 271 

some studies only used long-lived Ra isotopes as SGD tracers (e.g., Charette and Buesseler, 272 

2004; Kim et al., 2005; Krest et al., 2000), most studies combined measurements of short-273 

lived Ra isotopes to estimate water residence times (or mixing rates) and long-lived Ra 274 

isotopes to quantify SGD fluxes (e.g., Charette et al., 2003, 2001; Kelly and Moran, 2002; 275 

Moore, 2003). However, a few studies quantified SGD fluxes by using only short-lived Ra 276 

isotopes (Figure 2; Boehm et al., 2004; Krest and Harvey, 2003; Paytan et al., 2004). One of 277 

the first studies where SGD fluxes were derived exclusively from short-lived Ra isotopes 278 

(223Ra and 224Ra) was conducted at Huntington Beach (CA, USA) by Boehm et al. (2004). 279 

Their flux estimates based on 223Ra and 224Ra were supported by a later analysis of 226Ra at 280 

this location and by the results of a hydrological numerical model (Boehm et al., 2006). At 281 

the same period, Hwang et al. (2005) and Paytan et al. (2006) used only short-lived Ra 282 

isotopes to estimate SGD fluxes of water and associated nutrients. Over the last decade 283 

there has been a growing volume of studies using only the short-lived Ra isotopes as tracers 284 

of SGD (e.g., Baudron et al., 2015; Ferrarin et al., 2008; Garcia-Orellana et al., 2010; Krall et 285 

al., 2017; Shellenbarger et al., 2006; Tamborski et al., 2015; Trezzi et al., 2016). This relative 286 

abundance of publications, in which only short-lived Ra isotopes are used, is in contrast with 287 

those conducted in previous decades, in which long-lived Ra isotopes were the most applied 288 

tracers (Figure 2).  289 

 290 

The methodological advances in the measurement of short-lived Ra isotopes have also 291 

contributed to their widespread application as tracers of other coastal processes, such as 292 

water and solute transfer across the sediment-water interface (also referred to as 293 

porewater exchange (Cai et al., 2014), groundwater age as well as flow rates in coastal 294 

aquifers (Kiro et al., 2013, 2012; Diego-Feliu et al., 2021), secondary permeability in animal 295 

burrows (Stieglitz et al., 2013), transfer of sediment-derived material inputs (Burt et al., 296 

2013b; Sanial et al., 2015; Vieira et al., 2020, 2019), and horizontal and vertical coastal 297 
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water mixing rates (Annett et al., 2013; Charette et al., 2007; Colbert and Hammond, 2007). 298 

Numerous new uses of the RaDeCC system have occurred in recent years, including the 299 

development of approaches to measure 223Ra and 224Ra in sediments (Cai et al., 2014, 2012) 300 

or 228Ra and 226Ra activities in water (Diego-Feliu et al., 2020; Geibert et al., 2013; Peterson 301 

et al., 2009; Waska et al., 2008), as well as quantification advancements and guidelines 302 

(Diego-Feliu et al., 2020; Moore, 2008; Selzer et al., 2021). There is still a widespread 303 

application of long-lived Ra isotopes, particularly to quantify SGD occurring over long flow 304 

paths (Moore, 1996; Rodellas et al., 2017; Tamborski et al., 2017a), SGD into entire ocean 305 

basins or the global ocean (Cho et al., 2018; Kwon et al., 2014; Moore et al., 2008; Rodellas 306 

et al., 2015a) and as a shelf flux gauge (Charette et al., 2016). Some investigations have also 307 

considered how to combine short- and long-lived Ra isotopes to discriminate between 308 

different SGD flow paths and sources (e.g., Charette et al., 2008; Moore, 2003; Rodellas et 309 

al., 2017; Tamborski et al., 2017a). 310 

 311 

 312 
Figure 2. Number of research articles published in 5-year periods in which Ra isotopes have been used as 313 
tracers of SGD. The articles were classified according to the Ra isotopes used: only short-lived (223Ra 314 
and/or 224Ra), only long-lived (226Ra and/or 228Ra) or a combination of both. The search was performed 315 
using the words “SGD or Submarine Groundwater Discharge” AND “Ra or Radium” as keywords in "Web 316 
of Science" (n= 477). Reviews, method articles and studies not applying Ra isotopes as tracer of SGD-317 
related processes were excluded from this classification. A total of 286 articles were considered in this 318 
classification analysis. 319 

 320 

[3] Submarine Groundwater Discharge: Terminology 321 

 322 

Initially, the concept of groundwater discharge into the oceans had been investigated 323 

largely by hydrologists, who considered the discharge of meteoric groundwater as a 324 

component of the hydrological budget (Manheim, 1967). Thereafter, with the involvement 325 

of oceanographers interested in the influence of SGD on the chemistry of the ocean, the 326 

definition evolved, with SGD now encompassing both meteoric groundwater and circulated 327 

seawater (Bokuniewicz, 1992; Church, 1996; Moore, 1996; Rama and Moore, 1996). The 328 

interest in SGD has increasingly grown within the scientific community as it is now 329 

recognized as an important pathway for the transport of chemical compounds between land 330 

and ocean, which can strongly affect marine biogeochemical cycles at local, regional and 331 

global scales (e.g., Cho et al., 2018; Luijendijk et al., 2020; Rahman et al., 2019; Rodellas et 332 

al., 2015a). 333 

 334 

The definition of SGD has been discussed in several review papers in the marine geosciences 335 

field (e.g., Burnett et al., 2002, 2001, 2003; Church, 1996; Knee and Paytan, 2011; Moore, 336 

2010; Santos et al., 2012; Taniguchi et al., 2019, 2002). Here, we will adopt the most 337 

inclusive definition, where SGD represents “the flow of water through continental and 338 
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insular margins from the seabed to the coastal ocean, regardless of fluid composition or 339 

driving force” (Burnett et al., 2003; Taniguchi et al., 2019). We are thus including those 340 

centimeter-scale processess that can transport water and associated solutes across the 341 

sediment-water interface, which are commonly referred to as porewater exchange (PEX) or 342 

benthic fluxes, and are sometimes excluded from the SGD definition because of its short 343 

length scale (<1 m) (e.g., Moore, 2010; Santos et al., 2012). We are also implicitly 344 

considering that groundwater (defined as “any water in the ground”) is synonymous with 345 

porewater (Burnett et al., 2003) and that the term “coastal aquifer” includes permeable 346 

marine sediments. The term “subterranean estuary” (STE), which is widely used in the SGD 347 

literature, is also used in this review to refer to the part of the coastal aquifer that 348 

dynamically interacts with the ocean (Duque et al., 2020; Moore, 1999), determined in the 349 

hydrological literature as the fresh-saline water interface (FSI) or the mixing zone. 350 

 351 

Within this broad definition of SGD we incorporate disparate water flow processes, some 352 

involving the discharge of fresh groundwater and others encompassing the circulation of 353 

seawater through the subterranean estuary, or a mixture of both. These processes can be 354 

grouped into five different SGD pathways according to the characteristics of the processes 355 

(George et al., 2020; Michael et al., 2011; Robinson et al., 2018; Santos et al., 2012) (Figure 356 

3): 1) Terrestrial groundwater discharge (usually fresh groundwater), driven by the 357 

hydraulic gradient between land and the sea; 2) Density-driven seawater circulation, 358 

caused by either density gradients along the freshwater-saltwater interface, or 359 

thermohaline gradients in permeable sediments; 3) Seasonal exchange of seawater, driven 360 

by the movement of the freshwater-saltwater interface due to temporal variations in 361 

aquifer recharge or sea level fluctuations; 4) Shoreface circulation of seawater, including 362 

intertidal circulation driven by tidal inundation (at beach faces, salt marshes or mangroves) 363 

and wave set-up; and 5) cm-scale porewater exchange (PEX), driven by disparate 364 

mechanisms such as current-bedform interactions, bioirrigation, tidal and wave pumping, 365 

shear flow, ripple migration, etc. Notice that whereas all of these processes force water flow 366 

through the sediment-water interface, the discharge of terrestrial groundwater (Pathway 1) 367 

and, to a lesser extent, density-driven seawater circulation (Pathway 2), which also contains 368 

a fraction of freshwater, are the only mechanisms that represents a net source of water to 369 

the coastal ocean. Pathways 3 – 5 can be broadly classified as “saline SGD”; the summation 370 

of all five pathways is generally considered “total SGD”. 371 
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 373 
Figure 3. Conceptual diagram of an unconfined coastal aquifer including the major Submarine 
Groundwater Discharge pathways, subdivided according to the driving mechanism: 1) Terrestrial 
groundwater discharge (usually fresh groundwater); 2) Density-driven seawater circulation; 3) 
Seasonal exchange of seawater; 4) Shoreface seawater circulation; and 5) cm-scale porewater 
exchange (PEX). Pathways 1, 2 and 3 could be extended farther offshore in systems with confined 
units. 
 374 

[4] Mechanisms controlling Ra in aquifers and SGD 375 

 376 

One of the main characteristics that makes Ra isotopes useful tracers of SGD is that coastal 377 

groundwater is often greatly enriched with Ra isotopes relative to coastal seawater (Burnett 378 

et al., 2001). The enrichment of groundwater with Ra isotopes is originated from the 379 

interaction of groundwater with rocks, soils or minerals that comprise the geological matrix 380 

of the coastal aquifer. Some studies have summarized the various sources and sinks of Ra 381 

isotopes in coastal groundwater (Kiro et al., 2012; Krishnaswami et al., 1982; Luo et al., 382 

2018; Porcelli et al., 2014; Tricca et al., 2001). The most common natural processes that 383 

regulate the activity of Ra isotopes in groundwater are: 1) radioactive production from Th 384 

isotopes and decay; 2) adsorption and desorption from the aquifer solids and 3) weathering 385 

and precipitation. The transit time of groundwater in the coastal aquifer can further 386 

regulate process 1 (Figure 4).  387 

 388 
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Figure 4. Conceptual model of the main processes determining the abundance of Ra isotopes in 
groundwater from a coastal aquifer. Blue and brown colour represents the liquid and solid phases, 
respectively. The light brown color represents the effective alpha recoil zone for Ra isotopes, which 
depends on the aquifer solids and the energy of the Ra alpha particle (the recoil distance usually 
ranges, on average, between 300 and 400 Å (Sun and Semkow, 1998)). 

 389 

[4.1] Radioactive production and decay 390 

 391 

Ra activity in groundwater is controlled, in part, by the production and decay rates of each 392 

radionuclide in both the groundwater and the geological matrix (Figure 4). Radium isotope 393 

production depends on the continuous decay of Th isotopes (230Th, 232Th, 228Th, and 227Th) 394 

from the U and Th decay chains, which are predominantly contained in aquifer solids. 395 

Therefore, the U and Th content of the geological matrix regulates the production rate. 396 

Concentrations of U and Th can vary significantly depending on the host material (igneous 397 

rocks: 1.2 – 75 Bq·kg-1 of U and 0.8 – 134 Bq·kg-1 of Th; metamorphic rocks: 25 – 60 Bq·kg-1 398 

of U and 20 – 110 Bq·kg-1 of Th; and sedimentary rocks: <1.2 – 40 Bq·kg-1 of U and <4 and 40 399 

Bq·kg-1 of Th) (Ivanovich and Harmon, 1992). For instance, carbonate minerals are enriched 400 

in U relative to Th, while clays are enriched in Th. As a consequence, groundwater flowing 401 

through formations with different lithologies have different activity ratios of Ra isotopes 402 

(e.g., 228Ra/226Ra AR, where AR means activity ratio), which can be used to identify and 403 

distinguish groundwater inflowing from different hydrogeologic units (Charette and 404 

Buesseler, 2004; Moore, 2006a; Swarzenski et al., 2007a) (see Section 6). On the other 405 

hand, radioactive decay depends only on the activity of Ra isotopes in groundwater and 406 

their specific decay constants.  407 

 408 
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Not all of the Ra produced in the aquifer is directly transferred to groundwater. The fraction 409 

of available Ra (i.e., the exchangeable Ra pool) includes the Th dissolved in groundwater 410 

(usually a negligible fraction) and mainly the Ra produced in the effective alpha recoil zone 411 

(i.e., by the Th bound in the outer mineral lattice and by the surface-bound, i.e., adsorbed 412 

Th) (Figure 4). The decay of Th in the effective alpha recoil zone mobilizes part of the 413 

generated Ra from this zone to the adjacent pore fluid due to the alpha-decay recoil energy 414 

(Sun and Semkow, 1998; Swarzenski, 2007; Figure 4). The extent of the effective alpha recoil 415 

zone is specific to each type of solid (i.e., mineralogy) and is a function of the size and of the 416 

surface characteristics of the aquifer solid grains (Beck and Cochran, 2013; Sun and 417 

Semkow, 1997; Swarzenski, 2007; Diego-Feliu et al., 2021). The greater the specific surface 418 

area of solids in the aquifer, the greater the fraction of Th in the effective recoil zone and 419 

thus, the pool of Ra available for solid-solution exchange (Copenhaver et al., 1993; Porcelli 420 

and Swarzenski, 2003). The influence of alpha recoil can produce deviations in the 421 

groundwater Ra isotopic ratios in relation to that expected from host rock ratios, since each 422 

Ra isotope is generated after a different number of decay events in each of the decay 423 

chains. For instance, when Ra isotopes in groundwaters are in equilibrium with aquifer 424 

solids, the alpha recoil process alone may produce equilibrium 226Ra/228Ra ratios up to 1.75 425 

that of the host rock 238U/232Th ratio and 224Ra/228Ra equilibrium ratios ranging from 1 to 2.2 426 

(e.g. Krishnaswami et al. 1982; Davidson and Dickson, 1986; Swarzenski, 2007; Diego-Feliu 427 

et al., 2021). 428 

 429 

Several methods are described in the literature determining how Ra recoil can be estimated. 430 

These methods can be classified into five groups: (1) experimental determination of 431 

emanation rates of daughter radionuclides from aquifer solids into groundwater (Hussain, 432 

1995; Rama and Moore, 1984); (2) experimental determination of the parent radionuclide 433 

within the alpha-recoil zone (Cai et al., 2014, 2012; Tamborski et al., 2019); (3) theoretical 434 

calculations focused on determining the alpha-recoil supply based on properties of the host 435 

material (e.g., density, surface area; Kigoshi, 1971; Semkow, 1990; Sun and Semkow, 1998); 436 

(4) mathematical fitting to advective transport models (Krest and Harvey, 2003), and (5) in-437 

situ determination via supply rate of 222Rn (Copenhaver et al., 1992; Krishnaswami et al., 438 

1982; Porcelli and Swarzenski, 2003). 439 

 440 

[4.2] Adsorption and desorption 441 

 442 

In fresh groundwater, Ra is usually and preferentially bound to aquifer solids, although a 443 

small fraction is found in solution as Ra2+. The adsorption of Ra on solid surfaces depends on 444 

the cation exchange capacity (CEC) of the aquifer solids, but also on the chemical 445 

composition of groundwater. The higher the CEC, the higher the content of Ra that may be 446 

potentially adsorbed on the grain surface of aquifer solids (e.g., Beck and Cochran, 2013; 447 

Beneš et al., 1985; Kiro et al., 2012; Nathwani and Phillips, 1979; Vengosh et al., 2009). The 448 

ionic strength of the solution, governed mainly by the groundwater salinity, has been 449 

recognized as the most relevant factor controlling the exchange of Ra between solid and 450 

groundwater (Beck and Cochran, 2013; Gonneea et al., 2013; Kiro et al., 2012; Webster et 451 

al., 1995). High ionic strength (i.e., high salinity) hampers the adsorption of Ra2+ due to 452 

competition with other cations dissolved in groundwater (e.g., Na+, K+, Ca2+) and promotes 453 

the desorption of surface-bound Ra due to cationic exchange. As a consequence, Ra is 454 

typically more enriched in brackish to saline groundwater than in fresh groundwater. 455 
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Exceptions may include carbonate aquifers where mineral dissolution is more important 456 

than desorption in driving groundwater Ra activities. Thus, Ra activities in coastal 457 

groundwater may vary substantially, depending on the subsurface salinity distribution, 458 

which is dynamic due to the interaction between the inland groundwater table elevation 459 

and marine driving forces (e.g., tides, waves and storms, mean sea-level). Other physico-460 

chemical properties of groundwater, such as temperature and pH may also control the 461 

solid-solution partitioning (adsorption/desorption) of Ra in coastal aquifers. Beck and 462 

Cochran (2013) reviewed the role of temperature and pH, concluding that while there is a 463 

Ra adsorption with increasing pH, there is no clear effect of temperature on the adsorption 464 

of Ra onto aquifer solids.  465 

 466 

In order to estimate the relative distribution of Ra between solid and solution, a distribution 467 

coefficient, KD [m
3·kg-1], is commonly used. This coefficient is defined as the ratio of the 468 

cocentration of Ra on the solid surface per mass of solid [Bq·kg-1] to the amount of Ra 469 

remaining in mass of the solution at equilibrium [Bq·m-3], and considers the Ra chemical 470 

equilibrium processes of adsortion-desorption (KD= Raadsorbed/Radesorbed), but not the 471 

processes of weathering. The distribution coefficient is one of the most relevant parameters 472 

for understanding the Ra distribution in coastal aquifers and for applying transport models 473 

of Ra in groundwater. Radium distribution coefficient values span several orders of 474 

magnitude, depending on the composition of groundwater and aquifer solids (Kumar et al., 475 

2020). Many authors analyzed the influence of different solid and water compositions 476 

within different experimental settings. The distribution coefficient is commonly determined 477 

by batch experiments (e.g., Beck and Cochran, 2013; Colbert and Hammond, 2008; Gonneea 478 

et al., 2008; Rama and Moore, 1996; Tachi et al., 2001; Tamborski et al., 2019; Willett and 479 

Bond, 1995). The distribution coefficient of Ra, which ranges widely from 10-2 to 102 m3 kg-1 480 

in coastal aquifers (Beck and Cochran, 2013; Kumar et al., 2020), has also been determined 481 

by other methods such as adsorption-desorption modelling (e.g., Copenhaver et al., 1993; 482 

Webster et al., 1995); chromatographic columns tests (e.g., Meier et al., 2015; Relyea, 483 

1982); and chemical equilibrium calculations (Puigdomenech and Bergstrom, 1995).  484 

 485 

[4.3] Weathering and precipitation 486 

 487 

Radium isotopes are also supplied to groundwater by weathering processes, including 488 

dissolution and breakdown of rocks or minerals containing Ra that may occur during the 489 

flow of groundwater through the coastal aquifer. The intensity of weathering processes 490 

mainly depends on the physicochemical properties of groundwater, such as temperature, 491 

pH, redox potential or ionic strength, and on the characteristics of the geological matrix 492 

(e.g., mineralogy, specific surface area of aquifer solids) (Chabaux et al., 2003). Since the 493 

interaction between fresh and saline groundwater in the subterranean estuary is also often 494 

accompanied by a redox gradient (Charette and Sholkovitz, 2006; McAllister et al., 2015), 495 

the dissolution of hydrous oxides under reducing conditions may increase the activity of Ra 496 

isotopes in groundwater (Beneš et al., 1984; Gonneea et al., 2008). Conversely, mineral 497 

precipitation processes can remove Ra from groundwater. Due to the very low molar 498 

activities of Ra in groundwaters, the removal of Ra from groundwater usually occurs by co-499 

precipitation with other phases. Ra2+ may co-precipitate with Mn and Fe hydrous oxides 500 

under oxidizing and high pH (>7) conditions (Gonneea et al., 2008; Porcelli et al., 2014), as 501 
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well as with sulfates [e.g., (Ba, Ra, Sr)SO4] or carbonate [(Ca, Ra)CO3] (Kiro et al., 2013, 2012; 502 

Porcelli et al., 2014). However, due to the relatively long time scales of weathering and 503 

precipitation processes, these vectors are often considered to exert negligible controls on 504 

the activities of 224Ra, 223Ra and 228Ra in coastal groundwaters, although they might be 505 

relevant for 226Ra (Porcelli and Swarzenski, 2003).  506 

 507 

[4.4] Groundwater transit time 508 

 509 

The last fundamental factor that regulates the activities of Ra isotopes in aquifers is the time 510 

of groundwater to travel along a certain flow path, commonly known as groundwater transit 511 

time, which also represents the time that the groundwater is in contact with the solids in 512 

the aquifer (Diego-Feliu et al., 2021; Rajaomahefasoa et al., 2019; Vengosh et al., 2009). In 513 

SGD studies the groundwater transit time is instrumental to understand the degree of Ra 514 

isotope enrichment in groundwater since it entered the aquifer through one of its 515 

boundaries (e.g., aquifer recharge of freshwater or seawater infiltration through permeable 516 

sediments). Groundwater transit time largely depends on the hydraulic conductivity of the 517 

system and the physical mechanisms that are forcing the groundwater advective flow. The 518 

hydraulic conductivity describes the transmissive properties of a porous medium (for a 519 

given fluid) and thus clearly influences the groundwater flow velocity (Freeze and Cherry, 520 

1979). For instance, hydraulic conductivity in unconsolidated silty-clay aquifers is typically 521 

on the order of 1 - 100 cm·d-1, while in unconsolidated sandy aquifers it is significantly 522 

higher (102 - 104; Zhang and Schaap, 2019). An extreme example is represented by karstic or 523 

volcanic coastal aquifers, where localized hydraulic conductivity can reach values of ~107 524 

cm·d-1 (Li et al., 2020). On the other hand, physical mechanisms driving groundwater flow 525 

also control the groundwater velocity (as well as the spatial scale of the process), and 526 

therefore the groundwater transit times. In coastal aquifers, these driving forces include the 527 

terrestrial hydraulic gradient and their seasonal oscillations, shoreface circulation and tidal 528 

pumping, wave setup and wave pumping, bioirrigation, flow- and topography-induced 529 

advection, among others (Santos et al., 2012). These forces can be linked to the five SGD 530 

pathways outlined in Section 3. Obviously, groundwater transit times are not only 531 

determined by the driving mechanism itself, but also by the intensity and frequency of the 532 

physical forces (e.g., wave and tidal frequency and amplitude, magnitude and seasonality of 533 

the hydraulic gradient, recurrence and intensity of strong episodic wave events, etc.) 534 

(Rodellas et al., 2020; Sawyer et al., 2013).  535 

 536 

The common way to evaluate the effect of transit time on the degree of enrichment of Ra 537 

isotopes in groundwater is usually performed using 1-D advective-dispersive solute 538 

transport models. These models commonly assume: i) steady state aquifer conditions (i.e., 539 

activities do not vary with time; 𝑑𝐴/𝑑𝑡 = 0); ii) that the effects of dispersive and diffusive 540 

transport in relation to advective transport are negligible, and iii) that the exchange 541 

between the solid surfaces and the solution principally occurs via ion exchange, neglecting 542 

the processes of weathering or precipitation (Kiro et al., 2012; Michael et al., 2011; 543 

Tamborski et al., 2017a; Diego-Feliu et al., 2021). The underlying assumptions of these 544 
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simple models may not be valid for all groundwater systems, although they allow 545 

understanding of Ra distribution within aquifers. Based on these models, the activities of Ra 546 

isotopes in groundwater increase along a flow path towards an equilibrium with Th activities 547 

in the aquifer solids (i.e., Th activities in the alpha recoil zone). This equilibrium, defined as 548 

bulk radioactive equilibrium by Diego-Feliu et al. (2021), is reached when the activities of Ra 549 

do not vary along the groundwater flowpath (𝑑𝐴/𝑑𝜏 = 0). The characteristic groundwater 550 

transit time needed to reach equilibrium between the isotopes of Ra and Th depends on the 551 

distribution coefficient of Ra (KD), which relates the amount of Ra desorbed and adsorbed 552 

on grain surfaces (KD = Raadsorbed/Radesorbed), as well as on the decay constant of each Ra 553 

isotope (production and decay) (Beck et al., 2013; Michael et al., 2011). The Ra loss due to 554 

advective transport when Ra is predominantly desorbed (low KD; e.g., ~10-2 m3 kg-1) is higher 555 

than when Ra is mostly adsorbed onto grain surfaces (high KD; e.g., ~102 m3 kg-1). 556 

Consequently, the characteristic groundwater time to reach the equilibrium with Th 557 

isotopes decreases as the distribution coefficient of Ra increases (Figure 5). If Ra was 558 

completely desorbed (e.g., KD~ 0 m3 kg-1), the time required to produce 50% of the 559 

equilibrium activity of a given Ra isotope would be equal to its half-life. However, in natural 560 

environments (KD~ 10-3 to 103 m3 kg-1; Beck and Cochran, 2013), this activity would be 561 

reached within a significantly shorter time, ranging from minutes to hours for the short-562 

lived Ra isotopes, from hours to days for 228Ra and from days to years for 226Ra (Figure 5). 563 

Therefore, the enrichment rate of Ra isotopes strongly depends on the characteristics of the 564 

coastal aquifer (e.g., the higher the salinity, the longer the time to reach equilibrium 565 

concentrations is).The relative difference between the characteristic transit time of each 566 

isotope is equivalent to the ratio of their decay constants. For instance, the transit time 567 

needed for 228Ra to reach equilibrium with 232Th is ~570 times higher (𝜆𝑅𝑎−228/𝜆𝑅𝑎−224) 568 

than that for 224Ra to reach the equilibrium with 228Th. Characteristic transit times can be 569 

converted to equilibrium distances by assuming a constant velocity of groundwater through 570 

the aquifer. Considering a velocity on the order of 1 cm d-1, all of the Ra isotopes would 571 

reach equilibrium within a few centimeters along the flow path in fresh groundwaters, while 572 

lengths would be on the order of tens of cm for 223Ra and 224Ra, ~1 m for 228Ra and ~500 m 573 

for 226Ra in saline groundwater. Notice that these lengths are specific for the assumed 574 

velocity and the distribution coefficients used. For instance, Tamborski et al. (2019) showed 575 

that short-lived Ra isotopes reached secular equilibrium after a flowpath of several meters 576 

in a sandy barrier beach from a hypersaline coastal lagoon, when groundwater velocities 577 

were on the order 10 - 100 cm·d-1. 578 

 579 
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Figure 5.Transit time of groundwater with aquifer solids required to produce 50%, 90% and 99% 
of equilibrium activity for each Ra isotope as a function of the distribution coefficient (KD) and the 
retardation factor (RRa) of Ra (see definition in 8.1). Results are derived from a one-dimensional 
model formulated in Diego-Feliu et al. (2021) and Michael et al. (2011). Distance is also shown 
considering a groundwater velocity of 1 cm·d-1. Notice that the scale of the Ra distribution 
coefficient and the retardation coefficient are logarithmic. Notice that  the 50% line of 223Ra 
overlays the 90% line of 224Ra. 

 580 

Given that physical mechanisms control the groundwater transit times in the subterranean 581 

estuary, the five pathways of SGD described in section 3 are likely to be differently enriched 582 

in Ra isotopes, as they have different driving forces and spatio-temporal scales. The 583 

enrichment rate of Ra isotopes in each SGD pathway can be evaluated by comparing the 584 

ingrowth rates of different Ra isotopes with the most common spatio-temporal scales and 585 

groundwater salinities of the different pathways (Figure 6). Assuming a relatively 586 

homogeneous geological matrix, groundwater salinities are likely to control the KD of the 587 

different SGD pathways. As an orientative threshold, here we consider that a given Ra 588 

isotope becomes significantly enriched along a specific SGD pathway when 50% of its 589 

equilibrium activity has been reached (Figure 6). This 50% enrichment is an arbitrary 590 

(though reasonable) threshold because the ability of tracing Ra inputs from a given pathway 591 

depends on several site-specific factors, such as equilibrium activities, U/Th concentration in 592 

the coastal geological matrix, magnitude of SGD flow and interferences from other Ra 593 

sources (e.g., sediments, rivers). However, this qualitative comparison allows the 594 

identification of those SGD pathways that might be significantly enriched in the different Ra 595 

isotopes (Figure 6). As illustrated in this assessment, short-lived Ra isotopes may become 596 

enriched in all of the SGD pathways. On the other hand, the transit time within the coastal 597 

aquifer of short-scale processes (e.g., cm-scale porewater exchange and shoreface seawater 598 
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circulation) is not sufficient to produce measurable long-lived Ra isotopes activities (King, 599 

2012; Michael et al., 2011; Moore, 2010; Rodellas et al., 2017).  600 

 601 

 
Figure 6. The spatio-temporal scales of different SGD pathways considering a groundwater 
advection rate of 1 cm d-1. Qualitative boundaries for the different pathways are based on 
common spatial scales and KD of the different pathways (note that R = 1 + KD ρb/Ф). The transit 
time required to produce more than 50% of the different Ra isotopes is also indicated (solid lines 
represent 50% of production; see Figure 5). 

 602 

[5] Sources and sinks of Ra isotopes in the water column 603 

 604 

The application of Ra isotopes as tracers of SGD in the marine environment (at local, 605 

regional and global scales) requires a comprehensive understanding of their sources and 606 

sinks in the water column. As summarized in several studies (e.g., Charette et al., 2008; 607 

Moore, 2010, 1999; Rama and Moore, 1996; Swarzenski et al., 2007), the most common 608 

sources of Ra isotopes to the ocean can be classified into six groups: 1) Atmospheric input 609 

from wet or dry deposition (Fatm); 2) Discharge of surface water, such as rivers or streams 610 

(Friver); 3) Diffusive fluxes from underlying permeable sediments (Fsed); 4) Input from 611 

offshore waters (Fin-ocean); 5) Production of Ra in the water column from the decay of Th 612 

parents (Fprod) and 6) inputs from SGD (FSGD). Major sinks of Ra in coastal systems are 1) 613 

Internal coastal cycling, which includes the biological or chemical removal of Ra isotopes 614 

through co-precipitation with minerals such as Ba sulfates or Fe (hydr)oxides and Ra uptake 615 

(Fcycling); 2) Radioactive decay of Ra (Fdecay) and 3) Export of Ra offshore (Fout-ocean). A 616 

conceptual generalized box model summarizing all the pathways of removal or enrichment 617 

of Ra isotopes in the coastal environment is presented in Figure 7.  618 

 619 
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Figure 7. Conceptual model illustrating the sources (blue) and sinks (red) of Ra isotopes in the 
coastal ocean. 

 620 

 621 

[5.1] Radium sources 622 

 623 

The relative magnitude of the different Ra sources will vary according to the characteristics 624 

of the study site (e.g., presence of rivers or streams, characteristics of sediments, water 625 

column depth), as well as the half-life of the specific Ra isotope used in the mass balance 626 

(Figure 8). The different source terms for Ra isotopes into the coastal ocean and their 627 

relative importance are described below (excluding the Ra inputs from offshore waters 628 

(𝐹𝑖𝑛−𝑜𝑐𝑒𝑎𝑛), which will be considered in the net Ra exchange with offshore waters (see 629 

chapter 5.2)). 630 

 631 

The input of Ra through atmospheric deposition onto oceans (Fatm) includes dissolved Ra in 632 

precipitation and, mainly, desorption from atmospheric dust or ash entering the water 633 

column. The highest relative contribution of Ra from atmospheric sources will be expected 634 

to occur in large basins (i.e., the higher the ratio of ocean surface area to coastline length, 635 

the higher the potential importance of atmospheric inputs is) and/or in areas affected by 636 

large atmospheric inputs (e.g., areas affected by the deposition of large amounts of dust or 637 

ash). However, even in large areas affected by Saharan dust inputs (e.g., the Atlantic Ocean 638 

or the Mediterranean Sea), the percentage of the atmospheric contribution is less than 1% 639 

of the total Ra inputs (Moore et al., 2008; Rodellas et al., 2015a) (Figure 8). Atmospheric 640 

input is expected to be smaller in areas such as bays or coves, and therefore it is commonly 641 

neglected in Ra mass balances (Charette et al., 2008). 642 

 643 
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Surface water inputs (Friver) includes both the fraction of Ra dissolved in surface waters and 644 

the desorption of Ra from river-borne particles as these particles encounter salty water. 645 

Surface water input includes both rivers and streams discharge and inputs from freshwater 646 

and salt marshes, stormwater runoff and anthropogenic sources, such as discharge from 647 

wastewater treatment facilities. There are several studies that have quantified the 648 

contribution of Ra from rivers and streams to coastal and open ocean areas (Krest et al., 649 

1999; Moore, 1997; Moore and Shaw, 2008; Ollivier et al., 2008; Rapaglia et al., 2010). Most 650 

of the studies conclude that the fraction of dissolved Ra in river waters is a minor 651 

contribution compared with the Ra desorbed from surface water-borne particles (Krest et 652 

al., 1999; Moore et al., 1995; Moore and Shaw, 2008). The importance of surface water as a 653 

Ra source obviously depends on the presence (and significance) of rivers and streams in the 654 

investigated area. The relative contribution of surface water might be significant in estuaries 655 

or other areas influenced by river discharge (e.g., Beck et al., 2008; Key et al., 1985; Luek 656 

and Beck, 2014; Moore et al., 1995; Moore and Shaw, 2008) (Figure 8). Marshes are also 657 

commonly considered as a major source of Ra due to both erosion of the marsh and 658 

subsequent desorption of Ra from particles and porewater exchange (Beck et al., 2008; 659 

Bollinger and Moore, 1993, 1984; Charette, 2007; Tamborski et al., 2017c). Runoff or 660 

ephemeral streams following a major rain event (Moore et al., 1998) is an additional input. 661 

Anthropogenic activities like channels, oil and gas installations, outfalls and waste water 662 

treatment plants may also supply Ra to coastal waters, although in most cases they prove 663 

to be a minor Ra source (e.g., Beck et al., 2007; Eriksen et al., 2009; Rodellas et al., 2017; 664 

Tamborski et al., 2020).  665 

 666 

Sediments are a ubiquitous source of Ra isotopes (Fsed), but their relative importance as a Ra 667 

source is highly dependent on the characteristics of the sediment (e.g., sediment grain size, 668 

sediment mineral composition, porosity), the specific Ra isotope considered, the mechanism 669 

that releases Ra from the sediments and the spatial scale of the study area (Figure 8). 670 

Mechanisms that may release Ra from sediments, excluding groundwater flow, are 671 

molecular diffusion, erosion, bioturbation, or sediment resuspension. High Ra in the pore-672 

water results in a molecular diffusion of Ra from the sediments to the water column (e.g., 673 

Beck et al., 2008; Garcia-Orellana et al., 2014; Garcia-Solsona et al., 2008). Other processes 674 

such as sediment resuspension, diagenesis and bioturbation may also enhance the 675 

exchange of Ra between sediment and the water column (e.g., Burt et al., 2014; Garcia-676 

Orellana et al., 2014; Moore, 2007; Rodellas et al., 2015b; Tamborski et al., 2017c). For 677 

instance, bioturbation has been suggested to increase the 228Ra flux by a factor of two over 678 

the flux due to molecular diffusion only (Hancock et al., 2000). In sediments of the Yangtze 679 

estuary, bioirrigation was found to be more important for the 224Ra flux from the sediments 680 

than molecular diffusion and sediment bioturbation (Cai et al., 2014). The significance of Ra 681 

input from sediments largely depends on the production time of each Ra isotope relative to 682 

the Ra-releasing mechanism. Inputs from sediments can typically be ignored for long-lived 683 

Ra isotopes in small-scale studies due to their long production times (e.g., Alorda-Kleinglass 684 

et al., 2019; Beck et al., 2008, 2007; Garcia-Solsona et al., 2008). However, in basin-wide or 685 

global-scale studies, the large seafloor area results in long-lived Ra sediment input that 686 

might be comparable to SGD input (Moore et al., 2008; Rodellas et al., 2015a) (Figure 8). 687 

The fast production of short-lived Ra isotopes in sediments, which is set by their decay 688 

constants, results in a near-continuous availability of 223Ra and 224Ra in sediments, which 689 

can result in comparatively larger fluxes of short-lived Ra isotopes to the water column 690 
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relative to the long-lived ones. Particularly in areas with coarse-grained sediments with low 691 

Ra availability for sediment-water exchange, fluxes of longer-lived Ra isotopes from seafloor 692 

sediments usually account for a minor fraction of the total Ra inputs (Beck et al., 2008, 693 

2007; Garcia-Solsona et al., 2008). However, sediments can turn into a major source of Ra 694 

isotopes to the water column in shallow water bodies, in systems covered by fine-grained 695 

sediments (substrate with a high specific surface area), sediments with a high content of U 696 

and Th-series radionuclides, and/or in areas affected by processes that favor the Ra 697 

exchange between sediments and overlying waters, such as bioturbation (Cai et al., 2014), 698 

sediment resuspension (Burt et al., 2014; Rodellas et al., 2015b) or seasonal hypoxia 699 

(Garcia-Orellana et al., 2014). 700 

 701 

The production of Ra isotopes from their dissolved Th parents (Fprod) is commonly avoided 702 

in SGD studies by reporting Ra activities as “excess” activities in relation to their respective 703 

progenitors. This is usually a minor Ra source because Th is a particle reactive element and 704 

is rapidly scavenged by particles sinking through the water column. The amount of 232Th, 705 

which is introduced into the water column by dissolution from particles supplied by rivers, 706 

runoff, atmospheric deposition or resuspension, is very low and therefore water column 707 

dissolved 232Th activities are usually orders of magnitude lower than its daughter 228Ra. 708 

Dissolved activities of 227Th (and 227Ac), 228Th and 230Th in the water column are also low and 709 

thus the production of 223Ra, 224Ra and 226Ra from their decay generally represents a minor 710 

source term.  711 

 712 

Submarine Groundwater Discharge (FSGD) is often a primary source of Ra isotopes to the 713 

ocean (Figure 8) and it is the target flux in SGD investigations. This term includes Ra inputs 714 

from any water flow across the sediment-water interface, which can be supplied through 715 

the five different SGD pathways outlined in Section 3 (Figure 3). Different SGD pathways 716 

occur at different locations (e.g., nearshore, beachface, offshore) and have different 717 

groundwater compositions (e.g., fresh, brackish or saline groundwater) and characteristic 718 

groundwater transit times within the subterranean estuary (e.g., hours-days for cm-scale 719 

porewater exchange and months-decades for terrestrial groundwater discharge). All of 720 

them are, however, potential sources of Ra isotopes to the ocean and thus need to be taken 721 

into account when Ra isotopes are used as SGD tracer. 722 

 723 

 
Figure 8. Relative contribution of different sources (river, atmosphere, sediments and SGD) to the 
total 224Ra (upper row) and long-lived Ra isotopes (lower row) for six study sites with distinct 
characteristics: Huntington Beach, USA (sandy intertidal beach face; Boehm et al., 2004 and 2006); 
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Bangdu Bay, Korea (semi-enclosed bay on a volcanic island; Hwang et al., 2005); Port of Maó, Spain 
(semi-enclosed harbor with large resuspension of sediments; Rodellas et al., 2015); La Palme 
Lagoon, France (micro-tidal coastal lagoon with karst springs; Tamborski et al., 2018); York River 
estuary, USA (micro-tidal estuary; Luek and Beck, 2014); Atlantic Ocean (upper 1000 m of water 
column; Moore et al., 2008). The sites are organized according to increasing water residence times 
of the study area (left to right). The Ra isotope used is indicated in the middle of the pie chart. 

 724 

[5.2] Radium sinks 725 

 726 

The two main Ra sinks for most of the coastal systems are the decay of Ra isotopes in the 727 

water column (Fdecay) and net Ra exchanged with offshore waters (𝐹𝑜𝑢𝑡−𝑜𝑐𝑒𝑎𝑛- 𝐹𝑖𝑛−𝑜𝑐𝑒𝑎𝑛). As 728 

with the Ra sources, the relevance of the Ra sink terms is largely dependent on the 729 

characteristics of the water body (mainly water residence time) and on the Ra isotope used 730 

(Figure 9). Other sinks are grouped together as internal cycling (𝐹𝑐𝑦𝑐𝑙𝑖𝑛𝑔). These processes 731 

include Ra co-precipitation with salts (e.g. barium sulphate) or Fe-Mn (hydr)oxides that 732 

occur in estuaries, coastal lagoons or polluted areas (e.g., Alorda-Kleinglass et al., 2019; 733 

Kronfeld et al., 1991; Neff and Sauer, 1995; Snavely, 1989), the scavenging of Ra with sinking 734 

particles (Moore et al., 2008; Moore and Dymond, 1991; van Beek et al., 2007), uptake by 735 

biota, including the incorporation into calcium carbonate, barium sulphate or calcium 736 

phosphate lattice of shells and fish bones (Iyengar and Rao, 1990; Szabo, 1967), and the 737 

adsorption of Ra to the outer surface of algae’s or to their internal non-living tissue 738 

components (Neff, 2002). These various internal cycling processes are generally a negligible 739 

Ra sink compared to radioactive decay and exchange with offshore waters. However, when 740 

using long-lived Ra isotopes and conducting basin-scale and global ocean budgets (i.e., low 741 

decay and low exchange), 𝐹𝑐𝑦𝑐𝑙𝑖𝑛𝑔 should be taken into account (Moore et al., 2008; 742 

Rodellas et al., 2015a) (Figure 9). 743 

 744 

 
Figure 9. Relative contribution of different sinks (decay, exchange and scavenging) to the total 224Ra 
(upper row) and long-lived Ra isotopes (lower row) outputs for six study sites with distinct 
characteristics (see Figure 8 for site references and details). 

 745 

The decay of Ra isotopes (Fdecay) is characteristic output term of mass balances using 746 

radioactive isotopes as tracers. The loss of Ra due to decay is usually a term that is relatively 747 

easy to constrain because it only depends on the Ra inventory of the study site and the 748 

decay constant of the isotope used. Thus, when decay is a primary sink of Ra in the system 749 

studied, the removal of Ra can be accurately determined provided that the Ra water-column 750 
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inventory has been adequately determined (Rapaglia et al., 2012). The importance of the 751 

decay term will depend on the half-life of the isotope used and the water residence time of 752 

the system studied, as illustrated in Figures 9 and 10. The loss of Ra due to radioactive decay 753 

is negligible for long-lived Ra isotopes in coastal areas with relatively short residence times 754 

(< 100 days) (Figure 9). In regional and global-scale studies, the decay of 228Ra needs to be 755 

considered and usually represents the main sink of this isotope (e.g., Charette et al., 2015; 756 

Kwon et al., 2014; Liu et al., 2018; Moore et al., 2008; Rodellas et al., 2015a) (Figure 9). On 757 

the contrary, 226Ra can be considered as a stable element in SGD studies because decay is 758 

negligible on the time-scale of processes occurring in coastal or regional systems. For the 759 

short-lived Ra isotopes, the removal of Ra due to decay must be accounted for in mass 760 

balances for most coastal regions (Figure 9). However, in rapidly flushed systems it may be 761 

almost negligible for 223Ra and to a lesser extent for 224Ra (i.e., residence times on the order 762 

of few hours) (e.g., Alorda-Kleinglass et al., 2019; Boehm et al., 2004; Trezzi et al., 2016) 763 

(Figures 9 and 10).  764 

 765 

 
Figure 10. Relative contribution of the decay term in Ra mass balances as a function of flushing 
time (d) in a study area . Notice that the scale of the flushing time is logarithmic. 
 766 

The relative contribution of the exchange of Ra isotopes due to the mixing between coastal 767 

and open waters (offshore exchange - the difference between Fout-ocean and Fin-ocean) depends 768 

on the study site. Nearshore waters usually have higher Ra concentrations than offshore 769 

waters, and thus there is usually a net export of Ra offshore. The loss of Ra due to the 770 

mixing between coastal and open waters is directly linked to the flushing time of Ra in the 771 

coastal system. In open coastal systems or sites with relatively short flushing times (e.g., 772 

systems with short water residence times and/or high dispersive mixing with offshore 773 

waters), the export of Ra isotopes offshore is frequently the primary removal term and thus, 774 

it is commonly one of the most critical parameters to be determined in Ra mass balances, 775 

particularly for the long-lived Ra isotopes (Figure 10) (Tamborski et al., 2020). In semi-776 
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enclosed or enclosed coastal environments (e.g., bays, coastal lagoons, coves), flushing 777 

times are usually long, and Ra losses due to mixing with offshore waters is less important for 778 

the short-lived Ra isotopes. However, for the long-lived Ra isotopes this process is the main 779 

sink even in these semi-enclosed water bodies (Figure 9), requiring an appropriate 780 

characterization of the mixing term to obtain an accurate quantification of SGD. Different Ra 781 

isotopes are commonly combined to constrain offshore exchange (e.g., Moore, 2000; Moore 782 

et al., 2006) (see section 8.3), although this output term can also be estimated using other 783 

approaches such as hydrodynamic and numerical models (e.g., Chen et al., 2003; Lin and Liu, 784 

2019; Warner et al., 2010), tidal prism (e.g., Dyer, 1973; Petermann et al., 2018; Sheldon 785 

and Alber, 2008) or direct current/flow measurements (e.g., Rodellas et al., 2012; 786 

Shellenbarger et al., 2006).  787 

 788 

[6] Quantification of SGD using Ra isotopes 789 

 790 

[6.1] Ra-based approaches to quantify SGD 791 

 792 

Ra isotopes are suitable SGD tracers mainly because i) activities in groundwater are typically 793 

1 - 2 orders of magnitude higher than in coastal seawater; ii) Ra isotopes in coastal areas are 794 

usually primarily sourced from SGD; iii) they behave conservatively in seawater and iv) they 795 

have different half-lives (ranging from 3.7 days to 1600 years), therefore allowing the 796 

tracing of coastal processes on a variety of time-scales. The common approach to quantify 797 

SGD is to quantify first the Ra flux supplied by SGD (FSGD; Bq d-1), regardless of the SGD 798 

pathway considered, and subsequently convert it into a volumetric water flow (SGD; m3 d-1) 799 

by characterizing the Ra activity in the discharging groundwater (i.e., the SGD endmember, 800 

CRa-SGD; Bq m-3) (Equation 1).  801 

 802 

 𝑆𝐺𝐷 =
𝐹𝑆𝐺𝐷

𝐶𝑅𝑎−𝑆𝐺𝐷
 (1) 803 

 804 

There are three basic strategies to quantify total SGD fluxes (FSGD) using Ra isotopes: i) mass 805 

balances; ii) endmember mixing models and iii) offshore flux determination from horizontal 806 

eddy diffusive mixing. The most comprehensive and widely applied approach is the Ra mass 807 

balance, where the flux of Ra supplied by SGD is usually quantified by a “flux by difference 808 

approach”, which considers all the potential Ra sources and sinks identified in Figure 7:  809 

 810 
𝜕𝐴𝑉

𝜕𝑡
= (𝐹𝑎𝑡𝑚 + 𝐹𝑟𝑖𝑣𝑒𝑟 + 𝐹𝑠𝑒𝑑 + 𝐹𝑝𝑟𝑜𝑑 + 𝐹𝑖𝑛−𝑜𝑐𝑒𝑎𝑛 + 𝐹𝑅𝑎−𝑆𝐺𝐷) − (𝐹𝑐𝑦𝑐𝑙𝑖𝑛𝑔 + 𝐹𝑑𝑒𝑐𝑎𝑦 +811 

𝐹𝑜𝑢𝑡−𝑜𝑐𝑒𝑎𝑛)            (2) 812 

 813 

where A is the average Ra activity in the study area, V is the volume affected by SGD and t is 814 

time (i.e., 𝜕𝐴𝑉

𝜕𝑡
 is the change of Ra activity in the study area over time). This approach is often 815 

simplified in coastal areas by neglecting the commonly minor Ra sources and sinks 816 

(atmospheric inputs, production and internal cycling) and assuming that the system is in 817 

steady state (i.e., 𝜕𝐴𝑉

𝜕𝑡
 = 0), and thus all quantifiable Ra input fluxes are subtracted from the 818 

total output with the residual being attributed to SGD: 819 

 820 
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 𝐹𝑅𝑎−𝑆𝐺𝐷 =
(𝐴−𝐴𝑜𝑐𝑛)𝑉

𝑡𝑤

+ 𝐴𝑉𝜆 − 𝐹𝑟𝑖𝑣𝑒𝑟 − 𝐹𝑠𝑒𝑑 (3) 821 

 822 

where Aocn is the Ra activity of the open ocean water that exchanges with the study area, tw 823 

is the flushing time of Ra in the system due to mixing and λ is the radioactive decay constant 824 

of the specific Ra isotope used. Notice that the first and second terms on the right side of 825 

the equation describe offshore exchange (i.e., Fout-ocean - Fin-ocean) and radioactive decay, 826 

respectively. Flushing time is an integrative time parameter used to describe the solute (Ra 827 

isotopes) transport processes in a surface water body (due to both advection and 828 

dispersion) and it relates the mass of a tracer and its renewal rate due to mixing (Monsen et 829 

al., 2002). Notice also that we refer to flushing time of Ra due to mixing only, as if it were a 830 

conservative and stable solute. Some authors use the concept of water residence time (i.e., 831 

the time a water parcel remains in a waterbody before exiting through one of the 832 

boundaries) to refer to tw, but this term is not appropriate for systems influenced by 833 

dispersive mixing (such as many of coastal sites) or evaporation where tracers and water are 834 

transported due to different mechanisms. This approach is commonly applied in 835 

environments where the distribution of Ra isotopes in the study site is influenced by 836 

multiple Ra sources and sinks (Figure 7). The accuracy of the estimated Ra flux supplied by 837 

SGD will thus largely depend on the accuracy with which the most relevant sources and 838 

sinks of Ra are determined (Rodellas et al, 2021). Indeed, given that SGD is quantified by a 839 

difference of fluxes, large uncertainties are often associated with the SGD estimates in 840 

systems where SGD fluxes only represent a minor fraction of total inputs. Most studies 841 

quantify total SGD with a mass balance by using a single Ra isotope and use other short-842 

lived isotopes to estimate the flushing time (tw) (see chapter 8.3) that is required in SGD 843 

estimations (Equation 3) (e.g., Gu et al., 2012; Kim et al., 2008; Krall et al., 2017). Ra 844 

isotopes can also be combined through concurrent mass balances to simultaneously 845 

quantify SGD derived from different aquifers or pathways (Rodellas et al., 2017).  846 

 847 

The second approach estimates SGD fluxes using mixing models between different 848 

endmembers (e.g., Charette and Buesseler, 2004; Charette, 2007; Moore, 2003; Young et 849 

al., 2008). This approach is essentially a simplification of the mass balance approach where 850 

all Ra inputs are attributed to water flows (e.g., groundwater, rivers) and where the mixing 851 

offshore is assumed to represent the main Ra sink (Moore, 2003). This approach is thus 852 

recommended for environments where mixing between SGD and the ocean controls the 853 

distribution of Ra in the study site and where other Ra sources (e.g., sediment inputs) and 854 

sinks (e.g., decay) can be neglected. If various Ra isotopes are used, this method can also be 855 

used to distinguish the relative contribution of SGD and other water sources (e.g., rivers; 856 

Dulaiova et al., 2006) or to separate different SGD components (e.g., SGD fluxes from 857 

confined and unconfined aquifers (Charette and Buesseler, 2004; Moore, 2003), terrestrial 858 

SGD and marsh porewater (Charette, 2007). For example, one can consider a system with 859 

two Ra sources (e.g. SGD1 and SGD2), aside from offshore exchange. SGD inputs can be 860 

estimated by defining the major contributors to the Ra isotope budgets of two isotopes (for 861 

example, 226Ra and 228Ra) and solve a series of simultaneous equations (Moore, 2003). 862 

 863 

focn + fSGD1 + fSGD2 = 1  (4) 864 

228Raocn · focn + 228RaSGD1 · fSGD1 + 228RaSGD2 · fSGD2 = 228Ra  (5) 865 
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226Raocn · focn + 226RaSGD1 · fSGD1 + 226RaSGD2 · fSGD2 = 226Ra  (6) 866 

where 228Ra and 226Ra represent the measured Ra activity for a given time period, f is the 867 

water mass fraction contributed by coastal ocean mixing (focn), the SGD source 1 (fSGD1) and 868 

the SGD source 2 (fSGD2), and the Ra isotope endmembers are identified by the same series 869 

of subscripts. With this approach, the fSGD can be determined for each location where there 870 

is a Ra isotope measurement (22XRa). Short-lived Ra isotopes can also be used in the 871 

equations by incorporating their decay term. This approach is particularly useful to resolve 872 

changes in mixing between different Ra sources over tidal time-scales, e.g., within marsh 873 

creeks (Charette, 2007). The fractional SGD contributions derived from this mixing model 874 

can be converted into volumetric fluxes by considering the time scales of water mass 875 

transport in the system under study, as follows: 876 

 877 

 𝑆𝐺𝐷 =
𝑉·𝑓𝑆𝐺𝐷

𝑡𝑤
 (7) 878 

 879 

If the water outflow of the system can be directly measured (e.g., using an Acoustic Doppler 880 

Current Profiler – ADCP), then the endmember fraction can be directly multiplied by the 881 

measured flow (e.g., Rodellas et al., 2012; Tamborski et al., 2021). 882 

 883 

The third approach is based on using offshore transects of short-lived Ra isotopes to 884 

estimate coastal mixing rates via the offshore coefficient of solute dispersivity, Kh [m2·s-1], 885 

which can be used in conjunction with the offshore gradient of long-lived Ra isotopes to 886 

estimate the offshore export of 228Ra or 226Ra (Moore, 2015, 2000b). Several assumptions 887 

are required to apply this model: i) there is no additional input of Ra beyond the nearshore 888 

source, ii) the system is in steady state on the timescale of the isotope used (see section 889 

7.3), iii) advection is negligible in any direction; iv) the open ocean Ra isotope activities are 890 

negligible and v) a flat seabed or the presence of a stratified water column of a constant 891 

thickness (Knee et al., 2011; Moore, 2015, 2000b). Considering these assumptions, the 892 

measured log-linear decrease in the activity of 223Ra or 224Ra offshore can be used to 893 

determine Kh from the following simplified advection-diffusion equation (Equation 8). 894 

 895 

 𝐴𝑥 = 𝐴0𝑒−𝑥√𝜆/𝐾ℎ  (8) 896 

 897 

where A0 and Ax are the Ra activities at the coast and at a distance x from the coast, 898 

respectively. A detailed discussion on the model and its assumptions is included in Moore 899 

(2015, 2000b). The mixing coefficient Kh derived from the logarithmic-linear scale plot of the 900 

short-lived Ra isotopes activities is then combined with the offshore gradient of long-lived 901 

radium isotopes (linear-linear decrease) to estimate the export offshore of 228Ra or 226Ra. 902 

This long-lived Ra flux offshore needs to be balanced by Ra inputs from all the potential 903 

sources, and thus estimating SGD from this approach requires subtracting the contribution 904 

of all the sources aside SGD from the estimated flux offshore (similar to the mass balance 905 

approach) (Moore, 2015, 2000b). This approach is recommended for open coastal systems 906 

where the export of long-lived Ra isotopes offshore due to diffusive mixing is frequently the 907 

primary removal term for 226Ra and 228Ra (e.g., Bejannin et al., 2020; Boehm et al., 2006; 908 

Dulaiova et al., 2006; Rodellas et al., 2014). One of the advantages of using this approach is 909 

that it allows combining short-lived Ra estimates of Kh with solute gradients offshore to 910 
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obtain the rate of solute transport offshore (e.g., Charette et al., 2007). For these reasons, 911 

this approach has been widely applied in oceanographic studies focused on the transport of 912 

solutes supplied by a combination of boundary exchange processes and is generally not 913 

applied to discriminate different Ra sources (e.g., SGD, rivers, sediments) (e.g., Charette et 914 

al., 2016; Jeandel, 2016; Vieira et al., 2020, 2019).  915 

 916 

[6.2] Determination of the Ra concentration in the SGD endmember 917 

 918 

The above-mentioned approaches of SGD quantification rely on an appropriate 919 

characterization of the Ra activity in the discharging groundwater (i.e., the SGD 920 

endmember) (Equation 1). This characterization and selection of the Ra activity in the 921 

discharging groundwater often represents the main source of uncertainty for the final SGD 922 

estimates, since Ra activities in the coastal aquifer can vary significantly (1 – 3 orders of 923 

magnitude) over space and time depending on the geochemical and hydrogeological 924 

characteristics at each study site (e.g., Cerdà-Domènech et al., 2017; Cho and Kim, 2016; 925 

Cook et al., 2018; Duque et al., 2019; Gonneea et al., 2013, 2008; Michael et al., 2011). 926 

Several studies highlighted the inherent difficulties and uncertainties related to the 927 

selection of representative SGD endmembers (Cerdà-Domènech et al., 2017; Cho and Kim, 928 

2016; Cook et al., 2018; Gonneea et al., 2013; Michael et al., 2011). There is no general 929 

framework to characterize SGD endmembers valid for all study sites. The SGD endmember is 930 

commonly determined from near-shore piezometers or inland wells (e.g., Charette et al., 931 

2013; Garcia-Solsona et al., 2010a; Tovar-Sánchez et al., 2014), porewaters collected at the 932 

seafloor, usually within the first meter below the sediment-water interface (Rodellas et al., 933 

2017; Tamborski et al., 2018), direct measurements of SGD actually discharging to the 934 

system through seepage meters or springs (Ester Garcia-Solsona et al., 2010; Montiel et al., 935 

2018; Weinstein et al., 2007) or laboratory experiments to estimate the Ra activity in 936 

equilibrium with sediments (Beck et al., 2008; Garcia-Solsona et al., 2008). Once 937 

groundwater samples are collected at different locations and/or times, in most published 938 

studies Ra values are averaged to obtain a ‘representative average’ SGD endmember (e.g., 939 

Beck et al., 2007; Kwon et al., 2014; Lee et al., 2012; Rapaglia et al., 2010).  940 

 941 

An important consideration when determining the SGD endmember is that the selected Ra 942 

concentration needs to be representative of the discharging groundwater. In coastal 943 

systems with a dominant pathway, the Ra endmember concentration should thus be 944 

representative of this pathway. Whilst this recommendation is self-evident, many studies 945 

have overlooked or they assumed that the sampled endmember is representative for the 946 

SGD pathways. Given the general and inherent difficulties of sampling SGD, a common 947 

strategy to obtain SGD endmembers is measuring Ra concentrations in existing wells or 948 

piezometers, which are generally installed in the freshwater (or brackish) zone of the coastal 949 

aquifer. However, these wells may not span the range of Ra activities along the salinity 950 

gradients in a subterranean estuary and thus they are not necessarily representative of the 951 

SGD endmember in sites dominated by saline SGD (Pathways 2 to 5) (Michael et al., 2011). 952 

Cho and Kim (2016) highlighted and discussed this issue at a global scale and showed that 953 

the endmembers frequently used to estimate total SGD are often low salinity groundwater 954 

samples (i.e., with relatively low Ra concentrations), even if SGD fluxes are composed mainly 955 

of circulatated seawater (Pathways 2 to 5). These authors re-evaluated previous SGD 956 

estimates for the Atlantic Ocean and for the global ocean by using only endmembers with 957 
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salinities ~ > 10 and showed these fluxes were likely overestimated two- to three-fold only 958 

because non-representative low-salinity groundwaters were included in the determination 959 

of the SGD endmember (Cho and Kim, 2016). On the other hand, if SGD mainly consists of 960 

seawater circulation with short transit times within the subterranean estuary (e.g., 961 

shoreface seawater circulation or cm-scale porewater exchange), the long-lived isotope 962 

activities (e.g., 228Ra) of circulated seawater (Pathways 2 to 5) may be much lower than 963 

terrestrial water activities (even in fresh water of Pathway 1). This bias towards on-shore 964 

borehole/well data (long transit times) may actually result in an underestimation of SGD, in 965 

particular in basin-scale studies. 966 

 967 

In more complex settings where several SGD pathways coexist, the SGD endmember should 968 

account for the different Ra enrichments in the SGD pathways that occur in the study area 969 

and should reflect the relative contributions of these different pathways. Obtaining the 970 

representative Ra endmember concentration thus requires, in addition to determining the 971 

Ra activity in each pathway, constraining the relative contribution of each SGD pathway. 972 

This is difficult and requires previous knowledge of the fluxes from different pathways, 973 

which is usually not available (Cook et al., 2018; Michael et al., 2011). In addition, when 974 

seawater and groundwater mix, there are salinity gradients and redox interfaces, which 975 

promote geochemical reactions (Gonneea et al., 2008; Moore, 1999; Rocha et al., 2021), 976 

that can further complicate differentiation between the different groundwater discharge 977 

processes. To simplify this approach, previous studies have argued that some of these 978 

pathways are negligible either because the driving forces are not significant (e.g., no tidal-979 

driven recirculation in microtidal environments; Alorda-Kleinglass et al., 2019; Krall et al., 980 

2017; Rodellas et al., 2017; Trezzi et al., 2016) or because low permeabilities of ocean 981 

sediments restrict inputs from some SGD pathways (e.g., Beck et al., 2007; Michael et al., 982 

2011, 2005). Some authors also identified groundwater pathways, which were weakly 983 

enriched in the specific Ra isotope used, and then argued that the system was not 984 

significantly influenced by Ra inputs from this pathway (e.g., Beck et al., 2007; Garcia-985 

Solsona et al., 2008; Moore et al., 2019). It should be additionally noted that different SGD 986 

pathways often mix before discharge and do not occur as isolated processes. When two 987 

pathways mix before discharge, this mixed SGD can be treated as a single pathway, 988 

provided that the Ra concentration in this mixed flow is appropriately characterized (Cook 989 

et al., 2018).  990 

 991 

[7] Improving the current use of Ra isotopes as SGD tracers 992 

 993 

Ra isotopes have been widely applied to quantify SGD all kind of locations worldwide and in 994 

a large range of physical environments (e.g., lagoons, wetlands, estuaries, bays or ocean 995 

basins). The estimates of SGD derived from Ra isotopes are based on conceptual 996 

assumptions that are often not properly justified or validated, and may involve large 997 

uncertainties that are usually not quantificable and could lead to inaccuracies or unrealistic 998 

of the SGD estimates. In this section, we discuss some key considerations with the aim of 999 

improving future applications of Ra isotopes as SGD tracers. 1000 

 1001 

[7.1] Validation of model assumptions and consideration of conceptual uncertainties 1002 

 1003 
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The magnitude of SGD can be quantified using a variety approaches, including field methods 1004 

(e.g., seepage meters, natural tracers and piezometric level measurements) or 1005 

computational approaches (e.g., water budget models and numerical solutions of the 1006 

groundwater flow equation) (Taniguchi et al., 2019). Each of these approaches is prone to 1007 

certain biases and is limited in both the spatial coverage and the SGD pathways it is 1008 

capturing (Burnett et al., 2006; Zhou et al., 2018). Using different approaches can yield 1009 

order-of-magnitude differences in SGD at individual locations and, thus, the selection of the 1010 

method itself constitutes the first source of uncertainty in any SGD study (Rodellas et al., 1011 

2021; Zhou et al., 2018).  1012 

 1013 

Tracer approaches are based on conceptual models that represent an abstraction of a 1014 

complex and dynamic natural system. Thus, the a second additional source of uncertainty is 1015 

linked to the conceptualization of the natural system, the so-called conceptual or structural 1016 

uncertainty (Regan et al., 2002). In the case of Ra isotopes, there are three models (or 1017 

concepts) commonly applied to quantify SGD (see 6.1): “Mass balance model” and “mixing 1018 

model”, which are both based on Ra budgets using lumped parameter models, and a 1019 

“offshore export model”, which is based on a simplified analytical solution to describe Ra 1020 

transport. Each one of these models is extremely sensitive to its specific simplifications, 1021 

assumptions and boundary conditions used to approximate the real system. For instance, Ra 1022 

“mass balances” are strongly influenced by the sources and sinks of Ra included in the 1023 

model (e.g., some studies assume that all Ra inputs can be directly attributed to SGD) and, 1024 

mainly, by the parameterization of the different input and output terms and their intrinsic 1025 

assumptions. Indeed, the use of different methods or parameterizations to quantify the 1026 

same term in the mass balance (e.g., different approaches to estimate offshore exchange 1027 

rates, sediment diffusion or to produce an averaged Ra concentration in the study area) 1028 

may lead to order-of-magnitude discrepancies in Ra-derived SGD estimates (Rodellas et al., 1029 

2021). The mass balance approach also assumes that the integrative parameters can 1030 

appropriately represent the system (e.g., the model assumes that offshore exchange occurs 1031 

with an  average Ra concentration). Similarly, the “offshore export” model is essentially a 1032 

simplification of the 1-D advection-dispersion equation and is very sensitive to the boundary 1033 

conditions and basic assumptions of this approach. These assumptions may not be correct 1034 

in environments with along-shore and across-shore currents (advection cannot be 1035 

neglected), with radium inputs occurring beyond the nearshore source, with not uniform 1036 

vertical profiles of Ra isotopes or non-negligible Ra concentrations offshore, or in systems 1037 

with a sloped seabed (see e.g., Hancock et al., 2006; Lamontagne and Webster, 2019a, 1038 

2019b). Additionally, all the Ra models are often based on the assumption that mixing 1039 

processes affect all the isotopes alike, either through the estimation of flushing times or 1040 

water ages (tw) using pairs of isotopes (see section 8.3) or by using an offshore diffusivity 1041 

coefficient (Kh) derived from one isotope to evaluate the transport of another one 1042 

(Lamontagne and Webster, 2019b). Since Ra transport offshore is often controlled by 1043 

dispersion, which integrates processes operating at different temporal and spatial scales, 1044 

mixing parameters (e.g., tw or Kh) are scale dependent and should be independently 1045 

evaluated for each tracer (Lamontagne and Webster, 2019b; Moore, 2015; Okubo, 1976). 1046 

Finally, and most importantly, almost all studies assume that the system is in steady state 1047 

and that all model parameters are constant on the timescale the tracer resides in the 1048 

system, assumptions that are very often not met – in particular for long-lived isotopes – and 1049 

that should be carefully evaluated (see 7.2). 1050 
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 1051 

The reliability of Ra approaches to quantify SGD may thus be limited  and scientists should 1052 

be aware of these limitations and try to validate their assumptions and constrain the 1053 

uncertainties of the estimated flows. Overcoming these limitations is not straightforward 1054 

and there is not a general framework for accounting for these conceptual uncertainties or 1055 

validating assumptions. Some authors have suggested evaluating the most sensitive 1056 

parameters using multiple approaches and obtaining final SGD fluxes as an ensemble of 1057 

results (e.g., Rodellas et al., 2021b), combining multiple independent methods to constrain 1058 

the magnitude of SGD (e.g., Zhou et al., 2018) or developing more complex transport 1059 

models (e.g., Lamontagne and Webster, 2019b). For example, combining ‘terrestrial’ 1060 

hydrogeological, oceanographic or geophysical approaches with tracers tools may help to 1061 

improve SGD estimates. Producing more robust estimates of SGD is clearly a major open 1062 

research topic in SGD and Ra investigations (see 9.2).  1063 

 1064 

[7.2] The assumption of steady-state needs to be validated 1065 

 1066 

A key general assumption in all the Ra-based approaches to quantify SGD is that all Ra fluxes 1067 

(e.g., SGD-driven Ra flux, Ra diffusion from sediments, radioactive decay, Ra export 1068 

offshore) are constant with respect to the timescale of the Ra isotope used and that the 1069 

system is in steady state (i.e., Ra inputs equal Ra outputs). Therefore, any appropriate SGD 1070 

study should validate these assumptions considering the time the tracer resides in the 1071 

system, i.e. the tracer residence time (Rodellas et al., 2021). The average residence time of 1072 

Ra isotopes in the surface water system depends on the rate of removal of the isotope and 1073 

thus on their different sinks. Given that the residence time of Ra isotopes (tRa) in most of the 1074 

systems is mainly controlled by radioactive decay and export offshore (see Figure 9), it can 1075 

be estimated following Equation 9 (Rodellas et al., 2021):  1076 

 1077 

 𝑡𝑅𝑎 ≈
1

𝜆+
1

𝑡𝑤

 (9) 1078 

 1079 

where λ is the radioactive decay constant of the specific Ra isotope used and tw is the 1080 

flushing time in the system due to mixing. This flushing time is equivalent to mean water 1081 

residence time in systems where the influence of evaporation and dispersion are negligible. 1082 

Characteristic Ra residence time for study sites with different  mixing timescales (i.e., 1083 

different flushing times) are shown in Figure 11. In systems where the timescales of 1084 

transport processes exceeds that of radioactive decay (1/tw >> λ), the Ra residence time in 1085 

the system is comparable to the temporal scale of coastal mixing. Thus, the assumptions of 1086 

constant fluxes and steady state need to be validated on timescales of transport processes 1087 

(Moore, 2015; Rodellas et al., 2021). For systems with negligible mixing processes relative to 1088 

the isotope half-life (1/tw << λ), the Ra temporal scale is controlled by the radioactive decay 1089 

of each isotope. In this latter case, the assumption of steady state and constant fluxes need 1090 

to be validated on a timescale comparable to the mean life of the specific isotope used. 1091 

Validating this assumption might thus be particularly challenging for long-lived Ra isotopes 1092 

in systems with long flushing times. In those dynamic systems that present a relevant 1093 

temporal variability on the timescale of the tracer used (e.g., systems with variable surface 1094 

water inputs, temporal changes of SGD or variable mixing offshore), the evolution of Ra 1095 

concentration in sources, sinks and inventories in the water column need to be understood. 1096 
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Neglecting the transience of these parameters could lead to significant errors on the final 1097 

SGD estimates. In such non-steady state systems, a dynamic modelling approach might 1098 

provide a better representation of the studied system (Gilfedder et al., 2015).  1099 

 1100 

 1101 

 1102 
Figure 11: Average residence times for different Ra isotopes as function of flushing time due 1103 

to mixing (based on Rodellas et al., 2021).  1104 

 1105 

[7.3] Ra isotopes cannot be used indistinctly to trace SGD 1106 

 1107 

Ra isotopes have been commonly used to estimate total SGD, often without consideration 1108 

as to whether the Ra isotope used is actually capturing the entire discharge pathway(s) 1109 

underlying these flows. This raises the question of whether or not the four Ra isotopes 1110 

provide the same SGD estimates and if they therefore can be used indistinctly.  1111 

 1112 

In an idealized case where there is a unique SGD pathway or source, for instance, a karstic 1113 

or volcanic area with a main coastal spring that dominates over any diffuse, non-point 1114 

source discharge. In this case, all Ra isotopes should yield the same SGD flux, provided that 1115 

i) all the Ra sources (aside from SGD) and sinks are appropriately constrained, ii) 1116 

groundwater is sufficiently enriched with the Ra isotope used as a tracer, and iii) the SGD 1117 

endmember is properly characterized. However, most natural systems do not satisfy these 1118 

idealized conditions because of the ubiquitous presence of multiple driving forces (e.g., 1119 

hydraulic gradient, wave and tidal pumping, bioirrigation) that result in concurrent inputs of 1120 

Ra from different SGD pathways (Figure 3). As illustrated in Figure 6, the different SGD 1121 

pathways are likely to have different groundwater composition and characteristic 1122 

groundwater transit times, resulting in isotope-specific Ra enrichments, which may differ by 1123 

orders of magnitude among different SGD pathways (Diego Feliu et al., 2021; Michael et al., 1124 
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2011). Different Ra isotopes are thus incorporating different pathways in a characteristic 1125 

proportion, and thus they are likely to produce different SGD estimates. For instance, whilst 1126 

SGD estimates based on 223Ra and 224Ra are likely to incorporate inputs from all the 1127 

pathways, long-lived Ra isotopes may not incorporate SGD induced by short-scale processes 1128 

(cm-scale circulation or shoreface saline circulation) (King, 2012; Michael et al., 2011; 1129 

Moore, 2010; Rodellas et al., 2017) (Figure 6). Therefore, when SGD is discharging via 1130 

multiple pathways, all four Ra isotopes cannot be used indistinctly to obtain total SGD.  1131 

 1132 

Most Ra-based SGD studies aim at obtaining a single estimate of the total magnitude of 1133 

SGD. In these cases, SGD is often treated as a single source, regardless of the difference in 1134 

Ra activities of the multiple pathways, and only a single endmember is determined to 1135 

represent the ‘average’ Ra activity in groundwater discharging into the study site (i.e., CRa-1136 

SGD in Equation 1). However, this Ra endmember should not be obtained from simple 1137 

averages of all the SGD samples collected, because of possible biases towards the most 1138 

sampled pathway. Michael et al. (2011) illustrated this issue by comparing SGD estimates 1139 

obtained by sampling different pathways and showed that this could produce differences in 1140 

final SGD estimates by more than an order of magnitude (Michael et al., 2011). Therefore, 1141 

unless there is a comprehensive understanding of the system that allows constraining the 1142 

relative contribution of different pathways, SGD estimates derived from a single Ra isotope 1143 

might not be appropriate at sites with multiple pathways. 1144 

 1145 

The combination of multiple Ra isotopes can be instrumental in those systems where 1146 

several pathways are hypothesized to significantly contribute to Ra budgets (see also 1147 

section 7.5). Both total SGD and the relative contribution of different SGD pathways can be 1148 

accurately obtained from the concurrent application of multiple Ra isotopes. The number of 1149 

Ra isotopes to be used in the models will depend on the number of SGD pathways to be 1150 

determined, as well as the amount of other potential unknowns (e.g., residence time, river 1151 

contribution). This approach can be applied through concurrent mass balances (see chapter 1152 

6.1; e.g., Rodellas et al., 2017; Tamborski et al., 2017a) or mixing models (e.g., Charette, 1153 

2007), provided that the Ra isotopes used have distinct relative enrichments (i.e., distinct Ra 1154 

isotopic ratios) in the different pathways. Ra isotopes can also be combined with other 1155 

tracers (e.g., silica, radon, salinity, stable isotopes, etc.) (e.g., Burnett et al., 2006; Garcia-1156 

Solsona et al., 2010; Oehler et al., 2019; Schubert et al., 2015) or approaches (e.g., seepage 1157 

meters, Darcy estimates, heat tracing, tidal prism, hydrogeological models) (e.g., Garcia-1158 

Orellana et al., 2010; Povinec et al., 2012; Prieto and Destouni, 2005; Rosenberry et al., 1159 

2020), which can decisively contribute towards the quantification of the different pathways 1160 

and the appropriate characterization of SGD.  1161 

 1162 

[7.4] The Ra isotope(s) used need to be carefully selected 1163 

 1164 

The selection of the tracer used should ideally be based on the process to be studied and 1165 

the characteristics of the study site, rather than on the methods available (e.g., salinity or 1166 

radon are much better SGD tracers than radium in certain systems). Likewise, the best 1167 

suited Ra isotope for any specific study also needs to be chosen based on the target SGD 1168 

pathway of interest, the area studied and according to the sensitivity of the final estimates 1169 

of Ra inputs and outputs, which is specific for each coastal water system (Tamborski et al., 1170 

2020). In principle, the time scale of the half life of the chosen Ra isotope should scale with 1171 
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the size and time escales of the system, such that the short-lived Ra isotopes are most 1172 

effective at nearshore and embayment scales (e.g., Boehm et al., 2004; Knee et al., 2010; 1173 

Rapaglia et al., 2012), while long-lived Ra isotopes are most effective at regional and global-1174 

scales (residence times > 100 days; e.g., Charette et al., 2015; Kwon et al., 2014; Liu et al., 1175 

2018; Moore et al., 2008; Rodellas et al., 2015a). In either scenario, radioactive decay can be 1176 

easily estimated from the Ra inventory in the water column and this facilitates 1177 

characterizing total output fluxes in systems where radioactive decay is the primary Ra sink. 1178 

On the contrary, mixing losses of Ra isotopes can be highly uncertain, including both water 1179 

exchange at the boundaries of the system and the Ra endmember concentration (Tamborski 1180 

et al., 2020). Given that long-lived Ra isotopes are highly sensitive to mixing in coastal areas 1181 

(i.e., estuaries, coastal lagoons), they may not be adequate tracers of SGD in coastal 1182 

environments when mixing is uncertain (Ku and Luo, 2008; Rutgers van der Loeff et al., 1183 

2018). Short-lived Ra isotopes are ideal for coastal areas where timescales are on the order 1184 

of days; however, sediment fluxes must be adequately characterized because they often 1185 

represent a major source of short-lived Ra isotopes (Burt et al., 2014; Rodellas et al., 2015b). 1186 

Water column inventories of short-lived Ra isotopes integrate over time-scales similar to the 1187 

Ra isotope half-life, and therefore multiple samplings are necessary if seasonal or annual 1188 

variations in SGD want to be captured. 1189 

 1190 

[7.5] Ra isotopes can contribute identifying the pathways of SGD 1191 

 1192 

A proper evaluation of SGD requires the understanding of the dominant SGD pathways. 1193 

There are several hydrogeological, geophysical and geochemical characterization techniques 1194 

(e.g., Folch et al., 2020; Gonneea et al., 2008; Swarzenski et al., 2007b, 2006; Zarroca et al., 1195 

2014), as well as numerical modelling approaches (e.g., Amir et al., 2013; Anwar et al., 2014; 1196 

Danielescu et al., 2009), that provide fundamental information about the origin and spatio-1197 

temporal scales of the different SGD pathways through the subterranean estuary (Figure 6). 1198 

The characterization of Ra isotopes and especially their activity ratios (e.g., 228Ra/226Ra and 1199 
224Ra/228Ra) in the subterranean estuary can also provide very useful information to 1200 

constrain the presence of different SGD pathways in the study site. For instance, since 228Ra 1201 

and 226Ra belong to different decay chains (U and Th), the activity ratio of 228Ra/226Ra may 1202 

provide information about the Th/U ratio in the host material and thus be used to identify 1203 

and distinguish groundwater inflowing from different geological systems (e.g., Charette and 1204 

Buesseler, 2004; Moore, 2006; Swarzenski et al., 2007). Additionally, the 224Ra - 228Ra 1205 

parent-daughter relationship enables the use of the 224Ra/228Ra activity ratio for 1206 

characterizing different SGD pathways. Whilst short-time-scale SGD pathways are likely to 1207 

be more enriched in short-lived Ra isotopes relative to long-lived ones (Figure 6) presenting 1208 

thus high 224Ra/228Ra activity ratios (> 1), long-scale pathways are likely to present similar 1209 
224Ra and 228Ra activities (i.e., 224Ra/228Ra ~ 1) (Diego-Feliu et al., 2021). 1210 

 1211 

Moreover, the activity ratios of Ra isotopes in coastal seawater can also be used to evaluate 1212 

the predominant discharge pathways of SGD, provided that Ra is mainly supplied to the 1213 

coastal ocean by SGD (i.e., absence of any significant source such as diffusion from 1214 

sediments, seawater or rivers). In this case and if radioactive decay is accounted for, the 1215 

activity ratios of coastal seawater must reflect the combined contribution of the different 1216 

SGD pathways, being biased towards the more relevant ones (Boehm et al., 2006; Moore, 1217 

2006b; Rodellas et al., 2014). For instance, at a site dominated by short-scale pathways (e.g., 1218 
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porewater exchange), the 224Ra/228Ra activity ratio of coastal sea water is expected to be 1219 

comparable to that of porewater (i.e., 224Ra/228Ra> 1). 1220 

 1221 

[7.6] Estimates of SGD-driven solute fluxes need to account for the variable 1222 

composition of different pathways 1223 

 1224 

The most commonly applied method to estimate fluxes of dissolved chemicals (e.g. 1225 

nutrients, metals, contaminants) driven by SGD is by multiplying either the (Ra-derived) SGD 1226 

water flow by the average concentration of the chemical solutes in the SGD endmember or 1227 

the SGD-driven Ra flux by the average solute/Ra ratio in the SGD endmember (Charette et 1228 

al., 2016; Hwang et al., 2016; Santos et al., 2011; Tovar-Sánchez et al., 2014). This straight-1229 

forward approach might be appropriate for systems with one dominant SGD pathway 1230 

(provided that the endmember concentration is appropriately determined), but it should 1231 

not be directly applied in systems with multiple SGD pathways or sources. This is mainly 1232 

because the biogeochemical composition of discharging fluids from different SGD pathways 1233 

may be considerably different depending on the origin of solutes, their transformations 1234 

within the subterranean estuary and the temporal and spatial scales of the different 1235 

pathways (e.g., Rodellas et al., 2018; Santos et al., 2012; Tamborski et al., 2017a; Weinstein 1236 

et al., 2011). Therefore, as discussed for Ra isotopes, the solute concentration obtained 1237 

from averaging groundwater samples (and thus the flux estimates) is likely to be biased 1238 

towards the most sampled pathway, and is not representative of the relative SGD flux from 1239 

that pathway. For instance, terrestrial groundwater discharge (Pathway 1) often contains 1240 

high concentrations of nutrients and other compounds released from anthropogenic 1241 

activities, whereas other SGD pathways may not be influenced by anthropogenic sources. 1242 

Using only solute concentrations from wells and boreholes located within the low-salinity 1243 

part of the subterranean estuary may result in average solute concentrations having a 1244 

strong anthropogenic signal (e.g., high nutrient concentrations) that might not be 1245 

representative of SGD in sites influenced by pathways other than terrestrial groundwater 1246 

discharge (see section 6.2). An appropriate understanding of the magnitude of solute fluxes 1247 

driven by SGD, requires thus a previous identification of the dominant SGD pathways, which 1248 

needs to be based on a detailed knowledge of the studied system. Sampling efforts should 1249 

then be taken to target all the relevant SGD pathways for the particular system, particularly 1250 

over the full-salinity gradient of the subterranean estuary. By doing so, the conservative 1251 

and/or non-conservative behavior of the solute of interest can be determined, since some 1252 

solutes can be chemically modified in the subterranean estuary by varying the ratio of 1253 

solute to Ra along the SGD flow path. This is an essential step towards a correct 1254 

quantification of SGD-driven solute fluxes in sites with multiple pathways and thus, towards 1255 

a comprehensive understanding of the role of SGD for coastal biogeochemical cycles. 1256 

 1257 

[8] Additional applications of Ra isotopes in groundwater and marine 1258 

studies 1259 

 1260 

Aside from the application of Ra isotopes to quantify SGD, Ra isotopes can also provide 1261 

instrumental information that can help to constrain the different terms needed for SGD 1262 

evaluations (e.g., flushing time of coastal waters), as well as key information for 1263 
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characterizing hydrological and oceanic systems. In this section, we briefly summarize 1264 

parallel applications of Ra isotopes in groundwater and marine studies, which include: i) 1265 

assessing transit times in coastal aquifers; ii) estimating solute fluxes across the sediment–1266 

water interface; iii) estimating ages of coastal surface waters; and iv) quantifying shelf-scale 1267 

solute fluxes. 1268 

 1269 

[8.1] Assessment of groundwater transit times in coastal aquifers 1270 

 1271 

Constraining groundwater transit times in a coastal aquifer or in the subterranean estuary is 1272 

a key question in characterizing coastal hydrogeology. Applications include deriving 1273 

characteristic distances to the upgradient recharge points, evaluating the connectivity of the 1274 

coastal aquifer with the sea, determining ages and velocities of groundwater, differentiating 1275 

variable spatio-temporal scale processes and evaluating the potential transformation of 1276 

solutes in the subterranean estuary (Gonneea and Charette, 2014; Lerner and Harris, 2009; 1277 

Werner et al., 2013). Since observational techniques are limited in the subsurface, 1278 

hydrogeological tracers (e.g. H and O stable isotopes, 3He, 36Cl, CFCs) are commonly used to 1279 

obtain key information on groundwater flow (Leibundgut and Seibert, 2011). In recent 1280 

years, the activities of Ra isotopes have been used to evaluate groundwater dynamics in the 1281 

subterranean estuary (Bokuniewicz et al., 2015; Kiro et al., 2013; Tamborski et al., 2019, 1282 

2017b), which can be a complementary method to the other approaches based on 1283 

atmospheric-introduced tracers, which mainly decay while traveling through an aquifer 1284 

(Cook and Herczeg, 2012). To evaluate the distribution of Ra in aquifers, each of the inputs 1285 

and outputs of Ra to groundwater needs to be constrained. These input and output terms, 1286 

which are summarized in Section 5, include production, decay, desorption, adsorption, 1287 

weathering and precipitation, as well as dispersion. The most common analysis of Ra 1288 

distribution in groundwater often utilizes a one-dimensional transport model (Equation 10), 1289 

 1290 

 
𝜕𝐴𝑅𝑎

𝜕𝑡
= 𝐿(𝐴𝑅𝑎) − 𝜆𝑅𝑅𝑎𝐴𝑅𝑎 +  𝜆𝑃 − 𝜆Β + 𝜆Γ  (10) 1291 

 1292 

where 𝐴𝑅𝑎 [Bq m-3] is the activity of Ra in groundwater, t [s] is time, 𝜆 [s-1] is the decay 1293 

constant, and 𝑅𝑅𝑎 [-] is the linear retardation factor of Ra. Retardation is defined as the 1294 

retention of a solute due to interaction with solid phases relative to bulk solution in a 1295 

dynamic system (McKinley and Russell Alexander, 1993). The first term on the right hand-1296 

side of the equation (10) is the linear operator for transport (𝐿(𝐴𝑅𝑎)  =  −∇ 𝑞𝐴𝑅𝑎 +1297 

∇ 𝐷∇𝐴𝑅𝑎, with q [m s-1] and D [m2 s-1] as the Darcy flux vector and the dispersion tensor, 1298 

respectively) that includes the advective and dispersive terms. The second and third terms 1299 

are the radioactive decay of the exchangeable activity of Ra (i.e., adsorbed and dissolved) 1300 

and production from Th in solution, solid surfaces, and in the effective alpha recoil zone (P 1301 

[Bq m-3]). The last two terms refer to the rate of co-precipitation (B [Bq m-3]) and 1302 

weathering (i.e., dissolution) (𝛤 [Bq m-3]) of Ra, respectively. 1303 

 1304 

This equation is often simplified by assuming steady-state conditions (𝜕𝐴𝑅𝑎/𝜕𝑡 = 0), 1305 

negligible Ra co-precipitation (𝛣 = 0) and dissolution (𝛤 = 0), negligible dispersion relative 1306 

to advection (𝐿(𝐴𝑅𝑎)  =  −∇ 𝑞𝐴𝑅𝑎), and defining a travel time along a streamline (here after 1307 

transit time, 𝜏 [s]) (Equation 11; Kiro et al., 2013; Krest and Harvey, 2003; Schmidt et al., 1308 

2011; Tamborski et al., 2017b) . 1309 
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 1310 

 𝐴𝑅𝑎(𝜏) =
𝑃

𝑅𝑅𝑎
+ (𝐴𝑅𝑎,0 −

𝑃

𝑅𝑅𝑎
) 𝑒−𝜆𝑅𝑅𝑎𝜏 (11) 1311 

 1312 

where 𝐴𝑅𝑎,0 is the activity of groundwater entering a streamline.  1313 

 1314 

This simple solution implicitly assumes that production rates are constant and thus it 1315 

neglects the effect of spatial and/or temporal variations in the parent isotope activities (e.g., 1316 

geological heterogeneity). Moreover, the determination of groundwater ages, velocities or 1317 

transit times using this equation strongly relies on an accurate determination of the 1318 

retardation factor of Ra (RRa), which may also be spatially and temporally variable. The 1319 

retardation factor of Ra is commonly determined by using the distribution coefficient of Ra 1320 

(Equation 12; Michael et al., 2011). 1321 

 1322 

 𝑅𝑅𝑎 = 1 + 𝐾𝐷
𝜌𝑠

𝜙
 (12) 1323 

 1324 

where 𝐾𝐷[m3 kg-1] is the distribution coefficient, 𝜌𝑠 [kg m-3] is the dry bulk mass density, and 1325 

𝜙 is the porosity.  1326 

 1327 

If the production rate (P), the retardation factor of Ra (RRa) and the inflow boundary 1328 

activities of Ra (𝐴𝑅𝑎,0) are known, groundwater transit times can be easily derived from 1329 

equation 11 using a single Ra isotope. However, determinations of P, RRa and ARa,0 are 1330 

usually difficult and induce large uncertainties that must be propagated in the calculation of 1331 

groundwater transit times. In practice, this may be difficult due to spatial and temporal 1332 

variability that affects the four Ra isotopes differently. Although the processes are 1333 

integrated along a single flowpath, short-lived isotopes have a much shorter ‘memory’ than 1334 

long-lived isotopes, so short-lived Ra activities are more sensitive to production rates and 1335 

retardation factors more proximal to the sampling point. Alternatively, when the model 1336 

parameters are unknown, groundwater transit times may be determined by using multiple 1337 

Ra isotopes or activity ratios (e.g., 224Ra/228Ra) (Tamborski et al. 2019). When the Ra 1338 

production rate changes with depth, a depth-dependent 1D reactive transport model can be 1339 

applied (Liu et al., 2019). Non-steady state conditions like variable hydrological forcing, 1340 

wave set-up as well as tidal fluctuations may cause non-steady state conditions which may 1341 

obscure groundwater transit times. Since this model assumes that there is no mixing 1342 

between two different types of groundwater (with different ages and Ra content), it can 1343 

cause problems in the interpretation of the transit times when mixing does occur, largely 1344 

because mixing is a linear process whereas radioactive decay and ingrowth are exponential 1345 

(Bethke and Johnson, 2002). Since the determination of groundwater transit times requires 1346 

some assumptions in solving the transport equation (equation 11) and  involved terms, 1347 

independent verifications of Ra-derived transit times are strongly recommended. 1348 

 1349 

[8.2] Solute flux across the sediment–water interface derived from Ra isotopes 1350 

 1351 

The transfer of solutes across the sediment-water interface, through both diffusion and 1352 

advection, can have a major effect on the chemical composition of the overlying waters and 1353 

shallow sediments. Traditional approaches to quantify water exchange and solute fluxes 1354 

using Ra isotopes rely upon one-dimensional reactive-transport models to reproduce 1355 
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porewater activities as a function of sediment production, bioturbation, molecular diffusion, 1356 

dispersion and advection (Cochran and Krishnaswami, 1980; Krest and Harvey, 2003; Sun 1357 

and Torgersen, 2001). Recent analytical developments have allowed the measurement of 1358 

surface-exchangeable 224Ra and particle-bound 228Th from sediment cores (Cai et al., 2012). 1359 

Radioactive disequilibrium between the soluble 224Ra daughter and its particle-bound 1360 

parent 228Th (T1/2 = 1.9 y) may be produced in sediments and their interstitial pore fluids 1361 

from the transport of 224Ra as a result of molecular diffusion, bioturbation and irrigation 1362 

and/or SGD. Assuming that the in-situ decay of 228Th is the sole source of sediment 224Ra, a 1363 

steady-state mass balance can be written (Cai et al., 2014, 2012) as Equation 13. 1364 

 1365 

 𝐹𝑅𝑎 = ∫ 𝜆𝑅𝑎(𝐴𝑇ℎ − 𝐴𝑅𝑎)𝑑𝑧
∞

0
 (13) 1366 

 1367 

where FRa is the flux of 224Ra across the sediment-water interface (Bq m-2 d-1), z is the depth 1368 

in the sediment where disequilibrium occurs (m), λRa is the 224Ra decay constant (0.189 d-1) 1369 

and ATh and ARa are respectively the activities of bulk 228Th and 224Ra (Bq cm-3) of wet 1370 

sediment, which is obtained from a mass unit considering sediment dry bulk density (rs= 1371 

2.65 g·cm-3) and porosity (ø). A key advantage of the 224Ra/228Th disequilibrium method over 1372 

traditional reactive-transport models (Boudreau, 1997a; Meysman et al., 2005) is that 224Ra 1373 

production is directly measured (via 228Th) for each sediment section, and thus this 1374 

approach accounts for depth-varying production rates. 1375 

 1376 

Derivation of a benthic 224Ra flux from fine-grained (muddy) sediments can in turn be used 1377 

to quantify the transfer rate (Fi) of a dissolved species across the sediment-water interface 1378 

(Cai et al., 2014) using Equation 14. 1379 

 1380 

 𝐹𝑖 = 𝐹𝑅𝑎 (
𝐷𝑆

𝑖

𝐷𝑆
𝑅𝑎) (

𝜕𝐴𝑖

𝜕𝑧
⁄

𝜕𝐴𝑅𝑎

𝜕𝑧
⁄

) (14) 1381 

 1382 

where DS
i and DS

Ra are the in-situ molecular diffusion coefficients for dissolved species i and 1383 
224Ra, respectively, corrected for tortuosity and in-situ temperature (Boudreau, 1997b). The 1384 

concentration gradients of dissolved species i (∂Ai/∂z) and 224Ra (∂ARa/∂z) are taken as the 1385 

concentration difference between overlying surface waters and shallow porewaters, 1386 

typically measured at 1 cm depth, and are thus net solute fluxes (Cai et al., 2014, 2012). 1387 

Note that the flux obtained in the Equation 14 is translated from an adjusted Fick’s First Law 1388 

(Equation 15). 1389 

 1390 

 F = −ξ · Φ · Ds
𝜕c

∂z
 (15) 1391 

 1392 

where ξ is an area enhancement factor representing the extended subsurface interface and 1393 

advective influences on the diffusive flux, and Ф is porosity. Although Equation 14 only 1394 

includes molecular diffusive coefficients of dissolved species i and 224Ra, it represents the 1395 

sum of all processes that affect solute transfer across the sediment-water interface. The 1396 

inherent assumption is that molecular diffusion is the rate-limiting step for solute transport. 1397 

This approach is suitable to quantify fluxes across the sediment-water interface from 1398 

shallow (< 20 cm) sediment cores in benthic and coastal (i.e., salt marsh) mud environments 1399 

for oxygen (Cai et al., 2014; Dias et al., 2016), dissolved inorganic carbon and nutrients (Cai 1400 
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et al., 2015), rare earth and trace elements (Hong et al., 2018; Shi et al., 2018, 2019b). Note 1401 

that solute fluxes derived from Equation 14 integrate over a time-scale of ~10 days and may 1402 

greatly exceed fluxes determined from porewater gradients (Cai et al., 2015, 2014) and 1403 

traditional sediment incubations, which alter the physical conditions of the sediments, and 1404 

therefore may not capture small-scale (mm to cm) advective processes (Hong et al., 2018; 1405 

Shi et al., 2019b). More complicated diagenetic models of 224Ra have been developed for 1406 

systems subject to significant bioturbation and particle reworking, and may thus require 1407 

parallel sediment measurements of excess 234Th to accurately constrain 224Ra fluxes (Cai et 1408 

al., 2015, 2014). 1409 

 1410 

Concurrent sediment and water column 224Ra mass balances may be used to separate short-1411 

scale advective-diffusive processes (i.e., PEX) from other SGD pathways (Hong et al., 2017). 1412 

In deeper sediment systems, where seepage occurs laterally at depth (i.e., as SGD in coarse-1413 

grained sediments), Equation 13 can be used for the horizontal (1-D) export flux of 224Ra, 1414 

and thus horizontal water exchange rates (Q; L m-2 d-1) can be estimated (Shi et al., 2019a) 1415 

using Equation 16, 1416 

 1417 

 𝑄 =  
𝐹𝑅𝑎

𝐴𝑃𝑊−𝐴𝑠𝑒𝑎
 (16) 1418 

 1419 

where APW and Asea represents the dissolved 224Ra activity in porewater from the seepage 1420 

layer and seawater, respectively. In turn, solute fluxes may be estimated by considering the 1421 

concentration difference between porewater and seawater of a given solute (Shi et al., 1422 

2019a). Similarly, a two-dimensional advective cycling model can be used to estimate water 1423 

exchange and solute fluxes in sandy seabeds subject to wave and tidal pumping (Cai et al., 1424 

2020). In conclusion, application of the 224Ra/228Th disequilibrium method has been 1425 

significantly expanded upon since its first introduction (Cai et al., 2012), and likely will 1426 

continue to be expanded upon as more researchers apply this technique to different coastal 1427 

environments. 1428 

 1429 

Whereas the approaches outlined above describe fluxes across the sediment-water 1430 

interface, diapycnal mixing i.e., the mixing away from deep-sea sediments into the interior 1431 

of the water column is one further process which can be quantified using Ra isotopes. As 1432 

bottom sediments are the source of Ra, the concentration gradient above the bottom 1433 

sediments can be used to calculate vertical eddy diffusivity (see Eq. 8). So far very few 1434 

studies applied this method (Huh and Ku, 1998; Koch-Larrouy et al., 2015). Nevertheless it 1435 

may be an important approach to investigate the fate of benthic sourced solutes in the 1436 

water column. 1437 

 1438 

[8.3] Estimation of timescales in coastal surface waters 1439 

 1440 

The functioning and vulnerability of a coastal ecosystem (e.g., accumulation of 1441 

contaminants, risk of eutrophication or harmful algal blooms) are often closely related to 1442 

the retention of solutes (e.g., nutrients, contaminants, suspended biomass) and thus the 1443 

transport mechanisms of solutes in the system studied. Therefore, understanding the 1444 

temporal scales of water and solute fluxes is crucial for coastal oceanography. Obtaining a 1445 

flushing time of Ra in a coastal study is also a key parameter needed to estimate SGD 1446 
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through the Ra mass balance or the mixing model approach (see section 6.1). Ra isotopes 1447 

can provide instrumental information in this regard because the different decay constants 1448 

of different isotopes can help infer mixing timescales in coastal systems. There are two basic 1449 

approaches to estimate water ages using Ra isotopes (Moore, 2015): the “mummy” model, 1450 

appropriate for systems with Ra inputs occurring near the shoreline (Moore, 2000a) and the 1451 

“continuous input” model, recommended for systems where Ra is added over the entire 1452 

study area, such as a shallow estuary (Moore et al., 2006). Both approaches are based on 1453 

using activity ratios of a pair of Ra isotopes to determine water apparent ages, which is the 1454 

time elapsed since the water sample became enriched in Ra and isolated from the source 1455 

(Moore, 2000a). Notice that these approaches are used to estimate “apparent ages”, 1456 

defined as the time spent since a water parcel became isolated from the Ra source. 1457 

“Apparent ages” are thus not equivalent with “flushing times”, although they are often used 1458 

indistinctly in SGD literature (Monsen et al., 2002; Moore et al., 2006). However, evaluations 1459 

of water apparent ages and flushing times might yield similar time estimates if the system is 1460 

under steady-state and the comparison of flushing times and apparent ages is made across 1461 

an entire study area (Tomasky-Holmes et al., 2013).  1462 

 1463 

Average water apparent ages for a system (𝜏) can be estimated as follows, depending on 1464 

whether the Ra inputs occur at the shoreline (Mummy model; Equation 17) or continuously 1465 

(Continuous input model; Equation 18): 1466 

 1467 

 𝜏 =
ln (𝐴𝑅𝐼𝑛)−ln (𝐴𝑅𝑆𝑦𝑠)

𝜆𝑠−𝜆𝑙
 (17) 1468 

 1469 

 𝜏 =
𝐴𝑅𝐼𝑛−𝐴𝑅𝑆𝑦𝑠

𝐴𝑅𝑆𝑦𝑠𝜆𝑠−𝐴𝑅𝐼𝑛𝜆𝑙
 (18) 1470 

 1471 

where ARIn and ARSys are the activity ratios of the shorter-lived Ra isotope to the longer-lived 1472 

one in the source (considering all the potential sources) and in the system, respectively, and 1473 

λs and λl are the decay constants of the shorter-lived and longer-lived Ra isotope, 1474 

respectively. The term λl can be neglected when a long-lived Ra isotope is used (226Ra and/or 1475 
228Ra). Both models assume that i) Ra activities and ARs are highest in the source (ARin > 1476 

ARSys), ii) the ARin is constant, iii) the only Ra losses are due to mixing and radioactive decay, 1477 

and iv) the open ocean contains negligible activities of the Ra isotopes used (Charette et al., 1478 

2001; Knee et al., 2011; Moore, 2006b, 2000a). The activity ratio of any pair of Ra isotopes 1479 

can be used to estimate water apparent ages, provided that the half-life of the shorter-lived 1480 

Ra isotope is appropriate for the water mixing time-scales expected in the study area 1481 

(Moore, 2015). Typical water apparent ages estimated using 223Ra and 224Ra as the shorter-1482 

lived isotope range from ~1 to ~50 days (e.g., Dulaiova et al., 2009; Hancock et al., 2006; 1483 

Krall et al., 2017; Moore et al., 2006; Rengarajan and Sarma, 2015; Sanial et al., 2015). The 1484 

accuracy of these AR-based apparent water ages will depend on the analytical uncertainties 1485 

associated with the isotopes used (e.g., uncertainties of 50 – 100% when water apparent 1486 

ages are shorter than 3 – 5 days (Knee et al., 2011). It should be noted that if water masses 1487 

with different Ra content mix, the relative fractions of each water should be known for 1488 

reliable apparent age estimates, otherwise the apparent age will tentatively be biased 1489 

towards the younger water mass (Delhez et al., 2003; Hougham and Moran, 2007).  1490 

 1491 
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[8.4] Ra-228 as tracer of offshore solute fluxes 1492 

 1493 

Solute fluxes from the coastal ocean derived from SGD, shelves and other continental 1494 

sources have the potential to contribute to biogeochemical cycles of the open ocean via 1495 

shelf-ocean exchange processes. However, while solute inputs to the coastal zone are 1496 

relatively straightforward to obtain (e.g., Homoky et al., 2016), calculating their net input to 1497 

the ocean has been a greater challenge owing to solute removal or addition processes that 1498 

take place in estuaries or over the shelf. To address this shortcoming, Charette and co-1499 

workers (2016) proposed the use of 228Ra as a shelf solute flux gauge, which takes 1500 

advantage of the global shelf 228Ra flux model developed by Kwon et al. (2014). The method 1501 

is most easily applied where shelf-ocean exchange is primarily driven by eddy diffusion, 1502 

whereby the net cross-shelf solute (S) flux can be linearly scaled with the net cross-shelf 1503 
228Ra flux as follows (see also 6.1.):  1504 

 1505 

 S𝑓𝑙𝑢𝑥 = Ra228
𝑓𝑙𝑢𝑥  × (

Sshelf−Socean

Rashelf−228 Raocean
228 )  (19) 1506 

 1507 

where Sshelf and 228Rashelf are the average concentrations of the solute (e.g. trace metals, 1508 

nutrients, dissolved organic carbon) of interest and 228Ra over the shelf water column (<200 1509 

m). Because the shelf water is exchanging with the open ocean via mixing, the shelf solute 1510 

and 228Ra concentrations must be corrected for their concentrations in the open ocean 1511 

(Socean and 228Raocean).  1512 

 1513 

This technique only requires paired measurements of 228Ra and the solute of interest along 1514 

a shelf-ocean transect. Given that lateral inputs of solutes to the ocean have been shown to 1515 

be important on a global basis, for example as is the case with dissolved iron (Tagliabue et 1516 

al., 2014), this method is particularly valuable for oceanographic field studies where solute 1517 

mass balance budgets are required. However, the application of this method requires 1518 

validating the assumptions of negligible advection and steady-state conditions on the scale 1519 

of the tracer used, which are not valid for all the systems. 1520 

 1521 

[9] Conclusions and the Future stage (>2020) 1522 

 1523 

[9.1] Guidelines to conduct a SGD study 1524 

 1525 

This article reviews the application of Ra isotopes as tracers of SGD-derived inputs of water 1526 

and solutes to the coastal ocean. In this final chapter, we provide a step-by-step protocol 1527 

that should serve as simplified guidelines to perform a SGD study using Ra isotopes. This 1528 

protocol is based on the 7 steps illustrated in Figure 12. 1529 

 1530 

Step 1 – Definition of the objective of the study: SGD studies often focus on determining 1531 

the significance of SGD in the water cycle or on its implications for coastal biogeochemical 1532 

cycles. This objective determines the spatial scale of the study (e.g., nearshore vs shelf scale; 1533 

evaluate spatial variability vs produce integrated estimates; spatial resolution), as well as 1534 

the temporal scale (e.g., snap-shot observations vs continuous observations; base 1535 

conditions vs episodic events; temporal resolution). The method(s) used to quantify SGD 1536 
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(e.g., water budgets, groundwater flow models, seepage meter or natural tracers such as 1537 

radium, radon, salinity or heat) should be selected according to the specific objective of the 1538 

study and the characteristics of the system. In case of using Ra isotopes, a clear definition of 1539 

the objective will facilitate progressing towards the following steps. 1540 

 1541 

Step 2 – Characterization of the study site: Identifying the hydrological (e.g., magnitude of 1542 

surface water inputs, groundwater table elevation, system geology) and oceanographic 1543 

characteristics (e.g., circulation drivers, system timescales, water depths and stratification) 1544 

characteristics, the potential Ra sources and sinks, as well as the potential SGD pathways 1545 

discharging to the study site (see Figure 3). This characterization usually involves a 1546 

combination of literature review, potentially preliminary samplings and the use of 1547 

complementary techniques (e.g., salinity profiles, electrical resistivity tomography (ERT), 1548 

thermal infrared (TIR) images, Rn surveys, water level measurements) from different 1549 

disciplines (e.g., hydrogeology, geophysics, oceanography).  1550 

 1551 

Step 3 – Construction of a conceptual model: A conceptual model should consider the main 1552 

SGD pathways, the predominant sources and sinks of Ra isotopes and the characteristics of 1553 

the study site (e.g., water residence time). The conceptual model is fundamental to 1554 

selecting the appropriate Ra isotope(s) to be used, and to determining the quantification 1555 

approach, assumptions made and overall sampling approach. It is important that 1556 

researchers clearly identify the assumptions of the approach they are applying and validate 1557 

them. This step is crucial to characterize the limitations of the method used, to constrain the 1558 

uncertainties of the final estimates and, thus, to produce reliable and justifiable SGD 1559 

estimates (see section 7.1). 1560 

 1561 

Step 4 – Selection of the Ra isotope/s: Ra isotopes applied in the study should be chosen 1562 

according to the target process or pathway, the enrichment in Ra of discharging 1563 

groundwaters, the potential sources and sinks in the study site and the residence time of 1564 

the isotope in the study area (see Sections 7.3 and 7.4). 1565 

 1566 

Step 5 – Sampling Ra in all the compartments: Samples for Ra isotopes should be collected 1567 

both in seawater and in all the potential endmembers (SGD from different pathways, open 1568 

ocean, surface water, surface discharges, etc.). The collection of sediment samples or cores 1569 

might also be required to evaluate inputs of Ra from sediments. Aside from Ra isotopes, 1570 

concurrent samples for other parameters (e.g., salinity, water composition, stable isotopes 1571 

(δ2H, δ18O) of water, concentrations of nutrients, metals, contaminants) might also be 1572 

collected depending on the objectives of the study.  1573 

 1574 

Step 6 – Quantification of SGD using Ra: The quantification approach (mass balance, 1575 

endmember mixing model or export offshore) must be chosen according to the 1576 

characteristics of the study site and considering the validity of model assumptions (see 1577 

section 6.1). The quantification of SGD requires constraining the sources and sinks of Ra 1578 

isotopes in the study area (step 6.1) and characterizing the appropriate Ra concentration in 1579 

the SGD endmembers (step 6.2). In complex settings, the contribution from the different 1580 

SGD pathways needs to be accurately accounted for to provide reliable SGD estimates. We 1581 

note that this may not be possible in some study sites, and so the use of other tracers 1582 

should be considered. Ideally, the estimates derived from Ra isotopes should be compared 1583 
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with other methods (e.g. seepage meters, other tracers, hydrogeological models) to validate 1584 

and better constrain the results obtained. 1585 

 1586 

Step 6.1 – Constraining Ra sources and sinks: The accuracy of SGD estimates strongly rely 1587 

on the appropriate quantification of the relevant sources and sinks of Ra at the study site. 1588 

The significance of sources and sinks (and thus the accuracy with which these parameters 1589 

need to be determined) depend on the characteristics of the study site (Figure 8 and 9) and 1590 

the Ra isotope used (see 7.3). 1591 

 1592 

Step 6.2 – Determination of the SGD endmember(s): The determination of the Ra 1593 

concentration in the SGD endmember(s) is often the major source of uncertainty of SGD 1594 

estimates. In coastal system with a dominant SGD pathway, the Ra endmember 1595 

concentration should be representative of this pathway. However, in more complex 1596 

settings, the respective Ra endmembers for each of the pathways as well as its proportion 1597 

of SGD contribution should be determined when possible (see Sections 6.2 and 7.5). Ra-1598 

based SGD assessments should focus their effort on accurately determining these 1599 

endmembers. 1600 

 1601 

Step 7 – Quantification of SGD-driven solute fluxes: A representative concentration of 1602 

solutes or solute/Ra ratios in the SGD endmember/s needs to be determined to estimate 1603 

SGD-driven solute fluxes. Importantly, the solute composition of different SGD pathways 1604 

may be considerably different and specific endmembers should be determined for the 1605 

different components. This is especially important for studies that aim to quantify SGD-1606 

driven solute fluxes (nutrients, metals, contaminants, etc) or to evaluate the significance of 1607 

SGD in coastal biogeochemical cycles (see Section 7.6). 1608 

 1609 

 
Figure 12. Recommended step-by-step protocol to conduct SGD studies by using Ra 

isotopes based on the current state of the art. 
 1610 

 1611 

[9.2] Knowledge gaps and research needs 1612 

 1613 

Despite the advances in the use of Ra isotopes as SGD tracer over the last decades reviewed 1614 

in this article, several major research gaps remain open. We believe that the following 1615 

issues should be addressed in future studies to improve the use of Ra isotopes as a tracer in 1616 

SGD studies. 1617 

 1618 
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Discriminating SGD pathways. As highlighted in this review, identifying the SGD pathways 1619 

or mechanisms that are most significant in contributing Ra isotopes at a specific study site is 1620 

crucial to obtaining realistic SGD estimates. There is thus a need to obtain a conceptual 1621 

understanding of the systems prior to the application of Ra isotopes to trace SGD. The 1622 

combination of different Ra isotopes can be instrumental to quantify not only the total 1623 

magnitude of SGD, but also the respective water flows supplied by different pathways. Their 1624 

discrimination will allow obtaining accurate estimations of the solute fluxes supplied by 1625 

SGD, which will decisively contribute towards a better understanding of the role SGD plays 1626 

in coastal biogeochemical cycles. 1627 

 1628 

Multi-method studies. Comparisons of Ra-based SGD estimates with independent methods 1629 

(e.g., other tracers, seepage meters, hydrological modelling) are a key step towards the 1630 

validation and refinement of Ra-derived estimates. However, estimates derived from 1631 

different methods are not always directly comparable because different approaches often 1632 

capture different components of SGD or integrate over unique spatio-temporal scales. Using 1633 

Ra isotopes to discriminate SGD pathways will thus facilitate multi-method comparisons 1634 

and, at the same time, multi-method studies can contribute to distinguishing different SGD 1635 

components. 1636 

 1637 

Spatial and temporal Ra variability within the subterranean estuary. There are still few 1638 

studies constraining the spatial and temporal variability of Ra isotopes in the subsurface and 1639 

Ra behaviour in the subterranean estuary is not properly understood. Field measurements 1640 

should also be combined with reactive transport models to understand the spatio-temporal 1641 

variability of Ra isotopes within the subterranean estuary and the role of physical 1642 

mechanisms driving groundwater. 1643 

 1644 

Development of new analytical techniques for the measurement of Ra isotopes. Most of 1645 

the methods applied to measure Ra isotopes require pre-concentration of Ra from large 1646 

sample volumes (usually 10 – 200 L) and measurements via radiometric techniques such as 1647 

the RaDeCC system, gamma spectrometry, ICP-MS and TIMS systems. However, there is still 1648 

the need for an accurate and easy methodology to measure the four Ra isotopes in small 1649 

volumes of water (<1 L), allowing for the routine analysis of a large number of samples, and 1650 

for determining Ra concentrations in compartments where only small volumes can be 1651 

sampled (e.g., porewaters, deep ocean). These developments would facilitate the 1652 

improvement of the spatial and temporal resolution of Ra samples collected both in the 1653 

subterranean estuary and the ocean and would allow, for instance, to assess Ra 1654 

concentration changes over time, obtaining detailed Ra profiles in the water column or high-1655 

resolution Ra distributions in the subterranean estuary. These methodological 1656 

improvements are thus crucial to move towards a better understanding of the different SGD 1657 

pathways and their spatio-temporal scales. 1658 

 1659 

Uncertainties of Ra-derived SGD estimates. SGD fluxes obtained from Ra isotopes have 1660 

large uncertainties that are frequently overlooked. Propagated uncertainties associated 1661 

with estimates should always and clearly be reported in SGD studies to facilitate 1662 

understanding of the precision of tracer approaches. Importantly, an accurate assessment 1663 

of uncertainties should not only consider the uncertainties linked to individual parameters 1664 

(e.g., analytical errors of Ra measurements, the standard deviation of Ra averages), but also 1665 
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those errors linked to the conceptualization of the system (e.g., assumption of steady state, 1666 

selection of the endmember, assumptions linked to mixing loss assessments).  1667 

 1668 

Towards more robust Ra-derived SGD estimates. All studies using Ra isotopes to quantify 1669 

SGD processes are based on numerous assumptions that should be validated in order to 1670 

produce accurate SGD estimates. In other words, most of the investigations using Ra 1671 

isotopes produce SGD estimates, but the estimated fluxes are only meaningful and reliable 1672 

if the assumptions and uncertainties of the model are properly understood, acknowledged, 1673 

quantified, and accounted for. Authors working on SGD-related investigations should always 1674 

be aware of the limitations of the tracers and approaches used. In some cases, traditional 1675 

approaches (or the tracer itself) might not be appropriate for the system studied or the 1676 

objective of the investigation, requiring the development of more complex models or the 1677 

use of alternative/complementary methods. 1678 

 1679 
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