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M. Diego-Feliu, Ph.D. 2022

Preface

Natural tracers — any substance present in the environment in small but measurable
amounts — are a central tool in many scientific disciplines providing useful information about
processes and systems. In hydrology and oceanography, tracers are used to address disparate
guestions such as how water masses move, how do they mix with each other, or which is their
path or provenance. Radioactive tracers, by virtue of its known decay rate, can additionally offer
unique opportunities for addressing questions relative to time such as how old water is, how long

does it take to travel a certain distance, or what the velocity of a specific process is.

Since the production of knowledge is modulated, limited, and constrained by the available
techniques, methods, and instruments which generate dynamic scientific spaces, any significant
scientific advance is often accompanied by concurrent technical improvements that articulate
new spaces. Likewise, our current knowledge about hydrological and oceanographical systems
cannot be understood without the continuous advances made in the measurement and
guantification of tracers, or with deeply understanding their distribution and geochemical

behavior.

The study of submarine groundwater discharge (SGD), a process that involves the
discharge of terrestrial and marine groundwater to the coastal ocean, is no exception of that.
Actually, research in SGD has been closely linked to the use of the naturally-occurring radioactive
tracers of radium isotopes and radon. Paradoxically, the study of this (almost) invisible
macroscopic process (the discharge of groundwater below the sea level) is assessed (or made
visible) using invisible tracers such as atoms. This stages a ‘problem’ of scale, whereby scientists
are encouraged, and somehow forced, on the one hand, to understand nanoscopic processes
occurring within the pore spaces of sediment grains, where radium and radon are released to
groundwater and, on the other hand, to infer the hydrologic, oceanographic, ecologic, and social
consequences of groundwater discharge for large-scale environments such as coves, bays, seas,

or even the world’s oceans.



This Thesis explores the use of radium isotopes and radon as tracers of SGD, from the
guantification techniques, through the understanding of their distribution in groundwater
systems, to the development of new environmental applications in the areas of coastal hydrology
and oceanography. As the water infiltrates and flows through the subsurface from the coastal
aquifers to the sea, this Thesis is also a small journey from the sample to the data, from the field
to the laboratory, from the system to the model, and from the nanoscopic to the macroscopic

world.



M. Diego-Feliu, Ph.D. 2022

Chapter 1: Introduction

1.1. Radium isotopes and radon as hydrological and ocean tracers

Radium (Ra) and radon (Rn) are chemical elements with atomic numbers of 88 and 86,
respectively. Radium belongs to the alkaline earth metals group of the periodic table (also known
as group ll) and it is a product of the decay series of uranium and thorium (Figure 1.1). There are
four naturally-occurring Ra isotopes with half-lives ranging from days to millennia (*?3Ra, T2 =
11.4 d; ?*Ra, T12 = 3.66 d; 2%°Ra T1/2 = 1600 y; %?®Ra, T1/2 = 5.75 y), which are produced by the
decay of their parent Th isotopes (??’Th, T1/2 = 18.7 d; 228Th, T1/2 = 1.9 y; 23°Th, T1/2 = 7.5x10%y;
232Th Ty, = 1.4x10%° y, respectively). Radon is a radioactive noble gas which is produced by the
decay of its parent Ra. There are three isotopes of Rn, two of them with very short half-lives,
known as actinon (2*°Rn, T1/2 = 4.0 s) and thoron (**°Rn, T1/2 = 54.6 s), and ??2Rn (T1/2 = 3.8 d) which

hereinafter will be referred simply as radon.
1.1.1. Brief historical overview
1.1.1.1.  The concepts of radioactivity, isotopes, and tracers

The current widespread use of Ra isotopes and Rn for evaluating hydrological processes
is the result of one of the most mysterious stories in science history: the discovery of radioactivity
(Figure 1.2). The findings that unravel this story exemplify the triumph of observation over
reason. Indeed, most of the experimental settings that unveiled this phenomenon were initially

intended to answer questions others than the ones they ultimately resolved.

In 1895, experimenting with cathode rays in a Crooke’s tube, Dr. Roentgen accidentally
noticed the fluorescence of a barium platinocyanide screen, which was placed some distance
away from the experimental setting. Since this fluorescence could not be explained by the
interaction with cathode rays (their range was on the order of centimeters), Roentgen postulated
that a sort of new rays (he called them X-rays) originated when the cathode rays strike the glass
of the Crooke’s tube caused the fluorescence of the screen (Assumus, 1995). By the end of this
same year, Roentgen published his results and included some shadowy pictures (i.e., first

radiographies) caused by the interaction of X-rays and matter. These results generated great
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interest both for the scientific community and for society, and soon scientists from all over the
world started replicating these experiments to find if any other type of radiation could also
traverse matter. Shortly afterwards, Henri Becquerel was testing whether phosphorescence light
was stopped by opaque objects, or if it consisted of penetrating radiation as the recently
discovered X-rays. In his experiments, Becquerel exposed a phosphorescent substance to
sunlight and placed it on a photographic plate wrapped in black paper. He found that the
substance emitted radiation that could even penetrate thin metals, darkening the photographic
plates. Briefly after publishing these results in the Academie des Sciences de Paris (“Sur les
radiations invisible émises par les corps phosphorescents”) he developed new photographic
plates and discovered that the substance emitted penetrating radiation even if it was not
exposed to light (Gasparini, 1984). By “great good fortune”, Becquerel choose as phosphorescent
substance a preparation of uranium and, through this fortunate choice, he discovered that
uranium emitted an unknown type of radiation assigned to be a new inherent property of the

element (Soddy, 1909).

After Becquerel’s discovery many researchers began to investigate whether radioactivity
was present not only in U, but also in other elements. Marie Curie, who at that time was studying
physics and chemistry at the Université de Paris, conducted a systematic examination of different
ores and concluded that minerals containing Th also exhibited radioactive properties (Davis,
1924). However, in 1898, shortly before Curie’s Thesis was published, Gerhard Schmidt
announced and published the same discovery. Marie Curie continued investigating the
phenomenon of radioactivity in U-bearing ores, specifically using a mineral known as pitchblende
(the same source of U that Becquerel used for his experiments). This mineral was known to
contain high contents of U (~¥50%) and small quantities of lead, copper, bismuth, and barium.
When analyzed with her electroscope, Curie found that this ore was several times more
radioactive than expected from the percentage of uranium contained in it. She therefore
concluded that this higher activity could only be attributed to another (and more radioactive)
substance present in the ore (Davis, 1924). In this way, Marie Curie discovered the radioactive
elements of polonium (called after her native country) and radium (in allusion to its radioactive

properties). Notice that it was not until 1910, twelve years later, when Marie Curie together with
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her college André Louis Debierne, separated pitchblende into all its constituents isolating for the

first-time pure radium.

The discovery of radon is attributed to Friedrich Ernst Dorn in 1900 when he observed a
radioactive substance emanating from radium compounds. However, Ernest Rutherford
previously found that “thorium compounds continuously emit radioactive particles of some kind,
which retain their radioactive powers for several minutes” (Rutherford, 1900), and in 1903
conducting independent experiments Friedrich Giesel and Debierne observed the same kind of
emanation from Actinium compounds. The emanations from these compounds were initially
named ‘Radium emanation’, ‘Thorium emanation’, and ‘Actinium emanation’, but in 1923 were
renamed as Radon (?22Rn), Thoron (?2°Rn), and Actinon (?*°Rn), respectively (Aston et al., 1923).
Although later the isotopes from the same element were numbered instead of independently
named (with some exceptions i.e., deuterium and tritium), the names Thoron and Actinon were

still in use for some decades (e.g., Giffin et al., 1963).

In the early years of the 20%" century, Ernest Rutherford and Frederick Soddy ascribed the
phenomenon of radioactive decay to the emission of a particle by an atom of a radioactive
element (parent), which spontaneously transformed into a new element (daughter). They also
found that this process occurred subsequentially, resulting in a series (decay chain) of unstable
atoms decaying into other elements. The study of the decay chains of uranium and thorium led
to the discovery of new ‘elements’ (Soddy, 1923). As an example, for the 23Th decay chain these
elements were initially named as thorium (?32Th), mesothorium 1 (?2Ra), mesothorium 2 (??2Ac),
radiothorium (?2Th), thorium X (??*Ra), thorium emanation (*?°Rn), etc. Some investigations were
conducted to separate these elements by chemical means, but the attempts were unsuccessful
for thorium and radiothorium (and mesothorium 1 and thorium X), even if they could be prepared
independently by separating their parent elements. This led Frederick Soddy to define, in 1912,
the chemically identity of ‘elements’ as isotopes (‘isos’ — same, ‘topes’ — place) since they occupy

the same position in the periodic table (Soddy, 1923).
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Figure 1.1. Schematic diagram of the uranium (?8U and 2U) and thorium (?°2Th) decay series. Gamma emitters are not
indicated.

The first uses of radioactive elements as tracers were developed even earlier than the
discovery of the term isotope (Horanyi, 2004). From 1911 to 1914, George von Hevesy was
employed at Rutherford’s laboratory with the task of separating a product of the U decay chain,
Radium D (%'%Pb), from lead. His efforts were unsuccessful, and “to make the best of this
depressing situation”, Hevesy suggested that since Radium D and led were inseparable, one could
use small amounts of Radium D, which can be easily detected by its radioactive properties, as an
indicator of lead (Hevesy, 1962). In the following years (1914 to 1926) Hevesy and his co-workers
applied radioactive tracer technics to disparate topics (e.g., dissolution velocity of molecular
layers, solid-liquid exchange of atoms, radioactive indicators in biology; Hevesy, 1915; Hevesy
and Rona, 1914). Since the benchmark works of Roentgen, Becquerel, Curie, Soddy, and Hevesy
(among others), radioactive tracers can be considered one of the most important scientific
objects that shaped the technology, medicine, and science of the 20" and 21°t century (Herran

and Roqué, 2009).
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Figure 1.2. Timeline of some important discoveries of the end of 19" century and early 20" century.

1.1.1.2.  Radium isotopes and radon as hydrological and oceanic tracers

The first measurements of Ra and Rn in seawater and marine sediments took place during
the early years of the 20t century. Due to the inherent difficulties on collecting and measuring

the samples at that time, the first results consisted of scarce measurements that resulted in Ra
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activities varying over orders of magnitude among samples and studies (Eve, 1909; Joly, 1908;
Mialock, 1915; Satterly, 1911; Strutt, 1906). Joly (1908) and Eve (1909) in their pioneering work
found that near-shore samples presented higher activities than those of open seawater. Two
decades afterwards, together with a set of studies evaluating the radioactivity of marine
sediments (Evans and Kip, 1938; Pettersson, 1930; Piggot, 1932), some authors presented the
first 22°Ra and Rn seawater depth profiles, finding an increase in the concentration of both
radionuclides with depth (Devaputra et al., 1932; Evans et al., 1938). Simultaneously, tracer
techniques involving the use of radionuclides were developed, including those regarding the use
of Th and Ra disequilibrium in bottom sediments as a geochronology tool (Kovarik, 1931; Piggot
and Urry, 1942). The application of Ra as natural tracer of oceanographical processes was initially
introduced by Koczy (1958) and further developed by Koczy and Rosholt (1962), Broecker et al.
(1968, 1967), Moore (1969, 1967), an many others (e.g., Blanchard and Oakes, 1965; Li et al.,
1977; Li and Chan, 1979; Trier et al., 1972). Simultaneously, several authors started using radon
as a tracer for assessing gas exchange rates to the atmosphere, vertical water mixing, and fluxes
from ocean sediments to the water column (e.g., Broecker, 1965; Broecker and Kaufman, 1970;

Key et al., 1979).

The use of Ra isotopes and Rn was initially limited by the time-consuming available
techniques and methods The measurement of 22°Ra was relatively easy since it consisted of
quantifying the emanation of its daughter, 222Rn from a few liters (5 — 10 L) of seawater (e.g.,
Broecker et al., 1967). In contrast, the analysis of 2?2Ra required the collection of large water
samples (>> 100 L) and laborious preprocessing methods (Moore, 1969). Four improvements on
techniques and instruments permitted the widespread application of these tracers in the
forthcoming years: (1) the use of manganese impregnated acrylic fibers which enabled the fast
and in situ extraction of radium activities from large volume seawater samples (Moore and Reid,
1973); (2) the widespread availability of high-purity germanium gamma detectors (HPGe),
providing relatively fast an precise measurements of long-lived Ra isotopes (*2°Ra and 2?Ra); (3)
the fast and precise measurement of short-lived Ra isotopes (*?3Ra and ??*Ra) through the

development of delayed coincidence scintillation counters (Giffin et al., 1963; Moore and Arnold,
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1996); and (4) the development of low-cost, hand-held equipment to measure 222Rn in water

samples (Burnett and Kim, 2001; Hopke, 1989).

These improvements opened new possibilities and reduced time and costs regarding
taking and measuring samples. As a result, many articles about the Ra isotopes and Rn
distribution in coastal and open ocean settings were published during the 80s. Elsinger and
Moore (1983) published the first study on the distribution of the sort-lived 2?*Ra (together with
225Ra and 2%%Ra). Shortly afterwards, two more articles were published using ??*Ra and
guestioning the sources that this radionuclide may had on the coastal ocean (e.g., bioturbation,
bioirrigation, desorption from bottom sediments; Bollinger and Moore, 1984; Levy and Moore,
1985). During this period, there were also significant advances on the application of radon as an
ocean tracer, mainly applied for assessing heat and chemical transport from hydrothermal vents
(Rosenberg et al., 1988), estimate mixing processes (in the Gulf Stream; Orr et al., 1985), and to
study groundwater/surface flow (at Rio Grande de Manati, Puerto Rico; Ellins et al., 1990). It was
not until the 90s when researchers recognized that an important source of these radionuclides
to the coastal ocean was the discharge of groundwater, which implied in turn that they could be
used as tracers of this process (Burnett et al., 1990; Cable et al., 1996a; Rama and Moore, 1996;
Veeh et al., 1995).

Henceforth, research on submarine groundwater discharge (SGD) had developed
primarily on the basis of the application of Ra isotopes and Rn. Advances in the use of radioactive
tracers in SGD studies, including the development of new approaches, conceptual models, and
techniques have enabled the quantification of SGD in multiple locations across the globe such as
coves, bays, estuaries, and even entire basins or the world’s ocean (e.g., Kwon et al., 2014;
Peterson et al., 2010; Rodellas et al., 2015). Other applications of these radionuclides include the
assessment of groundwater flow dynamics in coastal aquifers (e.g., Condomines et al., 2012; Kiro
et al., 2015; Tamborski et al., 2017a), solute fluxes across the sediment-water interface (e.g., Cai
et al., 2014; Cook et al., 2018a; Krest and Harvey, 2003), and water ages, residence times and
mixing processes in coastal waters (e.g., Knee et al., 2011; Moore and Oliveira, 2008; Wang et al.,

2021), among others.
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1.1.2. Radium isotopes and radon in groundwater

One of the main characteristics that make Ra isotopes and Rn valuable tracers of
hydrological and oceanographic studies is that groundwater commonly presents measurable
activities of these isotopes. The activities of these radionuclides are governed by their production
and decay rates, their geochemical behavior, the characteristic of groundwater flow (e.g.,
groundwater velocity and transit times) and the behavior of their direct parents (Th and Ra for

Ra and Rn, respectively) (Garcia-Orellana et al., 2021; Swarzenski, 2007).
1.1.2.1.  Production and decay

The subsurface production and decay rates of radionuclides control, in part, their activity
in groundwater (Figure 1.3). The production rates depend on the decay constant of the target
isotope and on the activities of the parent radionuclide dissolved in groundwater and adsorbed
on aquifer solids. The activity of dissolved and adsorbed radionuclide together is referred in this
manuscript to as the exchangeable radionuclide activity. The radionuclides produced by the a-
decay of their parent radionuclides, such as Ra isotopes and Rn, are additionally supplied by a
process commonly known as a-recoil (Sun and Semkow, 1998). This process consists of the
mobilization of the daughter radionuclide from the outer mineral lattice (the effective a-recoil
zone) of the sediment grains to groundwater due to the energy of an a-decay (Mehta and Kocar,
2018; Sun and Semkow, 1998). The effective a-recoil zone comprises the area of the mineral
lattice where an a-decay may potentially result in the mobilization of the generated target
radionuclide from solid to groundwater (Sun and Semkow, 1998) (Figure 1.3). The supply from a-
decay to groundwater depends therefore on (1) the activity of the parent radionuclide in
sediment grains or solids (hereinafter solid activity), which vary widely depending on the host
material (lvanovich and Harmon, 1992), as well as on (2) the fraction of a-decays in sediment
grains that effectively recoil in groundwater (Porcelli, 2008). The latest is a function of the grain
size, mineralogy, and recoil energy resulting from the a-decay (Beck and Cochran, 2013; Sun and
Semkow, 1998; Swarzenski, 2007). The greater the specific surface area, the larger the effective
a-recoil zone and thus the relative amount of parent isotope contained in this zone relative to
total aquifer volume (Copenhaver et al., 1992; Porcelli and Swarzenski, 2003). The additional

supply through a-recoil produces deviations in isotopic ratios in relation to that expected from
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the host material. For instance, the groundwater activity ratio in equilibrium of 22°Ra/??8Ra may
be up to 1.75 times higher than that of their relative parents (233U/?32Th) due to the subsequent
a-decays occurred in the decay chain (3 for 22°Ra and 1 for 222Ra). Similarly, activity ratios within
radionuclides from the same decay chain (e.g., 222Rn/??°Ra, 2?*Ra/?*?®Ra) may present higher
equilibrium activity ratios due intermediate a-decays (Davidson and Dickson, 1986;
Krishnaswami et al., 1982; Swarzenski, 2007). Radium isotopes are generally produced by the
decay of Th isotopes contained in the geological matrix (adsorbed or contained in the effective
a-recoil zone). Production of Ra resulting from dissolved activities of Th is usually negligible since
Th is mainly bound to solid phases due to its particle-reactive behavior (Swarzenski, 2007).
Contrastingly, radon is produced by the decay of 22°Ra which can be bound to aquifer solids (solid
surfaces or a-recoil zone) or dissolved in groundwater. The decay rates of Ra isotopes and Rn in

groundwater depend exclusively on their dissolved activities and their decay constants.
1.1.2.2.  Geochemical behavior

Radium distribution in groundwater systems is governed by a set of geochemical
processes such as adsorption, desorption, precipitation, and weathering (Figure 1.3). These
processes depend on both the characteristics of the geological matrix (e.g., mineralogy, grain
size, cationic exchange capacity; Beck & Cochran, 2013; Krishnaswami et al., 1982; Swarzenski,
2007) and the geochemical signature of groundwater (e.g., pH, Fe and Mn content, ionic strength;
Gonneea et al., 2008; Sajih et al., 2014; Webster et al., 1995). The adsorption-desorption of Ra is
mainly controlled by the cationic exchange capacity (CEC) of the aquifer solids and the ionic
strength of the solution. Sediments with higher CEC are likely to present more adsorption places
in the sediment surface that can be potentially occupied by Ra dissolved in groundwater in the
form of Ra%* (e.g., Beck and Cochran, 2013; Bene$ et al., 1985; Nathwani and Phillips, 1979;
Vinson et al., 2009). Conversely, solutions presenting high ionic strength (high concentration of
ions; e.g., Na*, K*, Ca?*) may hamper the adsorption of Ra?* due to competition with dissolved
cations of the solution, concurrently promoting the desorption of the adsorbed Ra%* due to
cationic exchange (e.g., Beck and Cochran, 2013; Gonneea et al., 2013a; Kiro et al., 2012; Webster
et al., 1995). As a result, when cationic exchange is the main mechanism for Ra transference

between solid and solution, brackish or saline groundwaters are likely to be more enriched in Ra

11



Chapter 1: Introduction

isotopes relative to fresh groundwaters. The dependency of Ra adsorption-desorption with ionic
strength is more significant in coastal aquifers, where intruded saline groundwater mixes with
meteoric fresh groundwater. In these environments salinity gradients control adsorption-
desorption processes promoting gradients of Ra, which may vary orders of magnitude (Cerda-
Domeénech et al., 2017; Cho and Kim, 2016; Gonneea et al., 2008). Other factors relative to the
groundwater and sediment geochemistry, such as temperature, oxygen content, pH, and
presence of surface-bound Fe or Mn may also play an important role on the adsorption-

desorption of Ra (e.g., Beck and Cochran, 2013; Benes, 1982; Nathwani and Phillips, 1979).

Production  Desorption  Weathering

b

Decay Adsorption  Precipitation

Th® Ra® F“ne Poe Catione

Figure 1.3. Schematic diagram of the mechanisms controlling Ra isotopes and Rn in groundwater. Based on Garcia-Orellana et
al. (2021).

Radium isotopes are also removed from groundwater due to mineral precipitation. The
removal often occurs via co-precipitation with Fe and Mn hydro(oxides), sulfates (e.g., Ra(SOa)),
and carbonates (e.g., Ra(CO3)) due to the low molar activities of Ra in groundwater (Charette and
Sholkovitz, 2002). Co-precipitation may occur under high pH (>7) and oxidizing conditions
(Gonneea et al., 2008; Kiro et al., 2013, 2012; Krall et al., 2020). Conversely, Ra?* may be released

to groundwater due to weathering processes. These processes include chemical dissolution of
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the aquifer matrix and breakdown of rocks and minerals resulting from the physical forces
derived from the circulation of groundwater through the aquifer. The physiochemistry of
groundwater, including temperature, redox potential, pH, and ionic strength, together with the
characteristics of aquifer solids (e.g., specific surface area, mineralogy) determine the extent of
weathering processes (Chabaux et al., 2008, 2003). For instance, groundwaters with reducing
conditions may promote the dissolution of Fe and Mn hydro(oxides), releasing the Ra%* previously
adsorbed on the surfaces of hydro(oxides) complexes (Benes et al., 1984; Gonneea et al., 2013a).
However, despite weathering and precipitation may be important for long-lived Ra isotopes
(%?°Ra and 2%8Ra), they are assumed to play a minor role in the distribution of short-lived Ra
isotopes (??2Ra and %2*Ra) due to the long temporal scales of these processes relative to

production-decay and adsorption-desorption processes.

Contrastingly, Rn activities are not affected by any chemical processes such as adsorption,
desorption, precipitation and weathering due to its unreactive nature. Despite that, Rn is highly
influenced by the properties of the geological matrix such as grain size, mineralogy, degree of
weathering and by the activities of 22°Ra, which is in turn affected by the above-mentioned
processes. Additionally, Rn is also affected by gas exchange in the groundwater-atmosphere
interface of unconfined aquifers. This exchange depends on groundwater temperature, salinity,

atmospheric pressure, and sediment porosity or rock permeability (Barberio et al., 2018).
1.1.2.3.  Groundwater transit times

The activities of Ra isotopes and Rn in groundwater are also determined by the interaction
time between groundwater and aquifer solids. This time, also known in the literature as
groundwater transit time, or residence time (e.g., Kiro et al., 2015; Luo and Jiao, 2019; Tamborski
et al., 2017a) depends on the driving forces underlying the advective flow as well as on the
characteristics of the aquifer matrix. The driving forces of advective flow are disparate (e.g.,
terrestrial hydraulic gradient, wave pumping), variable in time (e.g., seasonal variations in aquifer
level, tidal pumping), and may affect not only the transit times but also the extent of the
biogeochemical reactions occurring in the subsurface, including that affecting the mobilization of
Ra isotopes and Rn (Santos et al., 2012). The ability of groundwater to circulate through the

sediment pores or rock fractures under the effect of a hydraulic gradient, known as aquifer
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hydraulic conductivity, is a fundamental parameter regulating the velocity (and transit time) of
groundwater. This parameter depends on the characteristics of the aquifer solids such as grain
size and intrinsic permeability with values that may vary orders of magnitude depending on the
type of sediments (e.g., 10% - 103 m-d** for gravel, 1 - 10> m d* for sands, 103 - 1 m d™* for silt, or
107 - 103 m d* for clay; Shackelford, 2013) or on the type of aquifer (e.g., ~10'> m-d* for karstic

or volcanic aquifers or 1 — 102 m d! for alluvial aquifers; Li et al., 2020; Zhang and Schaap, 2019).
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Figure 1.4. Ingrowth of Ra isotopes and Rn in groundwater depending on decay (4), retardation (R), and activity of the parent
isotope (a,). Based on Michael et al. (2011).

Assessing the role of groundwater transit times on the groundwater enrichment rates in
Ra isotopes and Rn is challenging due to the complexity of hydrogeological systems (e.g., non-
stationary, heterogeneous media, groundwater mixing-reactive zones). However, one of the
most common strategies to overcome these complexities is through the development of simple
advective transport models of radionuclides (e.g., Cook et al., 2018a; Krest and Harvey, 2003;
Michael et al., 2011) (see Section 1.1.2.4). Although the model assumptions hamper the
application of these models to real systems, they are instrumental in understanding the main
factors controlling the distribution of radionuclides in groundwater systems. The results from
these models indicates that groundwater infiltrating into aquifers is enriched in Ra isotopes and
Rn at a certain rate, which depends on both the decay constant and the retardation of each
specific radionuclide (1/AR), until reaching an equilibrium with the activity of the parent isotope

(as; Figure 1.4) (e.g., Kiro et al.,, 2012; Michael et al., 2011; Tamborski et al., 2017a). The
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retardation is defined as the reduction of the average velocity of a solute relative to groundwater
velocity due to the solid-solution interaction processes (McKinley and Russell Alexander, 1993).
Understanding the role of groundwater transit times on the distribution of Ra isotopes and Rn
open up many opportunities regarding the use of these radionuclides as tracers for
environmental studies regarding hydrological and oceanographical disciplines such as the
discrimination of SGD pathways, the assessment of the tracer concentration in the discharging
groundwater, and the determination of ages, velocities and transit times of groundwater (Garcia-

Orellana et al., 2021; Kiro et al., 2014; Michael et al., 2011).
1.1.2.4. Transport models of radionuclides in groundwater

The development of transport models of Ra isotopes and Rn in groundwater have focused
the attention of many researchers since the late 70s, when these radionuclides were recognized
as important contaminants of soil and groundwater derived from mining activities (International
Atomic Energy Agency, 1984). Later on, with the establishment of Ra isotopes and Rn as the most
common technique to quantify SGD, transport models were predominantly used for
understanding patterns and gradients of these radionuclides in subterranean estuaries (e.g.,
Krest and Harvey, 2003; Michael et al., 2011; Tamborski et al., 2017a). These advances have been
instrumental, on the one hand for constraining the tracer endmember (i.e., Ra isotopes and Rn
concentrations in the discharging groundwater) in SGD studies, which is often one of the main
uncertainties in Ra or Rn mass balances (Cerda-Domeénech et al., 2017; Cho and Kim, 2016; Cook
et al.,, 2018b), and on the other hand for applying these radionuclides as tracers of
hydrogeological processes (e.g., determination of groundwater velocities or ages, assessing the
connectivity of the coastal aquifer with the sea, determining ages and velocities of groundwater,
differentiating variable spatiotemporal scale processes; Cable and Martin, 2008; Cook et al.,

2018a; Kiro et al., 2015).

Transport models should include the different transport mechanisms and all sources and
sinks of Ra isotopes and Rn in groundwater. These includes advective and dispersive transport,
radioactive production, desorption, and weathering as sources, and radioactive decay,
adsorption, and precipitation as sinks. A general equation for radionuclide transport can be

written as:
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da 2%a da .
;=D —vy —ARa+Af —AB +ir Equation 1.1

where the change in the groundwater activities of a radionuclide (a [Bq m3]) with time (t [s])
depends on the hydrodynamic dispersion coefficient (D [m? s]), the groundwater velocity (v [m
s1]), the decay constant (A [s}]), the parent radionuclide activity, including the exchangeable and
a-recoil activity (f [Bq m3]), the distance-dependent activity gradient (where, x [m] is the
distance in relation to the recharge point), the retardation factor (R [-]), the rate of co-
precipitation (B [Bg m3]), and the rate of weathering (I" [Bq m]). Notice that since Rn is not
affected by retardation, precipitation or weathering, its activity in groundwater only depends on
radioactive production and decay, and transport processes. However, in the first cm to m of
unconfined aquifers, where groundwater is in contact with air, the evasion of Rn may represent
a relevant sink term that needs to be accounted for in Equation 1.1. Radon losses to the
atmosphere chiefly depend on groundwater temperature and salinity, atmospheric pressure and

sediment porosity or rock permeability (Barberio et al., 2018).

In most of the studies dealing with transport models of Ra isotopes and Rn, Equation 1.1.
is often simplified by assuming negligible coprecipitation and weathering (B = I' = 0), steady-
state conditions (da/dt = 0), and negligible dispersion relative to advection transport (e.g., Kiro
et al., 2013; Krest and Harvey, 2003; Michael et al., 2011; Schmidt et al., 2011; Tamborski et al.,
2017a). Based on these assumptions, the solution for Equation 1.1 is commonly expressed as

follows (Michael et al., 2011):

ARx
a(x) =a, +(ag—ap)e v Equation 1.2

where a, [Bg m3] is the activity of the inflowing water and a,, is the equilibrium activity which
equals the ratio f/R. Although these analytical solution may be instrumental for conceptually
understanding the distribution of Ra isotopes and Rn in groundwater, the assumptions taken for

its derivation may obscure the interpretation of Ra isotopes and Rn activities in systems with
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non-stationary conditions (e.g., variable hydrological forcing, tidal fluctuations), mixing of
different waters (e.g., subterranean estuaries), variable production rates (e.g., geological

heterogeneity) or significant weathering and precipitation processes (e.g., karstic systems).
1.1.2.4.1. Production rates, retardation, and distribution coefficient

One of the main limitations regarding the implementation of transport models of
radionuclides is that it does not only rely on the accurate determination of Ra isotopes and Rn
activities in groundwater (a(x)) and in the inflowing water (a,), which can be easily sampled and
measured, but also on the estimation of other model parameters such as the production rate or

the retardation factor.

The production rates can be indirectly inferred from measuring the activity of the parent
radionuclides (the respective Th isotope for Ra isotopes, and 22°Ra for 222Rn) in the aquifer.
However, this is not straightforward because for properly constraining the production rates, both
the exchangeable activity (dissolved and adsorbed) and the a-recoil activities (i.e., solid activity
that effectively produces the mobilization of the daughter radionuclide from the solid to solution)
should be determined. The methods commonly used in the literature are mainly based on the
determination of production rates of both processes together, and can be summarized as follows:
(1) experimental determination of emanation rates and the content of the parent isotope in the
sediment grains (Hussain, 1995; Rama and Moore, 1984; Semkow, 1990); (2) radioactive
equilibration experiments (Tamborski et al., 2019); (3) theoretical calculations focused on
determining the a-recoil supply based on several properties of the host material (e.g., density,
surface area; Kigoshi, 1971; Sun and Semkow, 1998); (4) mathematical fitting with advective
transport models (Krest and Harvey, 2003), and (5) determination via the recoil rate of 22’Rn

(Copenhaver et al., 1992; Krishnaswami et al., 1991, 1982).

The retardation factor is also a key parameter for successfully applying transport models.
Since radon is not affected by any chemical reaction, once is released into groundwater it does
not interact with solid surfaces, and therefore it is not affected by retardation (i.e., R = 1).
Conversely, Ra isotopes are affected by many geochemical processes that may contribute to a

certain solid-solution distribution (Copenhaver et al., 1993). The retardation factor of Ra can be
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determined from in-situ measurements (Copenhaver et al., 1992; McKinley and Russell

Alexander, 1993) or otherwise estimated from the distribution coefficient of Ra (Kp [m3 kg™]), the

aquifer porosity (¢ [-]), and the dry bulk density (p;, [kg m~3]) of the geology (i.e., R = 1+ K}, % .

The second method implicitly assumes that the main processes controlling the distribution of Ra
isotopes are adsorption and desorption. The distribution coefficient is defined as the ratio of solid
phase to solute concentrations of radionuclide and the most common techniques for determining
Kp are: (1) batch adsorption-desorption experiments (Beck and Cochran, 2013; Rama and Moore,
1996; Tachi et al., 2001; Willett and Bond, 1995); (2) adsorption-desorption modelling (e.g.,
Copenhaver et al., 1993; Webster et al., 1995); (3) flow-through columns tests (e.g., Meier et al.,
2015; Relyea, 1982); and (4) chemical equilibrium calculations (Puigdomenech and Bergstrom,
1995). In appendix A, a compilation of ~250 values for the Ra distribution coefficients have been
reviewed from the literature. The values are derived from different experimental settings (e.g.,
adsorption-desorption experiments, modeling, in situ measurements; Liu et al., 2019; Tachi et
al., 2001; Webster et al., 1995), with different sorbents (e.g., marine sediments, organic matter,
Mn fibers; Beck and Cochran, 2013; Colbert and Hammond, 2008; Sheppard and Thibault, 1990)
and solutions (e.g., synthetic water, groundwater, seawater; Copenhaver et al., 1992; Li and
Chan, 1979; Tamamura et al., 2014), and evaluated against different variables (e.g., salinity, pH,
CEC; Beck and Cochran, 2013; Benes et al., 1985; Vandenhove and Van Hees, 2007). Median
values for Ra distribution coefficient derived from this compilation for fresh and saline
groundwater are 600 L kg (1%t - 3™ quartile; 200 - 1900 L kg!) and 5.0 L kg™ (15t - 3" quartile; 1.5

—19.0 Lkg), respectively (Figure 1.5).
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Figure 1.5. Characteristic values for Ra distribution coefficient from a compilation of ~250 values from the literature (Appendix
A).

1.1.3. Radium isotopes and radon in coastal seawater

The application of any element as a oceanographic tracer requires a proper
understanding of the processes modulating its concentration in seawater, thus including the
evaluation of all its possible sources and sinks in the water column. Several works have previously
described the sources and sinks of Rn and Ra isotopes in coastal seawater (Burnett et al., 20033,
2003b; Charette et al., 2008; Garcia-Orellana et al., 2021; Moore, 2010; Rama and Moore, 1996;
Rodellas et al., 2021; Swarzenski et al., 2007). The main sources of these radionuclides in coastal
waters, which may vary its relative significance depending on the sampling locations are: (1)
atmospheric inputs, (2) surface water inputs, (3) inputs from sediments, (4) inputs from offshore
waters, (5) production in the water column, (6) dissolution of minerals and opal-producing
organisms, and (7) SGD inputs, while the major sinks are: (1) atmospheric evasion (only for Rn),
(2) decay in the water column, (3) offshore export, (4) chemical precipitation, and (5) biological
uptake. Notice that since Rn is a noble gas, source/sink involving chemical reactions (e.g.,
dissolution, precipitation, biological uptake) should not be considered for this radionuclide. The
description, magnitude, and origin of Ra and Rn sources and sinks in coastal waters are

summarized in Table 1.1.
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Table 1.1. Description of main sources and sinks of Ra isotopes and Rn in coastal seawater. Values of the relative magnitude as
source/sink terms are based on the literature listed below the Table.

Relative

Processes magnitude Description
Sources
Atmosphere ~ Wet and dry n.a. Rn Dissolved Ra in rainwater and desorption from atmospheric dust.
deposition <1% Ra Represents a minor contribution even in large areas affected by
atmospheric dust.
Surface Discharge from <10% Rn This source includes dissolved Rn and Ra and desorption of Ra from river-
waters Rivers, streams, 0-10% 223.224Rg and stream-borne particles and depends on the presence and magnitude
marshes, 0-40% 226:228Rg of surface inputs, water particle concentration, and type and origin of the
channels, particles.
outfalls, WWTP
Sediments Molecular 0-90% Rn Sources from sediment largely depend on sediment characteristics (e.g.,
diffusion, 0-90% 223.224Ra grain size, porosity, mineral composition) and the type of process
sediment 0-75% 226.228Ra producing these inputs. In most cases, this source can be neglected for
resuspension, long-lived Ra isotopes. Conversely, it may be an important source of Rn
diagenesi, and short-lived Ra isotopes.
bioturbation
Offshore Exhange with negl. Rn Inputs of Ra isotopes and Rn due to mixing between nearshore waters and
waters offshore waters negl. 23.224Ra offshore waters. This term is commonly negligible for short-lived Ra
0-100% 226:228R3 isotopes and Rn since offshore waters are not significantly enriched in
these radionuclides. Yet, in absence of any other source, mixing may be
significant for long-lived Ra isotopes.
Internal Production, <20% Rn Production is often negligible for Ra isotopes since Th is rapidly scavenged
cycling biogenic and negl. Ra by sinking particles due to its reactivity. Conversely, significant Rn may be
lithogenic produced by its parent 22°Ra content in the water column. Dissolution is
dissolution often a minor source of Ra isotopes and Rn in coastal waters.
Groundwater SGD 10-100% Rn SGD, including all its pathways described in Section 1.2.2, is often the
10-100% 223.229Ra  primary source of Rn and Ra isotopes to the coastal ocean.
25-100% 226:228Ra
Sinks
Atmosphere Evasion 5-75% Rn Losses to the atmosphere represent an important sink of radon, especially
n.a. Ra813 in shallow water environments.
Offshore Exhange with 10-100% Rn Offshore exchange represents one of the more significant Rn and Ra sinks
waters offshore waters 10-75% 223.224Ra since nearshore waters are often more enriched than offshore waters.
~100% 22Ra Systems with high dispersing mixing or/and short flushing times are likely
5-100% 228Ra to present a higher net export of Ra and Rn to offshore waters. This sink is
especially relevant for long-lived Ra isotopes.
Internal Decay, chemical 10-100% Rn Radioactive decay represents a significant sink for short-lived Ra isotopes
cycling precipitation, 0-100% 223.224Ra and Rn. Conversely, this term may represent a minor sink for long-lived Ra

uptake

~0% 22%Ra
5-100% 228Ra

isotopes in coastal areas with short residence times (<100 d).

negl.: Negligible; n.a.: Not applicable; Reference articles: 1: Rodellas et al. (2015); 2: Moore et al. (2008); 3: Boehm et al. (2004); 4:
Boehm et al. (2006); 5: Hwang et al. (2005); 6: Tamborski et al. (2018); 7: Luek and Beck (2014); 8: Su et al. (2014); 9: Crusius et al.
(2005); 10: Chanyotha et al. (2014); 11: Burnett and Dulaiova (2003); 12: Dulaiova and Burnett (2006); 13: Swarzenski et al. (2006).
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1.2. Submarine groundwater discharge

The first evidence on the recognition of groundwater discharging below the sea are very
old. Ancient civilizations as the Phoenicians in the Mediterranean Sea or Rapa Nui in Easter Island
already used the discharging groundwater as a freshwater resource (Brosnan et al., 2019; Kohout,
1966). Submarine springs are undoubtably the greatest manifestation of groundwater discharge
to the ocean. Some of them have been discovered in the course of the last centuries (Fleury et
al., 2007), others have a much older discovery and are part of the cultural heritage of some
societies. For instance, Greek philosophers and geographers as Aristotle, Pausanias, or Strabo
already described tales and legends which mingled their incipient knowledge on submarine

springs and hydrological systems with divinity or mortality topics (Clendenon, 2009).

In contrast to what has long been known about groundwater discharge into the ocean,
the scientific interest in this process is relatively recent. Some of the first scientific text describing
the submarine discharge of groundwater date from the end of the 19t century. Shaler (1894)
described in his paper ‘Evidences as to Change of Sealevel’ the magnitude of a submarine spring
located nearly off Saint Augustine (Florida, USA): “(the spring) is formed by the discharge of such
a volume of water that where it rises through the heavier marine fluid it forms a slight elevation,
from which the outsetting stream is so strong that, according to trustworthy reports made to me,
a boat has to be rowed with some energy to attain the center of the disk”. Besides preliminary
descriptions of these springs in other early research papers (e.g., Matson and Sanford, 1913), the
first scientists that effectively intended to assess the discharge of groundwater were hydrologists,
who identified this process as a relatively important part of the hydrological cycle (Kohout, 1966;
Manheim, 1967). It was not until the end of the 20t century that oceanographers focused on
understanding the role that this process may have on the biogeochemical cycles of the coastal
ocean (Bokuniewicz, 1980; Cable et al., 1996b; Church, 1996; Johannes, 1980; Lee, 1977; Rama
and Moore, 1996; Valiela et al., 1990). Since then, continuous improvement on the techniques
used to quantify water and solute fluxes driven by SGD has enabled improving the understanding
of this process and better assessing its implications for coastal environments worldwide
(Taniguchi et al., 2019). Nowadays, SGD is recognized as a fundamental process regulating the

transference of mater from land to ocean, influencing the global budgets of trace elements,
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controlling the functioning of coastal ecosystems, and contributing to the well-being of coastal
societies (Alorda-Kleinglass et al., 2021; Lecher and Mackey, 2018; Moosdorf and Oehler, 2017,
Santos et al.,, 2021). The increasing number of published articles, and the diverse and
interdisciplinary scientific communities currently working with SGD-related topics (e.g.,
oceanographers, hydrologist, biologists, geochemists) emphasize the existing need for better
understanding this (almost) invisible process and its direct implications for the present and future

environment and society.
1.2.1. Definitions and terminology

The terms and definitions associated with the SGD research have commonly been a
source of disagreement for both the SGD community itself and for the “external” communities
of hydrogeologist and marine scientist. This is probably due to the interdisciplinary character of
these communities, formed by scientist with different backgrounds, conceptions, and ways of
thinking. Perhaps, the major source of disagreement has been the definition of submarine
groundwater discharge itself. Initially, the term was associated to the “outflow of water
substantially less salty than seawater” as stated by Manheim (1967) and named submarine
discharge of water. Later on, with the involvement of oceanographers, who were mainly
interested in the geochemistry of the oceans, the term evolved to include, not only the discharge
of meteoric fresh groundwater, but also the flows of circulated seawater through the coastal
aquifer, which were also believed to supply many dissolved compounds to the ocean
(Bokuniewicz, 1992; Church, 1996; Moore, 1996). At the present day, the definition of SGD
continues to be a subject of debate, especially regarding the processes that must be included
within the definition, and it should be noted that the term SGD is frequently used for some

IH

“external” communities to only refer to the discharge of fresh groundwater. The most inclusive
definition of SGD is perhaps the one adopted by Burnett et al. (2003): “any and all flow of water
on continental margins from the seabed to the coastal ocean, regardless of fluid composition or
driving force”. Alternatively, Moore (2010) spatially constrained the definition of SGD to “scale
lengths of meters to kilometers”, excluding therefore advective flow processes on the scale of

less than 1 m. This arbitrary threshold was convenient for the communities that already had

defined these short-scale processes with other terms, such as porewater exchange or benthic
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fluxes (King, 2011; Santos et al., 2012). Recently, Taniguchi et al. (2019) revised the definition to
include the discharge through insular margins, since islands may have larger discharge rates than
those fluxes from continual margins (Moosdorf et al., 2015). The decision on whether adopting
the inclusive or restrictive definition of SGD is discretionary and depends on the type of study

and the target audience.

The definition of SGD has not been the only source of disagreement between hydrologist
and oceanographers. Currently, there is some debate on the terminology that should be adopted
in relation to coastal groundwater systems (Duque et al., 2020). Whilst hydrogeologist use the
terms coastal aquifer as the domain in “where continental fresh groundwater and seawater
meet” (Post, 2005), seawater intrusion as the “landward incursion of seawater” (Werner et al.,
2013), and fresh-salt water mixing zone as the “transition region that controls regional
groundwater flow dynamics and reactive transport processes” (Abarca and Prabhakar Clement,
2009), oceanographers are more familiarized with the term subterranean estuary, described by
Moore (1999) as “a coastal aquifer where groundwater derived from land drainage measurably
dilutes sea water that has invaded the aquifer through a free connection to the sea”. In his
disquisition about this topic, Duque et al. (2020) proposed the use of the traditional hydrological
concepts (i.e., coastal aquifer, seawater intrusion, fresh-salt water mixing zone) when referring
to particular aspects about coastal groundwater systems, whilst using subterranean estuary to
refer to the subsurface physical, geochemical, and biological reactions occurring in the reactive
zones of coastal aquifers. Again, the decision on whether using the hydrological or

oceanographical terms is a discretionary matter.

Other nearly analogous terms that can lead to confusion are benthic flow and porewater
exchange, used to describe the exchange of groundwater through the sediment-water interface
(i.e., “rate of flow across the bed of a water body, per unit area of bed”; King, 2011), or
groundwater and porewater used to describe the water contained in the subsurface or in the

aquifer pores.

In this dissertation, the most inclusive definition of SGD is adopted (Burnett et al., 2003a;
Taniguchi et al., 2019), the terms subterranean estuary and coastal aquifer are used following

similar criteria than that proposed by Duque et al. (2020), groundwater and porewater are used
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indistinctively, and the term porewater exchange is used to describe the groundwater exchange

through sediment-water interface.
1.2.2. Driving forces and pathways

The discharge of groundwater to the coastal ocean is governed by a set of driving forces
and pathways (Figure 1.6) that likely determine the extent of chemical reactions occurring within
the subsurface (Michael et al., 2011; Robinson et al., 2018; Santos et al., 2012). Since different
pathways are likely to be differently enriched in nutrients, metals, pollutants, and radionuclides,
their biogeochemical implications for the coastal ocean are also likely to differ. Fundamental
research has been done in the last years to identify the drivers of advective flows (e.g., Cho et al.,
2021; George et al., 2020; Gonneea et al., 2013b; Rodellas et al., 2020) and conceptually describe
them (George et al., 2020; Michael et al., 2011; Santos et al., 2012).

Based on the classification made by Garcia-Orellana et al. (2021), the pathways of SGD
can be grouped into 5 categories according to their spatiotemporal scale, the groundwater origin,
and their driving forces. These pathways are defined as (1) terrestrial groundwater discharge, (2)
density-driven seawater circulation, (3) seasonal exchange of seawater, (4) shoreface circulation
of seawater, and (5) porewater exchange. The driving forces of advective flow related to each
pathway are also indicated below in bold italics and the number in brackets refers to the driving

forces shown in Figure 1.6.

1. Terrestrial groundwater discharge: meteoric fresh groundwater flow originated from
inland recharge and driven by terrestrial hydraulic gradients (A). This process may occur
in the form of submarine springs or through diffusive seepage at the beach face. Despite
submarine springs are characteristic of karstic (e.g., Chen et al., 2020; Garcia-Solsona et
al., 2010; Tovar-Sanchez et al., 2014) and volcanic (Jeong et al., 2012; Kim and Kim, 2011,
2017) systems, they also may occur in sedimentary basins with high permeabilities and
pressure gradients (Santos et al., 2012). Regardless of whether the discharge is diffuse or
point-sourced, inflows of meteoric groundwater are specially relevant since it is the only
pathway representing a net input of freshwater to the coastal ocean (Luijendijk et al.,

2020). The magnitude of this process depends on the terrestrial hydraulic gradient (i.e.,
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height of the phreatic level relative to sea level): the higher the hydraulic gradient, the
greater the groundwater discharge. Notice however, that for groundwater eventually
discharging into the ocean, the aquifer head should be above the sea level, the coastal
aquifer should be connected with the sea, and evaporation should not exceed aquifer
recharge (Santos et al., 2012). Notice also that the connection between aquifer and sea

may occur at the shoreline or further offshore (George et al., 2020).

Density-driven seawater circulation: flow of seawater associated with convection (H)
driven by thermohaline gradients between originated due to the mixing of terrestrial and
marine groundwater in the saltwater wedge of coastal aquifers. The process consists on
the natural intrusion of seawater along coastal aquifers and subsequent discharge and it
is driven by a combination of forced convection and free or natural convection resulting
of fluid density variations (Smith, 2004). The landward extent of the saltwater wedge, and
therefore the extent of the seawater recirculation, depends on characteristics of the
coastal aquifer (e.g., geometry, saturated thickness) and hydraulic properties (e.g.,
hydraulic gradient, density gradient) (Kiro et al., 2014; Smith, 2004; Tamborski et al.,
2017a).

Seasonal exchange of seawater: flow of seawater driven by the movement of the
freshwater-saltwater interface. Aquifer recharge and sea-level oscillations promotes the
movement of the freshwater-saltwater mixing zone forcing groundwater stored in the
aquifer to move back and forth (Palacios et al., 2019). Fluxes associated with these
process may be as important as those related with tidal pumping or wave set up (Michael
et al.,, 2005). The movement of the interface could be induced by the seasonal
fluctuations on the water table (B) due to variable recharge (Michael et al., 2005), but
also by the episodic recharge due to extreme precipitation events (e.g., Adyasari et al.,

2021; Palacios et al., 2019; Yu et al., 2017).
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4. Shoreface circulation of seawater: flow of recirculated seawater at the beach faces,
mangroves or salt marshes driven by tidal pumping or wave set up (C). The process
consist on the infiltration of seawater, filling and subsequently draining the nearshore
aquifer (Anschutz et al., 2009; Robinson et al., 2018), generating a seawater recirculation
cell (i.e., upper saline plume; Robinson et al., 2006) at the upper part of coastal aquifers.
The upper saline plume limits in its lower boundary with the freshwater discharge tube,
which is also constrained by the saline wedge (Robinson et al., 2007). The extent of the
seawater recirculation is largely determined by the process driving the advective flow.
Whilst wave set up is often restricted to flushing times on the orders of seconds to
minutes and pathways lengths of centimeters, the tidal pumping flushes relatively larger

depths (on the scale of meters) within hours or days (Santos et al., 2012).

5. Porewater exchange: centimeter-scale exchange of groundwater through the water-
sediment interface. This process is governed by disparate driving forces of advective flow
(Santos et al., 2012). These driving forces include (D) wave pumping driven by hydrostatic
pressure oscillations, (E) flow- and topography- induced pressure gradients, resulting
from the interaction of bottom topography (e.g., ripples, benthic organisms, shells) with
current- or wave-driven flows, (F) release of porewater induced by ripple migration or
any resuspension/deposition dynamic, (G) shear-induced groundwater flow formed by
water column currents that extend into the bed, generating porewater flows parallel to
the sediment surface (Brinkman layer), (H) convection driven by thermohaline gradients
between the overlying water and porewater, (1) bioirrigation referring to the water flows
associated with the flushing of underlying water or sediment reworking made by benthic
organisms, (J) upwelling of gas bubbles generated in the sediment (e.g., CO2, CHa, N2, O2)
by disparate biogeochemical processes that induce the creation of porewater
recirculation cells in permeable sediments, and (K) compaction of sediment due to
deposition of new sediment at the water-sediment interface inducing the release of

stored porewater.
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Figure 1.6. Pathways and driving forces of submarine groundwater discharge. Numbers from 1 to 5 refer to the SGD pathways:
1) terrestrial groundwater discharge, 2) density-driven seawater circulation, 3) seasonal exchange of seawater, 4) shoreface
circulation of seawater, and 5) porewater exchange (Garcia-Orellana et al., 2021). Capital letters A-L refer to the forces driving
advective groundwater flow following Santos et al. (2012). Based on Garcia-Orellana et al. (2021).

Notice that although the above-mentioned pathways may be explanatory of the main
groundwater discharge processes occurring in coastal settings, there might be other discharge
mechanisms that cannot be included within the definition of the five pathways. This is the case
of the advective flow induced by (L) water level differences in permeable sand barriers which
may be an important contributor to the overall water inflows and outflows in coastal lagoons
(Tamborski et al., 2019). Also notice that in some cases, water actually discharging into the

coastal ocean may be a mixture of groundwater driven by different forces and pathways (e.g.,
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terrestrial groundwater often mixes with shoreface or density-driven seawater prior to its
discharge). Some of the driving forces described here have been categorized as porewater
exchange even though their spatiotemporal scales may be greater than those associate to this

process (e.g., convection, upswelling of gas bubbles; Santos et al., 2012).
1.2.3. Quantification techniques

The disparate mechanisms driving the discharge of groundwater, as well as the different
temporal (seconds to years) and spatial (millimeters to kilometers) scale of the underlying
processes makes specially challenging the quantification of SGD. Most of the techniques tend to
quantify overlapping processes, which prevents the isolation of specific pathways or driving
forces (Taniguchi et al., 2019). Moreover, the applicability of these techniques is often limited to
certain spatiotemporal scales, targeting only certain SGD pathways. This hinders the
intercomparison of water flows reported by different SGD studies that used different techniques
for their calculations. Withal, owing the complexities inherent to the quantification of SGD by
using single techniques, the number of studies using multiple approaches have grown in the last
years (e.g., Mulligan and Charette, 2006; Rodellas et al., 2021; Sadat-Noori et al., 2017; Taniguchi
and Iwakawa, 2004). At the present day, the techniques for quantifying SGD can be grouped into
the following categories: direct measurements, hydrological methods, geophysical methods, and

geochemical tracing methods (Figure 1.7).
1.2.3.1. Direct measurements

Direct measurement of SGD involves the use of instruments that enable the collection
and quantitative assessment of the water effectively discharging through a certain bed area.
Seepage meters is probably the most used tool for this purpose, especially due to low costs and
easy fabrication process (Murdoch and Kelly, 2003). This device consists of an inverted bucket
(also named benthic chamber) with an outflow port which is connected to a thin plastic bag. The
benthic chamber is partially buried in the sediment for a certain time. Then, the flow of water
into the chamber can be directly calculated by the change in volume of the plastic bag (Lee, 1977).
This technique has been improved over the last decades, first by assessing the error associated

with the measurement (e.g., Belanger and Montgomery, 1992), and secondly by installing
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automized devices such as continuous head flowmeters (Taniguchi et al., 2003) or water quality
sensors (Krupa et al., 1998). Although seepage meters provide a direct measurement of the
inflowing groundwater at a specific site, extrapolating to a wider area requires the deployment
of many seepage meters to account for the natural variability of heterogeneous systems
(Rosenberry et al., 2020). Moreover, this technique may not capture some advective flow
processes since the installation of the bucket can hamper small-scale porewater exchange

processes.
1.2.3.2.  Hydrological methods

The main techniques regarding hydrological methods for quantifying SGD are water

balance approaches, Darcy’s law estimates, and hydrological models.

- Water balances: the approach consists of constraining all water inputs (e.g., precipitation,
injection of water in aquifers) and outputs (e.g., evaporation, surface runoff, pumping of
water from aquifers, and groundwater discharge) of water into a specific system (Knee
and Paytan, 2011). Since groundwater discharge is usually unknown, it can be determined
by means of the difference between all water inputs and outputs (Gwak et al., 2014; Hajati
et al., 2019; Taniguchi et al., 2003). The reliability of the method relies on appropriately
constraining all terms, and therefore requires an extensive knowledge of the studied
system. Some of the limitations related with this method are: (1) it only allows the
quantification of fresh groundwater discharge (i.e., terrestrial groundwater discharge), (2)
estimates of groundwater discharge may be inaccurate in systems where the magnitude
of this process is equivalent to the uncertainties of the other water inputs/outputs (e.g.,
precipitation, river discharge), and (3) the method is often only applicable to basin- or

large-scale areas (Knee and Paytan, 2011).

- Darcy’s law estimates: groundwater discharge can be addressed by using Darcy’s flow
estimates. The basis of this method is that the flow is proportional to the cross-sectional
area, the hydraulic gradient, and the hydraulic conductivity of the media (Prakash et al.,
2018). It furthers assumes that water migrating through a coastal aquifer eventually

discharges to the ocean. The method requires firstly the acquisition of data relative to
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aquifer water table and sea level to further compute the hydraulic gradient and secondly,
obtain a representative value for the hydraulic conductivity. Notice that the method only
captures the groundwater of terrestrial groundwater and its main limitations are: (1) it
considers that water flows through an homogeneous and isotropic aquifer, and (2)
hydraulic conductivity may vary orders of magnitude within an aquifer and vary also with
the direction of the flow (Freeze and Cherry, 1979; Knee and Paytan, 2011; Shackelford,
2013).

Hydrological models: analytical and numerical models have been instrumental in the last
years to characterize disparate processes affecting the discharge of groundwater to the
sea. The models have been used for investigating SGD associated with rainfall events (Guo
et al., 2012; Yu et al., 2017), SGD discharging through multi-layered aquifers (Guo and Li,
2015), SGD driven by tidal pumping (Li et al., 2016; Robinson et al., 2007) or wave set up
(Anwar et al., 2014), SGD driven by changes in water depths of receiving water bodies
(Rodellas et al., 2020), among other processes. Global models have also been used to

determine the fresh groundwater discharge (Luijendijk et al., 2020).
1.2.3.3.  Geophysical methods

Geophysical methods often rely on spatial or temporal variations on salinity or

temperature. Although some of these methods do not provide a quantification of SGD or

associated nutrients, may be instrumental in bridging the gap between basin- or large-scale

methods (predominantly based on hydrological methods) and small- or local-scale (direct

measurements or geochemical approaches) studies (Taniguchi et al., 2019).

Thermal infrared sensing: anomalies of the sea surface temperature in coastal areas are
(in some cases) indicative of groundwater discharge locations. This is based on the
seasonal contrast between groundwater and seawater temperature; fresh SGD (and
therefore mor buoyant) rise through the denser seawater and can be detected via
thermal infrared (TIR) sensing based on the different temperature relative to the
surrounding seawater (Garcia-Solsona et al., 2010; Mejias et al., 2008; Tamborski et al.,

2015). The data acquisitions is often made by installing a TIR camera on light aircrafts
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(e.g., Bejannin et al., 2017; Duarte et al., 2006; Lee et al., 2016a) or on an unmanned
vehicles (Lee et al., 2016b; Young and Pradhanang, 2021). Handheld cameras and satellite
TIR images can be used to identify small-scale and large-scale temperature variations,

respectively (Jou-Claus et al., 2021; Roper et al., 2013; Tamborski et al., 2017c).

Geoelectrical methods: the assessment of the electrical properties of the subsurface is
instrumental for understanding the distribution of groundwater salinities in coastal
aquifers, which allows the visualization of the freshwater-saltwater interface or the
identification of preferential groundwater discharge areas (e.g., Costall et al., 2018;
Stieglitz et al., 2007; Zarroca et al., 2014). These methods consist of an array of electrodes
that inject current into the earth, which is then measured by other electrodes (Costall et
al.,, 2018). The resistivity (inverse of conductivity) of the current depends on several
factors inherent to the aquifer solids (e.g., porosity, clay content) and groundwater
composition (e.g., salinity, temperature) (Palacios et al., 2019). In coastal aquifers, where
freshwater mixes with seawater, the spatial variations on resistivity can be mostly
associated with variations in groundwater salinity (Taniguchi et al., 2019). The electrodes
can be deployed in different arrangements: on the ground surface (e.g., Breier et al.,
2005; Swarzenski et al., 2006; Zarroca et al., 2014), directly into the ground (e.g., in
piezometers wells; Palacios et al., 2019), on the land-sea interphase (electrodes array
partially on the ground and on the sea surface), or towed by a boat (e.g., Manheim et al.,

2004; Su et al., 2014).

Bathymetry and seismic profiling: the investigation of the seafloor and sub-bottom
sediments can be instrumental to identify origins and pathways of groundwater discharge
(e.g., George et al., 2020; Goff, 2019; Virtasalo et al., 2019). The basis of these methods
consists of the identification of geological features commonly associated with preferential
pathways of groundwater flow (e.g., fractures, paleochannels, pockmarks) by mapping
the surface and subsurface of the seabed using tools such as multibeam bathymetry or

seismic profiling.
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- Eddy correlation: the technique consists on estimating groundwater discharge based on
the continuous measurement of the vertical velocity, temperature and/or salinity at the
bottom of the water column (5 — 15 from the seabed) (Crusius et al., 2008). The method
assumes that turbulent mixing is the dominant vertical transport in the water column near
the water-sediment interface. Head or salinity steady-state mass balances can be used to
determine heat or salinity eddy flux, which can be subsequentially transformed to a
groundwater flux if there is enough temperature and salinity contrast between
groundwater and the surrounding water (Crusius et al., 2008; Ganju, 2011; Hu and

Hemond, 2020).
1.2.3.4. Geochemical methods

Geochemical methods involving the use of tracers have been by far the most employed
techniques for quantifying SGD and derived fluxes of dissolved compounds to the coastal ocean
(Figure 1.7). Tracers commonly used to estimate groundwater flows are often naturally present
in groundwater (and in higher amounts than in seawater) and present a conservative behavior

(or easy to model) in seawater.

Although it only captures the discharge of fresh groundwater, perhaps the most obvious
tracer of SGD is salinity. Variations in salinity of coastal waters can be often attributed to the
discharge of groundwater if no other sources of freshwater exist in the study site. Several studies
have used salinity balances, sometimes combined with other tracers, to estimate SGD (e.g.,
Charette, 2007; Crotwell and Moore, 2003; Crusius et al., 2005). The main limitations of salinity
as SGD tracer are that it does not capture the recirculated fraction of SGD, and it has

interferences with other sources of freshwater (e.g., surface runoff).

Among all different SGD tracers, the radioactive isotopes of Ra isotopes and Rn are
undoubtedly the most common (Garcia-Orellana et al., 2021). Actually, these radionuclides were
used in 40% of the total SGD studies published between 2015 and 2019 (Taniguchi et al., 2019).
These tracers are valuable tracers of SGD because (1) groundwater is enriched in Ra isotopes and

Rn, since they are produced by their direct parents from rocks or sediments in the aquifers; (2)
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they are useful for distinguishing origins and pathways of groundwater, since they belong to
different decay chains (U and Th), (3) their different half-lives enable the assessment of processes
occurring at different temporal scales; (4) they behave conservative in the coastal ocean; and (5)
the coastal ocean integrates the signal of Ra isotopes and Rn entering through disparate
groundwater pathways, allowing smoothing spatiotemporal variations inherent to SGD (Burnett

et al., 2001).

Other U- and Th-series radionuclides have been employed to assess SGD. For instance,
Charette et al. (2008) introduced new potential applications of uranium, since its depletion in
coastal waters relative to offshore waters may be mediated by the continuous removal of this
element due the recirculation of groundwater through coastal sediments. Thus, uranium is likely
to be a good proxy for evaluating the recirculated fraction of SGD (Moore and Shaw, 2008). The
daughter of 22Ra, thoron (22°Rn; T1/2 = 56 s) has also been employed to identify preferential paths
for groundwater discharge since one must be very close to the groundwater source to detect the
short-lived radionuclide (Chanyotha et al.,, 2018, 2014; Swarzenski et al., 2017). The pair of
isotopes 22*Ra:??2Th has been also used for determining fluxes of porewater exchange (Cai et al.,
2015, 2014; Hong et al., 2018). The method is based on the disequilibrium between the
exchangeable activities of 2?*Ra (which is highly mobile) and 222Th (mainly adsorbed onto

sediment surfaces) in shallow sediments (Cai et al., 2012).

Other tracers of groundwater discharge include stable isotopes (680 and §%H; Godoy et
al., 2013; Rocha et al., 2016), silica (Oehler et al., 2019), methane (Cable et al., 1996a; Dulaiova
et al., 2010; Kim and Hwang, 2002), and dissolved organic matter (DOM) through humification
index (Nelson et al., 2015).
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Figure 1.7. Systematic review of articles published containing the keywords ‘submarine groundwater discharge’ or ‘submarine
springs’” and where methods to assess SGD (y-axis) are described. Notice that for some methods several keywords have been
used (e.g., Radium: 224Ra, Ra-224, Radiu-224, etc.). The method ascribed as ‘Others’ refers to the use of tracers such as silica,
180, and 2H. The research has been performed by using the research engine Web of Science on 28 of December, 2021.

1.2.4. Magnitude and implications

Most of the research related to SGD has been focused on the evaluation of water fluxes
and those chemicals transported by this process. Unsurprisingly, the journals in which most of
the SGD research is published belong to the subjects of oceanography; marine sciences,
hydrology, and geosciences; and environmental sciences (Ma and Zhang, 2020). Besides its
implication on global geochemical budgets, SGD has important implications in other areas of
knowledge that have received lesser attention. The implications for marine biota (Lecher and
Mackey, 2018), the role of microorganisms (Ruiz-Gonzalez et al., 2021), or the social dimension
(Alorda-Kleinglass et al., 2021; Erostate et al., 2020; Moosdorf and Oehler, 2017; Taniguchi et al.,

2019) have been often overlooked in SGD studies.
1.2.4.1.  Hydrological

Estimating the global significance of SGD in the total flows of water from the continents
to the ocean is challenging. Hydrologists have been trying to provide a value for fresh

groundwater discharge since the early ‘70s by means of water balances (see Taniguchi et al.,
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2002). Early estimates of fresh SGD varied in orders of magnitude representing from 0.01 to 10%
of the total river discharge (Garrels and Mackenzie, 1971; Nace, 1970; Zektser and Loaiciga, 1993;
Zektzer et al., 1973). The first global estimate of fresh SGD based on local SGD seepage meters
observations was presented by Taniguchi et al. (2007), who reported water flows similar to those
previously reported by using hydrological methods (~7% of the river discharge). Sawyer et al.
(2016) reported similar water flows relative to surface runoff (~6%) for the United States based
on water budged analysis and continental hydrography and climate data. However, recent
estimates of fresh SGD based on water budgets (Zhou et al., 2019), and numerical modelling
(Luijendijk et al., 2020) suggest lower contributions of fresh groundwater discharge relative to

total water inputs (1.3% and 0.6%, respectively) (Figure 1.8).

Total estimates of SGD including not only the fresh component but also all processes
involving the recirculation of seawater have also been determined at different scales (e.g., Kwon
et al., 2014; Moore et al., 2008). Although some studies have shown that fresh SGD may
represent a significant fraction of total SGD (16%, Garrison et al., 2003; 40%, Knee et al., 2010;
29%, Taniguchi et al., 2005), this estimates may be biased due to the selection of sites where
fresh SGD exists. Conversely, many studies have shown that fresh SGD may represent less than
10% of the total SGD (Burnett et al., 2003a; Li et al., 1999; Riedl et al., 1972; Shellenbarger et al.,
2006; Taniguchi, 2006). In comparison with riverine inputs Riedl et al. (1972) suggested that
fluxes associated with the exchange of seawater in permeable shelf sediments (subtidal
pumping) may be up to 2.5 higher than surface runoff. Moore et al. (2008) concluded that total
SGD (fresh and saline) into the Atlantic Ocean may represent from 0.8 to 1.6 of the total riverine
inputs, Rodellas et al. (2015) found that total SGD to the Mediterranean Sea was equal or larger
by a factor 16 than riverine inputs, and a recent near-global estimate based on ??Ra inventories
presented higher relative SGD flows, representing 3 to 4 times the discharge from rivers (Kwon

et al,, 2014).
1.2.4.2. Geochemical

Submarine groundwater discharge has been recognized as an important process
regulating the transfer of solutes from land to the ocean (Santos et al., 2021). However, the

implications of fresh and marine SGD are different since they are differently enriched in dissolved
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compounds. On its way to the ocean, fresh groundwater is enriched in nutrients, metals, carbon,
pollutants, and dissolved compounds, which originate from natural (e.g., vegetation, soils,
sediments, microorganisms) or anthropogenic (e.g., agriculture, mining, industry) sources. When
it eventually discharges, fresh SGD represent a net input of water and nutrients (Slomp and Van
Cappellen, 2004). Conversely, saline water recirculating through coastal aquifers is often
enriched with recycled nutrients, which are product of several biogeochemical transformations
such as organic matter degradation (Santos et al., 2009; Wilson, 2005). Nitrogen, phosphorus,
and silica can be slowly released from coastal sediments to the coastal ocean by saline SGD, which
may represent a major source of this nutrients in areas with absence of any other nutrient input
(Beck et al., 2017; Charbonnier et al., 2013; Rodellas et al., 2020). At global scale, loads of
dissolved inorganic nitrogen (DIN), dissolved silica (DSi), and dissolved inorganic phosphorus (DIP)
derived from saline SGD are expected to be much higher than those derived from fresh SGD (Cho

et al., 2018; George et al., 2020).

In the last decades, several studies have demonstrated the relative significance of
nutrient fluxes driven by SGD relative to riverine discharge or atmospheric deposition at global-,
basin-, or local-scale. Rodellas et al. (2015) estimated that SGD-driven inputs of DIN, DIP, and DSi
to the Mediterranean Sea may equal or exceed those from riverine discharge and atmospheric
deposition. Zhang et al. (2020) compiled and upscaled local SGD studies to the whole China
coastline and concluded that nutrients driven by SGD may be higher than 50% of the total
nutrient sources including rivers, atmospheric deposition, and diffusion from sediments. An
extensive review on local-scale SGD studies concluded that in almost a half of the compiled
studies, SGD-driven nutrients exceeded river fluxes (Figure 1.6; Santos et al., 2021). These results
emphasize the global importance of SGD, not only because of its contribution to nutrient ocean
budgets, but especially because the ubiquitous character of SGD (specially along muddy and
permeable sediments shorelines) makes it a fundamental process in those areas with absence of

any other nutrient input.

Trace metals can be also released to coastal seawater through submarine groundwater
discharge (e.g., Qu et al., 2020; Rodellas et al., 2014; Trezzi et al., 2016). For instance, fluxes of
Ag, Co, Ni, and Zn driven by SGD in Jamaica Bay (USA) were found to be comparable with those
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discharging through wastewater (Beck et al., 2009). SGD-driven Fe and Mn fluxes into de Sepetiba
Bay (Brasil) were comparatively higher than those driven by riverine discharge (Sanders et al.,
2012). SGD has also been recognized as a major pathway of trace metals in the Hampyeong Bay
(Korea) (Rahman et al., 2013), in Bohai and Jiaozhou Bay (China) (Qu et al., 2020; Wang et al.,

2019), and in the western Mediterranean Sea (Trezzi et al., 2016).

Submarine groundwater discharge may also be an important source of other dissolved
compounds such as carbon (e.g., Chen et al., 2018b; Correa et al., 2020; Liu et al., 2014), barium
(Shaw et al., 1998), strontium (Trezzi et al., 2017), rare earth elements (Johannesson et al., 2011;
Johannesson and Burdige, 2007; Kim and Kim, 2011), and contaminants (Amato et al., 2016;
Sawyer et al., 2016; Zhang et al., 2020).

of the studies
50% report higher

SGD-driven nutrients

FRESH

relative to rivers inputs

Water inputs
relative to RIVERS

Figure 1.8. Global significance of SGD and SGD-derived nutrients to the coastal ocean. Percentages of SGD-water flows are
expressed in relation to riverine inputs. Based on the estimations of Luijendijk et al. (2020) and Zhou et al. (2019) for freshwater
inputs, Kwon et al. (2014) for saline water inputs, and Santos et al. (2021) for SGD-derived nutrient inputs.

1.2.4.3.  Biological

Coastal environments are impacted by SGD which can modify temperature, salinity, and
chemistry of the coastal waters. Environmental conditions generated by SGD can sustain or
deteriorate entire ecosystems impacting in marine biota, from bacteria and phytoplankton to
marine animals (Lecher and Mackey, 2018). Nutrients supplied by SGD, especially nitrogen and
phosphorus, may relieve nutrient limitation conditions, enhancing the primary production of

coastal zones (Andrisoa et al.,, 2019b; Garcés et al.,, 2011; Honda et al., 2018; Machado and
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Imberger, 2014; Su et al., 2014). For instance, many studies documented diatom blooms induced
by SGD (Lecher et al., 2016, 2015; Liefer et al., 2009) and its cascading effects. These effects
include the nutrient transformation from inorganic to organic that can be subsequentially utilized
by other genera (Gobler and Safiudo-Wilhelmy, 2001; Lee and Kim, 2007; Mackey et al., 2012).
Groundwater salinity may also affecting the abundance and types of species in the area
influenced by the discharge (Alvarez-Géngora and Herrera-Silveira, 2006; Lecher et al., 2017;
Welti et al., 2015). Microorganisms, like viruses and bacteria, naturally present in groundwater
or derived from anthropogenic sources (e.g., Escherichia coli; De Sieyes et al., 2008; Futch et al.,
2010; Knee et al., 2008) can be also transported to the coastal ocean through SGD. Although the
metabolic functions of these microorganisms are far from being understood, they may play a
significant role in altering the composition of groundwater geochemical composition (Ruiz-

Gonzalez et al., 2021; Santoro et al., 2008; Seibert et al., 2020).

Loads of nutrients driven by SGD to the coastal ocean also affect macrophytes (microalgae
and marine plants). These organisms uptake nutrients from the water column, through leaves
and blades, or from porewater and sediments through their roots (Lecher and Mackey, 2018).
Whilst some studies documented positive feedback between nutrient inputs and macroalgae
blooms in areas where SGD is severely polluted with DIN (e.g., Ulva spp.; Kwon et al., 2017,
Takeuchi et al.,, 2017; Zhao et al., 2021), other have found negative responses to nutrient inputs
by some benthic genera of macrophytes (e.g., Zostera marina; McClelland et al., 1997; Short and

Burdick, 1996; Valiela et al., 1992).

The effect of SGD on marine animals has also been documented for corals, meiofauna,
and benthic macrofauna, among others (e.g., Gagan et al., 2002; Ouisse et al., 2011). The low
salinity, low pH, and excessive nutrient loading associated with SGD may have a negative
influence on both the coverage and variety of coral species diversity (Amato et al., 2016; Crook
et al., 2012; Lirman et al., 2003). Small animals (<500 um in length) living in muddy and sandy
sediments (meiofauna, e.g., warms, nematodes) may be positively or negatively affected in sites
influences by groundwater discharge. Whilst some studies reported higher richness and diversity
of these organisms in SGD-affected sites (Encarnacdo et al., 2013), others found the opposite

pattern (Kotwicki et al., 2014; Migné et al., 2011). The stable environmental conditions and the
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increased primary production in sites influenced by SGD promote the dominance of specific
macrofauna species (e.g., marine worms, isopods, snails, crabs, oysters, mussels; Andrisoa et al.,
2019a; Chen et al., 2018a; Encarnacao et al., 2015; Miller and Ullman, 2004; Utsunomiya et al.,
2017), including some fish species (e.g., Lateobrax japonicas, Acanthopagrus schlegelii,

Pseudopleuronectes yokohamae; Hata et al., 2016; Utsunomiya et al., 2017).
1.2.4.4.  Social

Submarine groundwater discharge has been studied fundamentally through the prism of
natural sciences, with major efforts on understanding the process itself (e.g., driving forces,
pathways) and its implications for the marine environment. On the contrary, the social
dimension, including the economic, politic, and cultural implications of groundwater discharge
has been barely studied. However, this trend is changing since the need for interdisciplinary
research is becoming fundamental for understanding the interplay between society and
environment. The publication of studies solely focusing on social aspects of SGD or literature
reviews including sections regarding this topic evidences this shift (Alorda-Kleinglass et al., 2021;

Erostate et al., 2020; Moosdorf and Oehler, 2017; Santos et al., 2021; Taniguchi et al., 2019).

There are many evidences that SGD played an important cultural role on the development
of some ancient societies (Alorda-Kleinglass et al., 2021). Moosdorf and Oehler (2017), in their
extensive review about societal uses of fresh SGD, describe, for instance, how some submarine
springs were used as a freshwater resource since Mesopotamian times (~3000 BCE). Submarine
springs are also present in many tales, legends and myths (Clendenon, 2009) and some places
toponyms are given after the occurrence of SGD such as ‘Olhos de agua’ (‘eyes of water’ in
Portuguese; Carvalho et al., 2013) in Portugal, ‘Punalu’u’ (‘driving spring’ in Hawaiian; Moosdorf
and Oehler, 2017) in Hawaii, and ‘Sa font de sa cala’ (‘the spring of the cove’ in Catalan; Alorda-
Kleinglass et al., 2021) in Spain. At the present day, SGD continuous to be used for drinking,

hygiene, agriculture, among other purposes (Moosdorf and Oehler, 2017).

Economic assessment of SGD is challenging since it requires the understanding of all
different trade-off and synergies that the discharge of groundwater may generate (Alorda-

Kleinglass et al., 2021). For instance, SGD can be understood as a freshwater resource, but it can
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also be understood as the main nutrient supply for coastal fisheries. Both freshwater and
fisheries can be exploited by coastal societies but knowing which use of these resources is more
beneficial or economic for society requires profound investigation. Several authors attempted to
estimate the economic costs of using SGD as a resource. For instance, Pongkijvorasin et al. (2010)
examined the economic management of SGD in Kona (Hawaii) by using a model that linked
groundwater and nearshore resources. Duarte et al. (2010) evaluated the trade-off between
pumping groundwater and growth rate of the valuable marine algae. Burnett et al. (2018)
developed a model to assess the interplay between groundwater pumping and the effects on
nearshore fisheries. These assessments may be valuable for stakeholders and politicians for
taking decisions and legislating on the use of ecosystem services provided by SGD (Alorda-

Kleinglass et al., 2021; Erostate et al., 2020)

40



M. Diego-Feliu, Ph.D. 2022

Chapter 2: Objectives

Research on submarine groundwater discharge has been closely linked to the use of the
radioactive tracers of Ra isotopes and Rn. At the present day, the tracers represent the most
extensive and widespread tool for investigating the magnitude and implications of this process
in a wide variety of environments, from small coves to the entire ocean. More than 30 years of
research in this field have provided unvaluable knowledge, both about the process and about the

tracers, and yet there are many questions that remain unsolved or need to be settled.

In this context, the Thesis presented here aims at improving the application of Ra isotopes
and Rn as tracers of groundwater processes, from quantification techniques, the investigation of
the physical and chemical processes affecting their distribution in groundwater, to their its
application to hydrological and oceanographical processes, with especial emphasis on the study

of submarine groundwater discharge.

Thus, the main goal of this thesis is addressed through three specific objectives linked to

the research gaps described below:

Objective 1: The Radium Delayed Coincidence Counter (RaDeCC) is one of the most used
equipment for quantifying Ra isotopes and related radionuclides. Despite the system has been in
use since its development in 1996, no exhaustive evaluation has been made on assessing its
guantification limits. The first specific objective of this Thesis is therefore to improve the Ra
isotopes quantification techniques with the RaDeCC system by assessing its quantification

thresholds to provide detailed quantification guidelines.

Objective 2: The use of Ra isotopes and Rn in hydrological studies is very limited, mainly
because their behavior in groundwater is complex and the transport models used to describe this
behavior are very simple. The second specific objective of this thesis is to provide a
comprehensive analysis of the processes controlling the activities of Ra isotopes and Rn, and
their activity ratios (***Ra/?*®Ra and 222Rn/??°Ra) in groundwater, by means of a new advective

transport model. Furthermore, the model is used to present novel applications, which interrelate
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the disciplines of hydrogeology (determination of groundwater transit times) and coastal

oceanography (evaluating pathways and endmembers of submarine groundwater discharge).

Objective 3: The effect of extreme meteorological, hydrological, or oceanographical
events on SGD and nutrient fluxes to the coastal ocean are barely described in the literature. This
hinders the assessment of the role that these events may have for the coastal environment, or
its implications for annual estimates. The third specific objective of this Thesis is to use the Ra
isotopes for evaluating the significance of SGD and associated nutrient fluxes induced by
extreme precipitation events in a Mediterranean coastal zone, the implications of neglecting

these events on annual estimates, and its importance in the context of climate change.
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Chapter 3: Analytical methods

3.1. Raisotopes, Rn, and nutrients in water
3.1.1. Preconcentration of Ra isotopes in Mn-fibers

The measurement of Ra isotopes in water generally requires collecting large water
samples to obtain detectable sample activities. The typical sample volumes range from 50 to 200
L for coastal seawater, >200 L for open ocean water, and between 5 to hundreds of liters for
groundwater (e.g., Le Roy et al., 2019; Molina-Porras et al., 2017a; Rodellas et al., 2017). After
collection, the water samples are filtered through MnO,-impregnated acrylic fibers (hereinafter
Mn-fibers) that quantitatively extract Ra isotopes from solution (Figure 3.1). The extraction
method, pioneered by Moore and Reid (1973), enables the relatively fast preconcentration of Ra
(filtration rate should be <1 L min!) onto 20 to 25 g of fiber that can be directly measured with

minor preprocessing techniques (see Section 3.1.2).

Figure 3.1. Schematic diagram of the gravity filtration of water samples through cartridges filled with Mn-fibers.

3.1.2. Raisotopes through Radium Delayed Coincidence Counter (RaDeCC)

The Radium Delayed Coincidence Counter (RaDeCC) has become the most extensively
used equipment to measure and quantify 222Ra and 2**Ra isotopes in water samples (Figure 3.2).

The simplicity and sensitivity of the detection technique, the relatively low operational cost, and
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its portability are some of its most valuable features that contributed to its worldwide expansion
(the RaDeCC system is present in 68 universities and research centers from 26 different countries;
Scientific Computer Instruments, 2021). More recently, the system has also been adapted for
quantifying the activities of the long-lived Ra isotopes (?*Ra and 2?°Ra) (Geibert et al., 2013;
Moore, 2008; Waska et al., 2008).

Scintillation Cell
with ZnS phosphor

Flowmeter

Cartridge
with Mn-fiber

Photomultiplier tube

Air pump
(6-8 L min™)

Closed He

circulation loop \

Figure 3.2. Schematic diagram of the Radium Delayed Coincidence Counter (RaDeCC).

3.1.2.1.  Description of the detection method

Before measurement with the RaDeCC system, the Mn-fibers are rinsed with Ra-free
deionized water to wash out any particles and sea salt and partially-dried to a water-fiber ratio

of 1:1 (Sun and Torgersen, 1998; Moore, 2008). The samples are then placed in a sample chamber
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connected to a closed He-circulation loop (Figure 3.2). The He gas carries the decay products of
adsorbed 2%3Ra and 2?*Ra (*'°Rn and 22°Rn, respectively) from the sample chamber to a 1.1 L ZnS
phosphor scintillation cell (Lucas cell). When an alpha particle resulting from the decay of Rn (or
its daughters) strikes the ZnS, light is emitted. Then, a photomultiplier tube (PMT) connected to
the cell converts the light into an electronic pulse, which is amplified and directed to a delayed
coincidence circuit (DCC). The DCC, originally pioneered by Giffin et al. (1963) for the assay of
219Rn and #2°Rn from a 5 mL acid solution containing their parents (23'Pa and 232Th, respectively),
was later adapted for short-lived Ra isotopes measurements (after pre-concentration onto Mn-
fibers) by Moore and Arnold (1996). The DCC discriminates between 2%3Ra and 2**Ra, based on

the half-lives of the 2°Rn and 22°Rn daughter isotopes (*'>Po and 2%¢Po, respectively) (Figure 3.3).

After any alpha decay is detected in the scintillation cell, three electronic circuits are
triggered: the 219, the 220 and the Total circuit (Figure 3.3). The electronics of the 219 and 220
circuit are designed to record a count only if it occurs within a specific time interval. After a delay
of 0.01 ms (tp-219) from the triggering event (to allow the elimination of the triggering pulse; Giffin
et al., 1963), the 219 circuit is opened for 5.6 ms (ic219) (~3-T12 of ?!°Po) registering any
subsequent event in the so-called 219 channel. Simultaneously, the 220 circuit is opened for 600
ms (te-220) (~4-T1/2 of 216Po) with a previous delay of 5.61 ms (tp-220) to reduce the probability of a
215po produced from 21°Rn decaying in this time interval. Any decay event occurring within this
time interval is recorded in the 220 channel. The Total channel records every decay event during
the measurement period. Apart from the Rn-Po pairs, any other alpha decay products of 2?*Ra,
224Ra and %?°Ra (e.g., 222Rn, 218Po, 214Po, ?12Bi, 2!Bi) can also trigger or be counted in the three-

circuit system.
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224Ra - 5 ZZORn 216P0
3.66d 55s 150 ms
223Ra - 5 219Rn 215P0
11.4d 4s 1.8 ms
’—> If: 0.01<al <5.61ms — 219 channel
al Total channel

\—' If: 5.61 < al, < 605.61 ms — 220 channel

Figure 3.3. Decay systematics of 2/Ra and ??°Ra and schematic diagram of the delayed coincidence circuit (DCC). The symbol
a | represents an a-decay. Based on Moore and Arnold (1996).

Giffin et al. (1963) developed the chance coincidence equation to determine the number
of random events occurring within the opening time of each gate (Y CC). To do so, the number
of triggering events (i.e., events that initiate the opening of the circuits) and the opening time of
the gate (tg) should be known. Whilst the opening time of the gate can be configured from the
RaDeCC set up, the number of triggering events is calculated after performing a measurement by
subtracting the coincident events (219 and 220 channel) from the total number of events (Total

channel) (Equation 3.1).

cpmTot - cpm219 - cpm220)2¢t
(cp P 14 G

YCC = Equation 3.1

1 - (cpmTot - cpm219 - cpm220)tg

3.1.2.2.  Short-lived Ra isotopes

The activities of 222Ra and 2?*Ra in the Mn-fibers or Mn-cartridges can be directly
determined by using the count rate of the 219 and 220 channel. To do so, Moore and Arnold
(1996) developed a detailed quantification protocol not only to correct the count rate recorded
in each channel for chance coincidence but also for 219-220 cross-talk interferences i.e., the
number of counts relative to Rn-Po events that are registered in the non-respective channel. For
high activity measurements (>10 cpm in the Total channel), Moore and Arnold (1996)

recommended the use of the count rate in the Total channel corrected for background in order
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to determine the 22*Ra activities. The associated uncertainties derived from the counting were

developed in Garcia-Solsona et al. (2008).

The common procedure to quantify both 222Ra and 2?*Ra activities from water samples
using the RaDeCC system usually involves multiple measurements (Moore, 2008). The first run is
conducted shortly after sample collection (1 - 5 days) to determine %23Ra and ??*Ra activities. In
case of high activities of 22°Ra (>7 cpm in the 220 channel; Scholten et al., 2010), a second
measurement is performed a week later to quantify 223Ra, when the 22°Ra has decreased by ~75%,
thereby reducing the 2?°Rn-2'®Po chance coincidence events in the 219 channel. To determine
the excess activities of 222Ra and 2?*Ra (i.e., activity not supported by the parent; 2?>Raex and
224Raex) an additional measurement is performed 21 and/or 3 months after sample collection for

quantifying the activities of the parent radionuclides 226Th and 2?’Ac, respectively.
3.1.2.3.  Long-lived Ra isotopes

The activities of %?8Ra can be determined with the RaDeCC system by evaluating the
ingrowth rate of 228Th produced by the decay of 222Ra within the months following the sample
collection. The method, developed by Moore (2008), consists on comparing the initial activity of
228Th adsorbed onto the fiber with that produced by the decay of 22®Ra, after a certain elapsed
time necessary to produce distinguishable amounts of 22Th associated with the decay of ??®Ra.
At least two measurements are necessary for applying this method, the first one conducted ~21
days after sample collection (to ensure the decay of 22*Ra) for quantifying the initial 222Th in the
sample, and the second measurement generally conducted 6 month after sample collection
allowing significant ingrowth of 222Th. The activities of 228Th in both the first (?2Th;) and second

(%%8Th;) measurement are used for the quantification of 222Ra following the Bateman equations:

ATh228—ARa228 228Thy—228Thye~*Th-228¢

228 —
Ra = A —ARa228t — ¢—4 t
Th228 e a e “Th228

Equation 3.2

where A;,_525 and Az,_,2g are the decay constants of 228Th and 228Ra, respectively, and t is the

time elapsed from sample collection to the second measurement.
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The activities of 22°Ra can be quantified with the RaDeCC system by using the ingrowth
rate of 222Rn (Geibert et al., 2013). Since ?22Rn is continuously produced by the ??°Ra adsorbed
onto the fiber, significant amounts of 222Rn are produced if the measurement is long enough
(>600 min). The count rate in the Total channel can be used to track the ingrowth rate of 222Rn
and hence quantifying the ?2°Ra activities (Geibert et al., 2013). Alternatively, *?°Ra can be also
determined following the method described by Waska et al. (2008) which consists of hermetically
sealing the Mn-fibers in a column for a few days and subsequently measuring the ingrown of

222Rn with the RaDeCC system.
3.1.2.4.  Efficiency of the RaDeCC system

The efficiency of the RaDeCC counter for 222Ra and 2?*Ra measurements is usually
calculated using single-tracer standards with known activities of 22’Ac (in radioactive equilibrium
with 223Ra) and 232Th (in radioactive equilibrium with 222Th and ?2“Ra) to calibrate the 219 channel
(for 222Ra) and 220 channel (for %2*Ra), respectively (Moore and Cai, 2013; Scholten et al., 2010).
The total efficiency for determining 222Ra and 2?*Ra activities is a function of: (1) the fraction of
the total decay events occurring within the scintillation cell (apparent system efficiency, fs); (2)
the fraction of alpha particles generated in the scintillation cell producing pulses that can be
recorded by the photomultiplier tube (apparent cell efficiency, f;); (3) the fraction of Rn that
emanates from the sample (Mn-fiber, cartridge or sediment) (emanation efficiency, f5) and (4)
the fraction of Po events decaying between t;, and t, + t;, where tj is the delay time and t; is
the opening time of the electronic circuits (gate efficiency, f;_219 and f;_,,, for 219 and 220

circuits, respectively).

The Total efficiency of the 219 and 220 circuits (E 219 and E 220, respectively) can be

theoretically calculated using Equations 3.3 and 3.4, respectively (Giffin et al., 1963).

Ez19 = fS—219fCZfEfG—219 Equation 3.3

2 .
Eyz0 = fs—zzofc fEfG—zzo Equation 3.4
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Notice that for a Rn-Po coincident event the detector should record two alpha decays and
therefore, the cell efficiency is squared. Approximate values for these efficiencies are shown in

Table 3.1 based on Giffin et al. (1963), Moore and Arnold (1996) and Moore and Cai (2013).

Table 3.1. Terms, definitions, and approximate values for RaDeCC
counter efficiencies based on Giffin et al. (1963), Moore and Arnold
(1996) and Moore and Cai (2013).

Term Definition Values
E 219 channel Total efficiency of the 219 channel 0.49
E 220 channel Total efficiency of the 220 channel 0.54
Ero-226 Total efficiency for 22°Ra determination 0.51
fs.219 Apparent system efficiency of the 219 channel 0.80
fs220 Apparent system efficiency of the 220 channel 0.85
fc Apparent cell efficiency 0.86
fe Emanation efficiency 0.95
fe219 Gate efficiency of the 219 channel 0.88
f6.220 Gate efficiency of the 220 channel 0.91

3.1.3. Long-lived Ra isotopes through gamma spectrometry

One of the most common techniques to quantify the activities of long-lived Ra isotopes
(%%°Ra and 2?8Ra) in water is the use of gamma spectrometers. This technique presents several
advantages relative to the measurement with the RaDeCC system: (1) it requires a single
measurement to concurrently determine %?°Ra and 2%%Ra; (2) it does not require long waiting
times (~6 months) for the measurement of 222Ra since it does not rely on 228Th ingrowth; and (3)
the relative uncertainties are typically much lower than those derived from the RaDeCC system
(5-10%) (Geibert et al., 2013; Moore, 2008; Waska et al., 2008). The quantification is based on
the quantitative evaluation of the energy spectrum associated with the detection of photon
emissions from a sample matrix. In this work, after the quantification of short-lived Ra isotopes
with the RaDeCC system, the Mn-fibers were incinerated, to reduce the volume, and packed into

5.6 cm? counting vials (Charette et al., 2001). The process consists of placing each sample into
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250 mL porcelain crucible, incinerating in an oven (Hobersal HD Series) at 820 2C for 16 hours,
grounding and homogenizing the ashes in laboratory mortars, transferring the ashes into sealed
counting vials (to avoid Rn emanation from the vial), and aging the samples for a minimum of
three weeks to ensure the radioactive equilibrium of 22°Ra with its daughters. The samples were
counted for 1 to 4 days, depending on the sample activity, in a well-type (14.5 mm diameter, 40
mm length), high-purity germanium counter (HPGe; Camberra). The detection system is
composed of a high-purity germanium crystal provided with a well-type sample holder cooled by
a liquid nitrogen Deware (-196 2C) and placed in a shielding made of iron, copper and lead to
maintain low counting background (Figure 3.4). The activities of 2?®Ra and 2?°Ra were calculated
through the >*®Ac (T1/2 = 6.1 h; quantum yield (g, ) = 27.7%) and ***Pb (T1/2 = 1.64-10*s; q,, = 37.2
%) photopeaks at 911 and 352 keV, respectively. The choice of the 2!*Pb photopeak for the
quantification of #*°Ra activities instead of the direct photopeak of 2*°Ra (186 keV; q, = 3.6%) or
other ***Ra-daughters such as *'*Bi (609 keV; g, = 46.1%) is sustained because it presents higher
overall efficiencies considering the relative low background, low auto-absorption, and higher
guantum vyields (Dulaiova and Burnett, 2004; Scholten et al., 2013). A gamma spectrometry
software (Genie 2000; Canberra) was used to locate the peaks, compute the peak area, and

correct the peak area by background (background was periodically monitored) and efficiency.
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Shielding

Well-type
sample holder

Germanium crystal

Preamplifier

Deware with N,

Figure 3.4. Detection system for the quantification of long-lived Ra isotopes (*°Ra and %?%Ra). Well-type, high purity
germanium detector and its components.

3.1.4. Radon through alpha spectrometry: RAD7

The activities of 222Rn in this work are quantified by using the RAD7 (Durridge Inc.), a
radon-in-air detector adapted for measuring water activities with the RAD-H,0 system (Durridge
Inc.). Measuring the actual activity of 222Rn in water requires avoiding the sample to be in contact
with air after its collection, to prevent radon losses due to emanation. The samples are therefore
collected by placing a submersible pump into piezometric wells (or the first meter of the water
column in case of seawater samples) and pumping the water into 250 mL glass vials or 2.5 L soda
bottles (depending on sample activity). A tube connected to the submersible pump is used to fill
the vials or bottles by placing the open end of the tube at the bottom of the containers. This
procedure allows the water to overflow, keeping the vial full and continuously flushed with ‘new’
water, avoiding the contact with air. After a certain flushing time (i.e., time needed for the water
renewal to equal approximately three times the volume of the container), the vial or soda bottle
is tightly closed, making sure that no bubbles are in the vial. The 222Rn activity is measured by

placing the sample in a close air loop which consist of an aerator cap with a glass frit, a drying
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tube with desiccant, and a RAD7 counter (Figure 3.5). During the measurement, the RAD7
internal pump introduces air through the glass frit into the sample allowing the 222Rn to emanate
and be routed from the sample container to the detector. There, high electronic fields are
applied to attract the positively charged daughters of 22Rn, the 2¥Po* and %'*Po*, to a silicon
semiconductor detector (Burnett and Kim, 2001). Other alpha-emitting polonium isotopes, such
as 21%Po and ?'%Po are also counted by the RAD7. However, the system has different energy
windows enabling the discrimination of different polonium based on their decay energy, resulting

therefore in relatively low backgrounds for each energy window (Burnett and Kim, 2001).

Drying tube

Diseccant

Inlet filter

RAD7

Check valve

Aerator cap

Vial or
soda bottle

Glass frit

Figure 3.5. Schematic diagram of the RAD-H20 system for the measurement of 222Rn activities in water samples.
3.1.5. Nutrients in water samples
The quantification of inorganic nutrients (nitrate, NO3, nitrite, NO3; ammonia, NHJ;
phosphate, PO3~; and silicate, Si02~) from water samples has been conducted by using a

colorimetric method with an Autoanalyzer AA3 HR (Seal Analytica) at the Institut de Ciencies del

Mar (CSIC) in Barcelona. The samples were collected into 10 mL polyethylene vials after filtration
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through nylon syringe filters (pore size: 0.45 um). The vials were immediately stored in a portable
fridge and subsequently frozen at the laboratory until analysis. Dissolved silicate was analyzed by
a procedure which consists of the reduction of silico-molybdate complex to molybdenum blue by
ascorbic acid. The molybdenum blue is then determined by colorimetry at 820 nm. The
determination of dissolved phosphate is based on the colorimetric quantification of blue
phosphor-molybdenum complex at 880 nm which is formed by the reaction of phosphate,
molybdate ion, and antimony and the subsequent reduction with ascorbic acid. The
measurement of nitrate and nitrite has been conducted by a procedure whereby nitrate is
reduced to nitrite. The nitrite reduced from nitrate reacts with sulphanilamide to form a red
complex which is proportional to the total amount of nitrite. The amount of this complex is then
determined by a colorimetric method at 550 nm and the nitrate concentrations is determined by
subtracting the total nitrite (reduced nitrate + nitrite) and the nitrite concentration. Dissolved
ammonia has been quantified by a fluorometric method consisting of the formation of
fluorescent chemical species that are excited at 370 nm to subsequently register their emission
at 460 nm (Grasshoff et al., 1983). The detection limits of the method were 0.006, 0.003, 0.003,
0.020 and 0.016 uM for NO3, NO3, NHZ, PO3~, and SiO%™, respectively.

3.2. Raisotopes in sediments
3.2.1. Bulk activity

The bulk activities of long-lived Ra isotopes (?2°Ra and ??®Ra) were determined by gamma
spectrometry. The sediment samples were collected, dried in a stove for 24 to 48 h,
homogenized, and placed in 100 cm? plastic vials. Then, the vials were hermetically sealed to
avoid 222Rn emanation and to ensure the radioactive equilibrium of 22°Ra and its daughters. After
radioactive equilibration, activities of 222Ra and 2?°Ra were determined by using a coaxial high-

purity germanium (HPGe) detector as explained above (section 0).
3.2.2. Radium distribution coefficient and retardation factor

The determination of the distribution coefficient of Ra (K, [m3® kg™]) requires the
measurement of surface-bound (Ras [Bq kg™']) and dissolved (Ray, [Bq m3]) Ra activities. The

sediment samples previously collected in the field were dried in the stove (<40 °C) and sieved

53



Chapter 3: Analytical methods

through a 2 mm sieve to remove gravels. After drying and sieving, the sediment samples were
stored in hermetic plastic bags for at least 20 days to ensure the equilibrium between 22*Ra and
its parent 228Th. Adapting the method described by Cai et al. (2012) to determine the
disequilibrium between 22*Ra and 2%8Th in coastal sediment, weighted sediment subsamples were
mixed with synthetic water to form a slurry. The salinity of the synthetic water was adjusted to
the groundwater salinities measured at the site where the samples were. Since the processes of
adsorption and desorption for Ra are relatively fast (e.g., Benes$ et al., 1985; Gonneea et al., 2008;
Nathwani and Phillips, 1979), the contact time between sediment and water was adjusted to two
hours. After two hours, the slurry was filtered using a filtration system that enables the
separation of solid and solute phases. The filtration system consists of a filtration chamber, a
Blichner flask, and a vacuum pump. The slurry was spilled into the filtration chamber which
contained a pre-weighted 142-mm GFF filter with 0.7 um of nominal pore size. In the filtration
process, the sediment is retained in the filter and the solution is conducted to a Bichner flask.
The filtration terminates after adjusting the ratio water/(sediment + filter) of the sediment
sample to 0.4 to 0.5 (Cai et al., 2012). The recovered water in the Blichner flask was filtered
through Mn-fibers at a controlled flow rate (<1 L min-1) (Moore and Reid, 1973; Scholten et al.,
2010). Both the activities of dissolved (?2*Ray,) and surface-bound (??*Ras) Ra were measured
with the RaDeCC system from the Mn-fiber and the sediment samples, respectively. The
determination of the distribution coefficient of Ra (K) was then calculated as follows (Equation

3.5).

224—Ras
224RaW

Kp = Equation 3.5

Assuming a dry bulk density of the soil (p,) of 2.6 kg L™ and a porosity (¢) of 0.3, the

retardation factor of Ra (Rp, [-]) was derived from Equation 3.6 according to Michael et al. (2011),

Rpa =1+ Kp %. Equation 3.6
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Chapter 4: Guidelines and limits for the quantification of
U/Th series radionuclides with the Radium Delayed

Coincidence Counter (RaDeCC)

4.1. Introduction

The Radium Delayed Coincidence Counter (RaDeCC) has become the most extensively
used equipment to measure short-lived Ra isotopes due to the simplicity and sensitivity of the
detection technique, the relatively low operational cost, and its portability. The counter is used
to measure water samples from different settings such as seawater, pore-water, groundwater,
rivers or water from brines (e.g. Moise et al., 2000; Moore et al., 2011; Moore and Krest, 2004).
Although the system was originally designed to measure low activity 222Ra and ??*Ra samples
(Giffin et al., 1963; Moore and Arnold, 1996), samples commonly measured with the RaDeCC
system span a wide range of 222Ra and 2>*Ra concentrations. Ra activities may be specially high in
porewater and coastal aquifer samples given the influence of several parameters on Ra activities
such as salinity, geological context or water-sediment ratio (Cerda-Doménech et al., 2017;
Gonneea et al., 2013a). However, the influence of different initial 22Ra, 22*Ra, and *?°Ra activities
(and their activity ratios) in the quantification systematics of the RaDeCC system have never been

studied in detail.

In this work, we examine the behavior of the counting system under different activities
and activity ratios of 222Ra, 2%Ra, and %?°Ra through a set of simulations that reproduce the
RaDeCC counting mechanism. The input data of the simulations is based on the statistical analysis
of data registered by different laboratories worldwide using the RaDeCC system. Simulation
results were used to define the maximum quantification limits of the RaDeCC system, which were
validated against real measurements. According to the results, we provide new guidelines in the

determination of the activities of 22’Ac, 222Th and Ra isotopes with the RaDeCC system.
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4.2.  Methods
4.2.1. Analysis of registered data

RaDeCC measurements conducted in 8 different laboratories worldwide (Table 4.1) from
2004 to 2018 have been gathered together (~17,000 measurements) to obtain statistical
information on the count rates and counting times commonly measured with the RaDeCC
system. The RaDeCC output files (RaDeCC.SUM) were parsed using Python programming
language and filtered in order to remove unreliable measurements (i.e., measurements with

spurious counts induced by electrical surges, Moore, 2008) and background measurements.

Table 4.1. Number of RaDeCC measurements performed by different laboratories
used for the statistical analysis.

Relative abundance

N f
Lab Name Country umber o
Measurements
%
1CEREGE France 574 3
2|AEA-EL Monaco 725 4
3ICBM Germany 1,479 9
4UK Germany 2,967 18
SLEGOS France 714 4
SSUNY us 2,050 12
"UAB Spain 8,096 48
SWHOI us 301 2
Total 16,906

1: European Centre for Research and Teaching in Environmental Geosciences, Aix-Marseille
University; 2: International Atomic Energy Agency - Environmental Laboratories of Monaco; 3:
Grup of Microbiogeochemistry, School of Mathematics and Science, Institute for Chemistry
and Biology of the Marine Environment; 4: Department of Sedimentology, Coastal and Shelf
Research, Institute of Geosciences, University of Kiel; 5: Observatoire Midi Pyrénées,
Laboratoire d'Etudes en Géophysique et Océanographie Spatiales; 6: School of Marine and
Atmospheric Sciences, Stony Brook University; 7: Grup de Recerca en Radioactivitat Ambiental
de Barcelona, Universitat Autonoma de Barcelona; 8: Department of Marine Chemistry and
Geochemistry, Woods Hole Oceanographic Institution

The applied data filters thus include only those measurements between counting times

of 30 and 4,000 min and with activities higher than 0.01 and 0.1 cpm for the 219 and 220
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channels, respectively and lower than 100 cpm in the Total channel. The filtered data includes
measurements performed with the RaDeCC systems from different kind of samples (Mn-
cartridges, Mn-fibers, sediments), including measurements of single- or mixed-tracer standards,
and collected in different environments (e.g. open ocean, coastal waters and groundwaters).
Notice that the applied data filters (CT<30 min) exclude, not only most of the background
measurements but also some potentially high 2°Ra activities measurements. The results from
this analysis are used as reference values for the simulations presented in the following section

(Section 0).
4.2.2. Raisotopes RaDeCC simulations

A set of simulations have been developed using Python programming language to
reproduce the RaDeCC counting systematics in order to evaluate the effect of different 219, 220
and Total channel count rates in the quantification of 223Ra, 22*Ra, ??°Ra, ??®Ra, 2?8Th, and ??’Ac
activities using the RaDeCC system. The simulations consist of two stages, which are detailed
below: (1) the generation of a dataset with the decay events that are registered by the RaDeCC
depending on different initial activities of 223Ra, 2?*Ra, and %2°Ra and (2) the evaluation of the
delayed coincidence system response to these activities. The definition of the terms and values
used in the simulations is shown in Table 4.2 and all the simulation codes are available in Diego-

Feliu, (2020).

(1) A dataset consisting of a temporal vector with the decay events that occur during a
single RaDeCC measurement is generated. This vector is used as an input file for the following
simulation. From an initial arbitrary count rate of 222Ra, ??*Ra, and 2?°Ra (see Table 4.3), the
subsequent decay products of each decay chain (e.g. Rn, Po, Pb, Bi) are randomly generated,
following an exponential distribution according to their half-lives, and stored in individual lists. A
specific vector is generated for each isotope and each selected initial count rate (based on the
range of count rates obtained from the measurements described in Section 4.2.1). The resulting
lists are temporal single isotope vectors with a length equal to a certain counting time (also
arbitrary; see Table 4.3) in which each decay event is located at a certain position within the
vector. An additional list with background counts is created following a uniform distribution

based on the average background measurements (and associated standard deviation) performed
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with the RaDeCC systems at the Universitat Autonoma de Barcelona (UAB) (Table 4.2). All the
individual lists are added together into a final list, which contains the temporal position (within a

certain counting time) of each alpha decay event produced in the simulated system.

Table 4.2. Definition of the terms and values used in the simulations. The model constants are based on Moore
and Arnold (1996) and the background data is based on the registered data analyses from Section 4.2.1.

Term Definition Values Units

Model constants

tp.o19 Delay time of 219 channel 0.01 ms
tp.220 Delay time of 220 channel 5.61 ms
te.219 Gate time of 219 channel 5.60 ms
te.220 Gate time of 220 channel 600 ms
BKGaverage Average background of the Total channel 2.24 cpm
BKGsrp Standard deviation background of the Total channel 1.38 cpm

Simulation inputs

Initial ?**Ra Simulated initial 2Ra cpm
Initial ?**Ra Simulated initial 22*Ra cpm
Initial ?*°Ra Simulated initial 2%°Ra cpm
CcT Counting time min

Simulation outputs

219 channel Count rate of the 219 channel cpm
220 channel Count rate of the 220 channel cpm
Total channel Count rate of the Total channel cpm
Final219 Corrected 219 channel according Moore and Arnold (1996) cpm
Final220 Corrected 220 channel according Moore and Arnold (1996) cpm

Channel ratios

CR220/219 Ratio between the channels 220 and 219
CRro7/220" Ratio between the Total channel and the first cycles of the 220 channel
CR219+220)/70T Ratio ( 219 channel + 220 channel) / Total channel

(2) The delayed coincidence system is simulated to reproduce the count rates that would
be produced within each channel of the RaDeCC system when specific initial count rates of 223Ra,
224Ra, and 2?°Ra are used as input data (input file obtained from the dataset described above).
These simulations reproduce the counting mechanisms of the delayed coincidence system of the

RaDeCC system, as presented by Moore and Arnold (1996). Analogous to the real RaDeCC system
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(Section 3.1.2), after an initial simulated decay event at to the subsequent events occurring
between [to + tp] and [to + tp + ts] are counted in the respective circuits (219 or 220), as shown in
Figure 3.3, where to is the triggering event time, tp is the delay time and tg is the gate time (Table
4.2). The outputs of these simulations include the count rates in the 219, 220 and Total channel

(analogous to outputs from the RaDeCC system).

Table 4.3. Simulations inputs for Sections 4.3.3, 4.3.4, 4.3.5, and 4.3.7.

Section Simulations CcT Initial #?3Ra Initial **Ra Initial **°Ra CR220/219
# min cpm cpm cpm
4.3.3. Effect of high activity measurements (?2°Ra) 1,000 100 1-100 0-200 0-25 0-2
4.3.3. Effect of high activity measurements (??“Ra) 1,400 100 0-10 0-100 0-25 10-20
4.3.4. Effect of 219-220 cross-talk 18,250 400 0-5 0-25 0-25 0-250
4.3.5. Effect of 222Rn buildup (??3Ra) 2,600 200- 1,000 0.1-1.0 0.1-2.0 0-50 0-4
4.3.5. Effect of 222Rn buildup (?**Ra) 1,400 200 - 1,000 0.1-1.0 0.1-2.0 0-50 10-20
4.3.7. Quantification of 22°Ra via 222Rn buildup (?**Ra) 360 10- 1,400 0.1 0-8 0-470 8

4.2.3. Radium sampling and laboratory experiments

A set of measurements have been performed with the RaDeCC system to validate the
detection limits derived from simulations. The samples used for this purpose were collected from
an experimental site constructed in the lowest part of an alluvial aquifer at the Argentona
ephemeral stream (NE of Barcelona, Spain) (Cerda-Domeénech et al., 2017) and in the Peniscola
marshland (Castelld, Spain) (Rodellas et al., 2012). The collected water samples were processes
according to the procedures detailed in Chapter 2. Two experiments were performed: the first
experiment consisted of the reiterative measurement of a high activity 2?3Ra and ??*Ra sample
(~20 and 1,600 dpm 100L?, respectively) over 39 days for the evaluation of the DCC under
different count rates (due to the radioactive decay of 222Ra and 2?“Ra). Then, the excess activities
of 222Ra (*?2Raex) and 2%*Ra (***Raex) were quantified from each measurement; the second
experiment consisted of the measurement of 4 high activity 2°Ra samples to evaluate the effect
of #22Rn buildup on the quantification of 22*Ra activities. For each measurement, the count rate
registered in the 220 channel after each cycle (2 min) was corrected following Moore and Arnold

(1996).
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4.3. Results and discussion
4.3.1. Analyses of registered data

A statistical analysis of ~17,000 measurements performed with different RaDeCC systems
is represented in Figure 4.1. The distributions of the count rates registered in the 219 and 220
channels are shown in Figure 4.1a and Figure 4.1b, respectively. Both distributions exhibit a
maximum in the lowest range of count rates, between 0.0 and 0.2 cpm for the 219 channel and
between 0 and 2 cpm for the 220 channel. The median values for the 219, 220 and Total channels

are 0.2, 1.9 and 7.2 cpm, respectively (Table 4.4).

Table 4.4. Median values of the 219, 220, Total channel, and CR2201219 for the characteristic
counting times of the histogram from Figure 4.1c.

Counting time 219 channel 220 channel Total channel CR220/219
min cpm cpm cpm
30-300 0.4 43 12.0 12.7
300 - 700 0.2 1.1 4.7 8.9
700 - 1,200 0.1 0.8 4.1 13.0
30- 4,000 0.2 1.9 7.2 11.5

The distribution of the counting times (Figure 4.1c) is characterized by three peaks that
are consistent with the standard measurement procedure of the RaDeCC system described by
Moore (2008). According to this procedure, to determine 222Ra and 2“Ra activities, a first run is
conducted shortly after sample collection (1 - 5 days). These measurements frequently present
higher 222Ra and 2?*Ra activities and lower counting times relative to the measurements
commonly used to determine 2%’Ac, 228Th or 2?Ra. The first peak (between 30 to 300 min) is
consistent with these initial measurements presenting the highest median count rates in all the
channels (0.4, 4.3 and 12.0 cpm for 219, 220 and Total channels, respectively). The second peak,
between 300 and 700 min, presents lower count rates in the 219, 220 and Total channels (0.2,
1.1 and, 4.7 cpm, respectively) and a lower median value of the ratio between channels 220 and
219 (CR220/219) relative to the first peak as shown in Figure 4.1d. This could be attributed to those
measurements performed in order to determine ?23Ra activities when first runs presented high

count rates in the 220 channel. In such cases, samples are measured again to allow ??*Ra to
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partially decay thereby reducing the channel ratio CR220/219. Finally, due to the combination of

high counting times (between 700 to 1200) and low count rates (0.1, 0.8, and, 4.1cpm for 219,

220 and Total channels, respectively), the third peak is associated with measurements of samples

with low activities of 222Ra and 2?*Ra, generally used to determine 22’Ac, 228Th or ??°Ra (Table 4.4).

According to the data registered in the 8 laboratories, the range of initial 22>Ra and ??*Ra count

rates used for the simulations in Section 4.3.4 and 4.3.5is 0- 5 and 0 - 25 cpm for 223Ra and ?**Ra,

respectively, which covers approximately 95% of the RaDeCC measurements.
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4.3.2. Systematics of the Delayed Coincidence Circuit

The delayed coincidence circuit (DCC) of the RaDeCC system is designed to differentiate
between the decay products of 222Ra and 2?*Ra. As explained in Section 3.1.2, when a first signal
is registered, the 219 and 220 gates are opened after a certain delay time. Any event occurring
within the opening time of both gates will be recorded in the corresponding channel according

to the time elapsed between the triggering and subsequent events (Figure 3.3).

The functioning of the DCC can be explored using the ratio between the sum of the 219
and 220 channels and the Total channel (CR219+220)/r07). In the optimal case, an initial decay of Rn
triggers the circuit and is registered in the Total channel, the second decay (Po) is registered in
the 219 or 220 channels, as well as in the Total channel, producing a ratio CR(219+220)/70r = 0.5.
Figure 4.2 shows the behavior of this ratio for real data (Figure 4.2a and Figure 4.2c) and
simulations (Figure 4.2b and Figure 4.2d). Both real and simulated data likely present the same
behavior, showing an increase of the ratio CR(219+220)/707 as the Total channel count rate increases,
which is linked to an increase of short-lived Ra isotopes activities. Higher activities of 223Ra and
224Ra cause the 219 and 220 circuits to be triggered more frequently, thereby increasing the
fraction of ‘on’ time (i.e., the fraction of time in which the gates are open). This increase of Ra
activities produces CR219+220)/ror higher than 0.5 as a consequence of (1) channel multi-
registration and/or (2) concurrent registration of a single event in both channels. The channel
multi-registration occurs when, after a triggering event, two (or more) subsequent events take
place within the opening time of a specific circuit. Multi-registration will allow the channel ratio
CR(219+220)/70T tO increase asymptotically to the value of 1. For high counting rates in the Total
channel (>1,000 cpm), ratios above 1 are produced due to the effect of concurrent registration
(Figure 4.2c and Figure 4.2d). The concurrent registration is the result of the independent
behavior of the circuits from the DCC (Moore and Arnold, 1996). Both circuits can be triggered
by different events and therefore, they can be open at the same time. Hence, if a decay event is
produced when both circuits are open, the same event is registered in the Total channel and in
both the 219 and 220 channels concurrently. In contrast with the multi-registration effect, which
can be corrected by using the equations developed by Giffin et al. (1963), there is no protocol to

correct the effect of the concurrent registration. Therefore, 223Ra and 2?*Ra activities cannot be
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appropriately quantified using the RaDeCC system when the influence of concurrent registration
may significantly affect the results (i.e., in high activity samples). In Section 4.3.3, we explore the
limits of the applicability of the RaDeCC system and the appropriateness of the equations used

to quantify 222Ra and 22*Ra activities for high activity samples.
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Figure 4.2. Relationship between the ratio CR220/219 and the count rate in the Total channel. a) Data from 16,906 measurements
performed by 8 different laboratories between 2004 and 2018. Red dots represent a set of high activity ?°Ra measurements
(Rodellas et al., 2012). b) Simulations (n=18,250) with initial ?°Ra, ?>*Ra and ?°Ra count rates ranging 0-5, 0-25 and 0-25 cpm,
respectively. The color scale represents the simulated initial 22°Ra count rate. c) Data from the reiterative measurement of a high
223Ra and ??*Ra sample (20 and 1,600 dpm 100L ™%, respectively). d) Simulations (n=51) with initial ?2°Ra, %**Ra and ??°Ra count
rates ranging 0-250, 0-1,500 and 200 cpm, respectively.

High activities of 22°Ra can also significantly influence the channel ratio CR(219+220)/m01
(Figure 4.2b) due to the ingrowth of 222Rn (daughter of 22°Ra) during the counting time. When a
decay event of 222Rn occurs, the delayed coincidence circuit will be triggered, but its daughter

(2*8Po) will probably not decay within the opening times of the 219 and 220 gates due to its
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‘longer’ half-life (3.04 min). It will decay instead most likely after the gates are closed and
therefore trigger the circuit again. Thus, CRy219+220)/70r decreases as the ?2*Ra/??°Ra activity ratio
decreases (Figure 4.2b). An example of this process is shown in Figure 4.2a where a set of
samples collected in Peniscola marshland (Castell, Spain) (Rodellas et al., 2012) characterized

by extremely low 22*Ra/??°Ra activity ratios (< 0.1) are highlighted in red.
4.3.3. Effect of high activity measurements

In this section, we evaluate the reliability of using the count rate of the 219 and 220
channels and the correction equations proposed by Moore and Arnold (1996) to quantify the
activities of 222Ra and ??*Ra when measuring high activity samples with the RaDeCC system. To
do so, a set of simulations was performed to assess the 222Ra and 2?*Ra quantification limits. For
both 222Ra and 2%*Ra, the ratio between Initial’?>Ra/Initial’**Ra was adjusted to avoid possible

219-220 cross-talk following the limits provided in Section 4.3.4 (Table 4.3).

In order to evaluate the quantification systematics, the ratio between the corrected
channel count rate (Final219 or Final220) and the initial simulated count rate (Initial’?>Ra or
Initial??*Ra, respectively) is a useful tool. Since the system (fs), cell (fc), and emanation efficiencies
(fe) are not influencing the simulations, this ratio should equal the gate efficiency of the specific
channel (0.88 for fs.219and 0.91 for fs.220). Deviations of the simulated ratio (Final219/Initial’>*Ra
or Final220/Initial’**Ra) from the expected gate efficiency are thus indicative of the
appropriateness of the quantification systematics and the corrections applied to account for
chance coincidence and interferences between channels. Simulated ratios (Final219/Initial’?*Ra
or Final220/Initial’?**Ra) that deviate > 5% from the gate efficiency are indicative of erroneous
guantification of Ra isotopes. We used 5% as a limit because this value corresponds to the
minimum relative uncertainties that can be obtained for 222Ra and 2?Ra measurements with the

RaDeCC system (Garcia-Solsona et al., 2008).

The results of the simulations indicate that significant deviations (>5%) of the ratios
Final219/Initial?*?Ra and Final220/Initial??**Ra relative to the gate efficiency (fs-219 = 0.88 and f-
220 = 0.91, respectively) may occur for measurements with count rates in the Total channel above

200 cpm for 223Ra and 100 cpm for 224Ra (Figure 4.3). Above these count rates, the determination
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of triggering events (cpmTot — (cpm219 + cpm220)), which is necessary to apply the chance
coincidence equations (see Section 3.1.2) is underestimated due to the concurrent registration
effect. This effect occurs when a single decay event is registered in both the 219 and 220 channel
concurrently, as explained in Section 4.3.2. Thus, the maximum quantification limits for 222Ra and
224Ra are 200 and 100 cpm in the Total channel, respectively. Above these conservative limits,
the equations proposed by Moore and Arnold (1996) to correct the chance coincidence events
and the interactions between channels might produce erroneous quantifications of the 22Ra (i.e.,
Final219) and ??*Ra (i.e., Final220) activities. Notice that the limit for the quantification of 22°Ra
activities is higher than the limit for 2?*Ra quantification. This is due to the lower relative
importance of the chance coincidence on the count rate correction for the 219 channel relative
to the 220 channel, since the opening time of the 219 circuit is two orders of magnitude lower
relative to the 220 circuit (5.6 and 600 ms, respectively). The median count rates in the Total
channel for the data registered in different labs (7.2 cpm) is 2 orders of magnitude lower than
the calculated limits. Nevertheless, the maximum detection limits of the RaDeCC system must be
taken into account, especially when measuring samples highly enriched in ?22Ra and ?**Ra (e.g.
groundwater, porewaters, water from brines). If the quantification limits are overpassed, an
additional measurement should be performed after a certain time allowing the short-lived Ra

isotopes to decrease in their activities.
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Figure 4.3. Results from simulations (n=2,290) with initial ?>°Ra, %**Ra and ??°Ra count rates ranging 0-100, 0-100 and 0-25
cpm, respectively. (a) Ratio between corrected 219 channel and initial ?2°Ra simulated count rates (Final219/Initial?*®Ra) against
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efficiency (fc) and the grey band an uncertainty of 5%. The color scale represents the count rate in the Total channel.
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4.3.4. Effect of 219-220 cross-talk

In this section, we evaluate the influence of different activities of Ra isotopes on the
quantification of #22Ra and %2*Ra and the accuracy of the corrections proposed by Moore and
Arnold (1996) to correct 219-220 cross-talk interferences. In order to perform this analysis, a set
of simulations was conducted with initial 222Ra, ??*Ra and ??°Ra count rates of 0-5,0- 25 and O -
25 cpm, respectively, reproducing count rates from samples commonly measured with the

RaDeCC system (see Section 4.3.1).

Simulation results for the 219 channel (Figure 4.4a) show deviations of the ratio
Final219/Initial?*Ra from the gate efficiency (fs-210 = 0.88) that are mainly attributed to the
influence of #2Ra on the 219 channel (i.e., channel cross-talk). The effect of 22Ra in the 219
channel is more evident in the lower range of Initial’?>Ra count rates (0 - 0.5 cpm). Nevertheless,
these deviations in relation to the 219 gate efficiency (fs-219) result from the combination of low
Initial’??Ra and high Initial’?’Ra (>20 cpm) which would exhibit extremely high ratios between
220 and 219 channels (CR220/219 > 40). It should be noted that these high CR20219 are not
commonly measured in water samples (only 2.4% of registered data have CR220/219 > 40; Section
4.3.1) and most of them are associated with single-tracer standard (e.g., 232Th) measurements
for the determination of the efficiency of 220 channel (Section 4.3.1). For CR20/219 < 40, the
deviations range from -6 to 38%, which could represent up to 8 times the minimum relative
uncertainty of 5% (Garcia-Solsona et al., 2008). As shown in Figure 4.4b, high values of CR220/219
correspond to a larger deviation between the ratio Final219/Initial’?>Ra and the gate efficiency
(i.e., fe-219), thus leading to a higher potential error on the quantification of 222Ra. Therefore, the
results from this study suggest that the 223Ra quantification might not be accurate (deviations
larger than 5%) when (1) CR220/219 > 10 or (2) CR220/219 > 4 and 220 channel > 5 cpm. These results
agree with the study of Scholten et al. (2010), where single- and mixed-tracer (*?’Ac and 228Th)
Mn-fiber standards were prepared to calibrate the efficiencies of the RaDeCC system for 223Ra
and %?*Ra. Scholten et al. (2010) suggested that samples with relatively high 22*Ra count rates (>7
cpm) may prevent a precise 223Ra determination. Thus, samples with these characteristics should
not be quantified to avoid an overestimation of the 223Ra activities. Almost two thirds (65%) of

the registered measurements from different labs examined in Section 4.3.1 present these
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conditions, which would lead to an inappropriate quantification of 222Ra. However, it should be
noted that most of these measurements were likely conducted shortly after the collection of the
sample (when 2?*Ra activities are usually high compared with ?23Ra), and thus they were most

likely not used to quantify 222Ra activities.
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The influence of high ?3Ra activities also produces relevant deviations of the ratio
Final220/Initial’?’Ra (Figure 4.4c) from the gate efficiency (fs-220 = 0.91). Measurements with
CR220/219 < 1 present the highest deviations, but they are not frequent in natural environments
(only 3.6% of registered data have CR220/219 < 1) and most of them are associated with single-

tracer standard measurements for 219 channel efficiency determination (e.g. 22’Ac). For CR220/219
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> 1, the deviations in relation to the theoretical value (i.e., fc-220) range from -8 to 30% and tend
to increase when CR220/219 decreases. These deviations exceed 5% when: (1) CR220/219 < 8 and 219
channel > 1 cpm or (2) CR220/219 < 2 (Figure 4.4d). These two scenarios represent together 11% of
the registered data from Section 4.3.1. If one of these cases is met, the 22*Ra quantification should

not be performed in order to avoid an overestimation of the 224Ra activities.

The above recommendations, which are summarized in Section 4.4, are also valid for the
determination of 22’Ac and 2%2Th activities with the RaDeCC system by measuring their daughters
in radioactive equilibrium (?23Ra and %?Ra, respectively). However, in this latter case, due to their
low activities in water samples, proper statistical quantification of these isotopes requires long
counting times (800 - 1,200 min; Section 4.3.1) that can be highly influenced by the %?2Rn buildup
from the decay of 22°Ra present in the fiber (Moore, 2008) (see Section 4.3.5). Similarly, these
recommendations apply to the determination of surface exchangeable 2?*Ra and 2?8Th from

sediments.
4.3.5. Effect of 22Rn buildup

The buildup of 222Rn from the decay of 22°Ra produces a continuous increase of the count
rate in the Total channel (see Section 4.3.2) that could lead to an erroneous correction of the 219
and 220 channel count rates (Moore, 2008). This effect would especially influence those
measurements with low 223Ra and 2?*Ra activities (<2 cpm), commonly used to determine the
activities of 22’Ac and 2%2Th, mainly because they require long counting times (> 200 minutes) to
obtain 400 counts in the respective channel (5% relative uncertainty). In this section, we evaluate
the effect of 222Rn buildup through a set of simulations that reproduces characteristic
measurements to determine 22’Ac and ?8Th activities (low activities and long counting times;
Section 4.2.1). The simulated initial 222Ra, 22*Ra, and ?%°Ra count rates ranged between 0-1, 0 -
2,and 0-50 cpm, respectively (Table 4.3). The counting time was set to 1,000 min for initial count
rates below 0.4 cpm. For higher count rates, the counting time was adjusted to achieve 400

counts in the respective channel (5% relative uncertainty).

The variation of the ratio Final219/Initial??*Ra for different Initial’?>Ra and count rates in

the Total channel is shown in Figure 4.5a and Figure 4.5b, respectively. There are no significant
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deviations of this ratio relative to the gate efficiency (fs-219 = 0.88) for the simulated count rates
(Initial??®Ra up to 50 cpm), suggesting that due to the short opening time of the 219 circuit (5.6
ms), the influence of 222Rn buildup in the 219 channel is almost negligible. Conversely, the
influence of 222Rn buildup in the 220 channel is significant due to its longer gate opening time
(600 ms), producing significant increases of the ratio Final220/Initial??*Ra with the increase of

226Ra activities (Figure 4.5c).
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Figure 4.5. Results from simulations (n=4,000) with initial °Ra, ?**Ra and *Ra count rates ranging 0.1-1.0, 0.1-2.0 and 0-50
cpm, respectively. The ratio between corrected 219 channel and initial 222Ra simulated count rates (Final219/Initial??*Ra) against
(a) Initial??Ra and (b) count rate in the Total channel. The ratio Final220/Initial?**Ra against (c) Initial?**Ra and (d) count rate
in the Total channel. Colors represent the Initial??®Ra count rates in (a) and (c), Initial??®Ra in (b), and Initial??’Ra in (d). The
dashed line represents the gate efficiency (fs) and the grey band an uncertainty of 5%.

Regardless of the influence of the counting time (i.e., time for 222Rn ingrowth), which was
adjusted for this simulation to obtain an uncertainty of 5% in the 22*Ra quantification, the main

factors that determine the deviation of the ratio Final220/Initial??’Ra are the activities of 22*Ra
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and 2%®Ra. For Initial’**Ra count rates below 1 cpm, deviations of the ratio Final220/Initial’**Ra
from the gate efficiency (fs-220 = 0.91) increase significantly as the Total channel count rate
increases (Figure 4.5d). A useful ratio for evaluating the possible overestimation due to 2?°Rn
buildup is the ratio between the count rate in the Total channel and the count rate in the 220
channel from the first cycles of the measurement (<30 min; low influence of 222Rn buildup),
defined here as CR1o1/220 . The results from these simulations suggest that ratios CRtor/220° above
12 may overestimate the 2*Ra activities. We thus propose that when a conservative threshold of
CRroT/220'= 12 is overpassed, the counting should be stopped, and the sample purged before

initializing again the measurement as recommended by (Moore, 2008).
4.3.6. On the use of the Total channel to quantify ??*Ra activities

The activities of 2?*Ra are usually quantified with the equations proposed by Moore and
Arnold (1996). These equations were designed to correct the count rate in each channel by the
chance coincident events and possible interferences between 219 and 220 circuits (i.e., cross-
talk). However, for high activity samples (>10 cpm in the Total channel), due to the relatively high
effect of chance coincidence events (>0.9 cpm in the 220 channel), Moore (2008) suggested the
use of the count rate in the Total channel to calculate 22*Ra activities. To do so, the count rate in
the Total channel (corrected by subtracting the background) is divided by the apparent total
system efficiency (Erot), defined as the probability of recording a count following the decay of
224Ra in the fiber (Moore, 2008). Finally, the simultaneously quantified 222Ra activity is subtracted

to compute the activity of 224Ra (Equation 4.1) as follows:

Total channel (cpm)—background (cpm)
ETot

224Ra(dpm) = — 223Ra(dpm) Equation 4.1

Nevertheless, using the Total channel to quantify 22*Ra implicitly assumes that all the
counts are linked to Rn-Po decay events from 224Ra, with the only exception of the events related
to background and 222Ra. However, as seen in Sections 4.3.2 and 4.3.5, counts registered in the

Total channel will be highly influenced by the alpha decays related to ?°Ra (e.g. ???Rn, %'8Po,
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214pg), and thus they cannot be corrected to quantify 22*Ra by simply subtracting the background
and the 223Ra activity. In addition, this method strongly depends on the quantification of the
activity of 222Ra. As shown in Section 4.3.4, the quantification of 223Ra activities might be highly
sensitive to the recorded 2?*Ra activities and 22%Ra/??3Ra activity ratios. Inappropriate
quantifications of 223Ra activities will thus induce errors on the quantification of 2?*Ra from the
Total channel. Considering these two factors (influence of %?°Ra activities and potential
inappropriate quantification of 223Ra activity), we suggest avoiding the use of the Total channel

count rate to quantify 2?*Ra activities.
4.3.7. Quantification of 2?°Ra via 2??Rn buildup

The buildup rate of #22Rn from 2?°Ra during a RaDeCC measurement can be used to
determine 22°Ra activities. Geibert et al. (2013) used the chance coincidence equations proposed
by Moore and Arnold (1996) to correct the count rate in the Total channel in order to reduce the
effect of 222Ra and ??*Ra in the determination of 22°Ra. Nevertheless, as explained in the previous
section (Section 4.3.5) and as already mentioned by Moore (2008), the chance coincidence
corrections would not properly correct the 219 and 220 channels under significant activities of
226Ra (>10 cpm). Here, we propose an optimized method based on the original idea of Geibert et
al. (2013) which enables the quantification of 2?°Ra activities avoiding the use of the chance
coincidence equations. The applicability of this method requires (1) long counting times (>600
min) to register a significant ingrowth of 222Rn and (2) radioactive equilibrium of 222Ra and ?**Ra
with their direct parents (?2’Ac and 228Th, respectively) to avoid the decay of these isotopes during
the measurement. Therefore, measurements for ?°Ra determination should be performed 3

month after sample collection.

To evaluate the relation between the Initial’?°Ra and the resulting Total channel count
rate over time, a set of simulations was performed (values for the simulations are presented in
Table 4.3). Figure 4.6a shows the results of these simulations representing the characteristic
slope of the Total channel count rate over time for different Initial??°Ra count rates. This slope
increases linearly with the increase of the Initial’?°Ra count rate (Figure 4.6b) with a

slope/Initial??°Ra conversion factor (m) of 1.80+0.07-10* min’. Notice that the method does not
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require the equilibrium between 222Rn, 218Po, and 2'*Pb since the conversion factor is calculated
from the exponential ingrowth of 222Rn (and its daughters) which is nearly linear for these
relatively short (in comparison to 222Rn half-life). Hence, we propose the following equations to

quantify 226Ra activities based on this conversion factor (m):

min—1
Initial?*Ra(cpm) = Sepe(cpmmin’ )

Equation 4.2

m (min—1)

Final?2%Ra(cpm)

ERa—226 (com dpm~1) V(L)

226Ra(dpm L‘l) - Equation 4.3

where Initial??°Ra is the count rate of ??°Ra derived from the slope observed in the
accumulative count rate of the Total channel (slope) during the measurement (RaDeCC file
output: CPMTot) due to 222Rn ingrowth and the conversion factor (m =1.80+0.07-10"* min). ?°Ra
and Egg-226 represent the activity of 22°Ra and the efficiency of the system for 22°Ra determination
(described below), respectively. Notice that under low activities of 226Ra, the 222Rn buildup may
hardly develop and/or be associated with high uncertainties (Geibert et al., 2013). Therefore, we
recommend the use of this method only for 22°Ra activities higher than 10 dpm, as initially
suggested by Geibert et al. (2013). Another consideration must be taken into account before
applying this method: during long measurements, besides the buildup of ?22Rn from 2%¢Ra,
significant amounts of 212Bi and ?'2Po due to ingrowth of 2*2Pb (from 22*Ra) might be produced.
Thus, the count rate in the total channel will be influenced by both, the ingrowth of 222Rn (and
daughters) and the ingrowth of 2'2Pb (and daughters) leading to wrong quantifications of ?2°Ra
activities. To minimize the effect of 212Pb ingrowth in the quantification, we recommend the use

of this method when activities of 22Ra (222Th) are below 1 cpm.

72



M. Diego-Feliu, Ph.D. 2022

Slope (cpm min~!)

Total channel {cpm}

P R‘=0.98

A00 £00 BOO 1000 1200 1400 o 100 200 300 400

Counting time [(min) Initial ““*Ra (cpm)

Figure 4.6. Results from simulations (n=360) with initial ??°Ra, ?**Ra and ??°Ra count rates ranging 0.1, 0.8 and 40-475 cpm,
respectively. a) Characteristic 222Rn buildup rate in the Total channel with counting time for different Initial??®Ra count rates.
b) Slopes of the characteristic 22Rn buildup rate in the Total channel with counting time against Initial??Ra. The dashed line
represents the linear regression between slopes and Initial??®Ra.

The reliability of this method was tested and compared with the method presented by
Geibert et al. (2013) by using a set of 22°Ra samples collected in Peniscola marshland (Spain)
(Rodellas et al., 2012) and analyzed via y-spectrometry and RaDeCC (Figure 4.7). Whilst both
methods present a good correlation with the measurements performed via y-spectrometry for
226R3 activities ranging from 0 to 1000 dpm, the method presented by Geibert et al. (2013) exhibit
higher deviations than the one presented in this work for activities higher than 1000 dpm due to

the erroneous corrections applied to the count rate in the Total channel.

The presented method has several advantages in relation to the previous one presented
by Geibert et al. (2013): (1) the count rate in the Total channel is not corrected by chance
coincidence in order to avoid erroneous quantifications for high 22°Ra activities (>1000 dpm); (2)
the relative uncertainties are slightly lower (~8% and 10%, for this study and Geibert et al. (2013),
respectively) because the mean error of the linear regression for the accumulative Total channel
count rate over time is usually lower than the one for the corrected Total channel count rate used
by Geibert et al. (2013), and (3) unlike the method proposed by Geibert et al. (2013), where
several 2%°Ra standards are needed to calculate the system efficiency, this method only requires

the use of a single 2%°Ra standard as described below.
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Figure 4.7. Intercomparison between the ?Ra activities quantified via 22Rn buildup with the RaDeCC system (blue dots, this

study; red dots, Geibert et al. (2013)) and via y-spectrometry from a set of samples collected in Peniscola marshland (Spain)
(Rodellas et al., 2012). The dashed line represents the linear regression between ??°Ra activities quantified with the method

presented in this paper and the activities quantified via y-spectrometry.

4.3.7.1.  Calibration of the RaDeCC system for ??°Ra quantification

In contrast with the efficiencies of the 219 and 220 channels, the efficiency to determine
226Ra activities (Era-226) only depend on the apparent system efficiency (fs) and the apparent cell
efficiency (fc), because the Total channel is registering all the decay events (i.e., gate efficiency
(fe) =1) and the approach is based on the rate of ingrowth in the Total channel count rate (if the
emanation efficiency (fe) is assumed to be constant for the measurement, i.e. it will not affect

the slope). The efficiency of the RaDeCC system to determine 2%°Ra can thus be expressed as:

Era-226 = fsfc” Equation 4.4

Notice that the apparent cell efficiency (fc) is raised to the power 3 to account for the
three alpha decays (??°Rn - 218Po - 214Po) that subsequentially occur after an initial 2°Ra decay.

The theoretical efficiency is 0.51 considering the values for fc and fs from Table 3.1. However, the
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individual efficiencies for each RaDeCC system should be calculated by repeated measurements

of standards with known activities of 22°Ra.
4.3.8. Testing the quantification limits with laboratory measurements

In Sections 4.3.3, 4.3.4 and 4.3.5 we presented the limits for the quantification of 22°Ra
and 2%%Ra activities in case of high activity measurements, 219-220 cross-talk, and 222Rn buildup
effect, respectively. Here, some of these limits are tested with measurements performed in the
RaDeCC system of the UAB laboratory. In Section 4.3.3, we showed that the limit for the
quantification of 224Ra is 100 cpm in the Total channel. Above this value, the quantification may
overestimate the activities due to inappropriate correction of the count rate in the 220 channel.
Considering that the limit provided in Section 4.3.3 is conservative and may depend on different
circumstances (e.g. counting time, activity ratios), the results from the reiterative measurements
of a high activity sample are in good agreement with these limits. The quantification of ?**Ra
activities remains constant (~1,600 dpm 100L™!) when the measurements perform count rates in
the Total channel below ~250 cpm. For measurements above 250 cpm in the Total channel, the
quantified activities increase up to ~2,800 dpm 100L™! (Figure 4.8a). Similarly, the different 222Ra
guantifications of the same sample is also plotted against the ratio between 220 and 219 channel
(CR220/219) at the time of measurement (Figure 4.8b). Above the ratio CR220/219 > 10, the quantified
activities of ?23Ra increase from ~20 to 35 dpm 100L? as the CRzz0/219 increases, in strong
agreement with the limits presented in Section 4.3.4. Finally, the limits presented in Section 4.3.5
on the influence of 222Rn buildup are investigated with 4 measurements of high activity ??°Ra
samples (Figure 4.8c - Figure 4.8f). The effect of 222Rn buildup in the ??*Ra quantification is
significant when the ratio between Total channel count rate and the count rate of the 220
channel from the first cycles is higher than CRro7/220" > 12. The grey band in Figure 4.8c to Figure

4 8f indicates the count rate in the Total channel which overpasses this limit.
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Figure 4.8. Compilation of measurements performed in the UAB laboratory. a) Quantification of 22°Ra (b) and ?%*Ra (a) against
Total channel count rate and CRz2207219, respectively, from the repeated measurement of a high activity ?°Ra and ?**Ra sample
(20 and 1,600 dpm 100L", respectively). The Final220 count rate is evaluated in function of the Total channel count rate for
four different measurements (c) - (f). The dashed lines indicate the quantification limits in cases of (a) high activity

measurements, (b) 219-220 cross-talk effect, and (c to f) 22Rn buildup effect.

4.4,

Guidelines

4.4.1. Measurement and quantification of 222Ra and ??*Ra activities

The proper quantification of 222Ra and #?*Ra activities using the RaDeCC system is highly

dependent on (1) the count rate registered in the Total channel (Section 4.3.3), (2) its channel
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ratio (220 channel/219 channel; CR220/219) (Section 4.3.4), and (3) the 222Rn buildup (Section
4.3.5). The 222Rn buildup effect is treated in the following subsection since it is more significant
for measurements that require long counting times (800 - 1,200 min) due to the low activities of

the samples (e.g. measurements for 228Th, 228Ra or 22’ Ac determination).

The quantification of ?23Ra activities should not be performed when the count rate in the
Total channel overpass 200 cpm (Section 4.3.3). For lower count rates, the quantification should
be prevented to avoid 219-220 cross-talk interferences due to the influence of 22Ra in the 219
channel when CR220/219 > 10 or when CR220/219 > 4 and 220 channel > 5 cpm (see Section 4.3.4).
The quantification of 222Ra under these conditions could produce an overestimation of the 222Ra
activities up to ~40%. When these conditions are met and the quantification is not
recommended, a further measurement can be performed after a certain time to allow the
CR220/219 and the count rate in the 220 channel to decrease, as already recommended by Moore

(2008).

The quantification of 22Ra activities should never be derived from the Total channel count
rate, as this channel is highly influenced by the activities of 222Ra and 2?°Ra (Section 4.3.6),
contrary to previous recommendation for high activity samples (Moore, 2008). Therefore,
independent of the sample activity, the quantification of the 22Ra activity should be based on
the counting in the 220 channel and quantified using the equations proposed by Moore and
Arnold (1996). To avoid inappropriate estimations of 2?*Ra activities, the quantification of 2>*Ra
activities with the RaDeCC system should be performed under both of the following conditions:
(1) the count rate in the Total channel should be lower than the maximum quantification limit of
100 cpm (Section 4.3.3) and (2) the CR220/219 should be higher than 8, or higher than 2, when the
219 channel count rate does not exceed 1 cpm (Section 4.3.4). If the first condition is not met,
further measurements can be performed to allow the activity of 2?’Ra to decrease. Contrarily, if
the second condition is not met, no extra measurements can be performed to increase CR220/219
and the potential overestimation of the quantified 2?*Ra activity (up to 30%) should be

acknowledged.
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The thresholds and guidelines for an appropriate quantification of 22Ra and 2?*Ra
activities using the RaDeCC system based on the results of this study are summarized in Figure

4.9.

2%Ra quantification 24Ra quantification

| Tot channel < 200 cpm | | Tot channel < 100 cpm |
A l l A 4
| CRZI()/ZIV < 4 | | 4 < CR.’ZU/]W < 10 | | CRIIU,’.’IV > 10 | | CRZ}O/ZIQ < 2 | | 2 < CRJJO,?IQ < 8 | | CR220/219 > 8 |
Check 220 channel | Check 219 channel |
| 220 channel < 5 cpm | | 220 channel > 5 cpm | | 219 channel > 1 cpm | | 219 channel < 1 cpm |
y y A4 A 4
. —Y 2°Ra quantification 224Ra quantification A y
#*Ra quantification not recommended not recommended #Ra quantification

Figure 4.9. Schematic diagram of the guidelines to measure and quantify 2?Ra and ?>*Ra samples with the RaDeCC system

4.4.2. Measurement and quantification of 22’Ac and 2%2Th activities

The activities of 22’Ac and 2%Th are quantified with the RaDeCC system when their
daughters (?%3Ra and 2**Ra, respectively) are in radioactive equilibrium (i.e., after 1 - 3 months
after sample collection), usually conducting long measurements to reduce the analytical
uncertainty. In addition to the above-mentioned recommendations for 2?2Ra and 2?*Ra, the
quantification of 22’Ac and 228Th activities will strongly depend on the buildup of 222Rn from ?2®Ra
(Section 4.3.5). In the case of 22’Ac (?>3Ra) quantification, this effect is negligible due to the short
opening time of the 219 channel (ts-219 = 5.6 ms). Conversely, the 222Rn buildup will significantly
affect the 228Th (??°Ra) quantification (Figure 4.5b), especially for measurements with low
counting rates in the 220 channel (< 1 cpm). In such cases, significant overestimations produced
by 222Rn buildup may occur when the ratio between the count rates in the Total channel in the

220 channel from the first cycles (CRror/220") exceed 12 (Section 4.3.5). In order to properly

78



M. Diego-Feliu, Ph.D. 2022

quantify 22Ra or 228Th activities under these specific conditions, the counting should be stopped
when the threshold of CRrot/220° = 12 is overpassed (or only the first cycles of the measurement
be used), and the sample should be properly purged before conducting a new measurement of

the same sample (Moore, 2008).
4.4.3. Measurement and quantification of 22°Ra activities via ??Rn buildup

The activities of 22°Ra can be determined by using the ingrowth rate of 222Rn in the Total
channel using the RaDeCC system. In this work, we propose an improved simple method to
quantify 22°Ra activities based on this process and the approach described by Geibert et al.
(2013). In contrast to the approach of Geibert et al. (2013), the method described in this study
avoids correcting the count rate in the Total channel using the chance coincidence equations,
since this correction may be inappropriate for high Ra activities (Section 4.3.2 and 4.3.7). The
applicability of the method requires (1) long counting times (>600 min) to register a significant
ingrowth of 222Rn; (2) radioactive equilibrium between 223Ra-22’Ac and 2?*Ra-??Th and (3) the
calibration of the RaDeCC system with the use of a single ??°Ra standard. The activities of 2°Ra
can be easily calculated by dividing the slope of the count rate in the Total channel over time by
the conversion factor (1.80+0.07-10 min!; Figure 4.6b) and the efficiency of the counter for

226Ra
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Chapter 5: New perspectives on the use of 2**Ra/??®Ra and
222Rn/%%%Ra activity ratios in groundwater studies

5.1. Introduction

Ra isotopes and Rn are widely applied by marine scientific communities interested in
qguantifying SGD-derived inputs of solutes to the coastal ocean (e.g., Moore, 2006; Taniguchi et
al., 2019). However, their use is still limited in coastal and inland hydrogeological studies and only
a few applications have been carried out to evaluate velocities of groundwater and
groundwater/seawater residence times in coastal aquifers. Most of these studies have used
single radionuclides or the activity ratios of radionuclides from different decay chains (e.g., Duque
et al., 2019; Kiro et al., 2013, 2014, 2015; Luo and Jiao, 2019; Michael et al., 2011; Tamborski et
al., 2017). In contrast, the application of the activity ratios (ARs) of radionuclides from the same
decay chain, which only requires the evaluation of the parent-daughter relationship, has been
underexploited in hydrogeology. This is mainly because the classical analysis of Ra isotopes and
Rn in groundwater is commonly performed by using advective transport models that deal
separately with each radionuclide (e.g., Krest and Harvey, 2003; Michael et al., 2011; Tamborski
et al., 2019). Consequently, these models do not account for the dependency of the production
rates on the temporal distribution of parent radionuclide activities. The development of transport
models that include not only the target radionuclide, but also the direct parent in the formulation
is thus fundamental for the application of these radionuclides and their activity ratios in

groundwater studies.

In this study, we propose the use of the ARs of 22Ra/??®Ra and %?2Rn/??Ra, which are pairs
of radionuclides belonging to the same decay chain, as proxies of hydrogeological processes. The
aim of this study is thus to provide a comprehensive analysis of the processes that exert a control
on the ARs of 2*Ra/??®Ra and ?22Rn/??®Ra in groundwater (e.g., production rates, retardation, and
transit times), and to present novel applications, which interrelate the disciplines of
hydrogeology (determination of groundwater transit times) and coastal oceanography

(evaluating pathways and end-members of SGD). To this aim, an improved advective transport
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model that integrates all radionuclides from the same decay chain into a single formulation was
developed. The advective transport model and the applications of the ARs were tested at the

experimental site of Argentona, a Mediterranean coastal aquifer.
5.2. Advective transport model of radionuclides

In order to evaluate all the possible sources and sinks of radionuclides in groundwater, we
formulate two types of mass balances for all radionuclides in a decay chain, one for the
radionuclides contained in the sediment grains of the aquifer, which we refer to as the solid part,
and another one for the radionuclides dissolved in groundwater and adsorbed onto solid

surfaces, which we refer to as the exchangeable part.

Solid part: For the mass balance in the solid part, we assume that (1) it is not affected by the
processes occurring at the surface-groundwater interface (i.e., exchangeable part) such as ionic
exchange or weathering and (2) it is in steady-state conditions, that is, the activities do not
change with time. The model considers the radioactive decay and production of the target
radionuclide including the process of a-recoil. The a-recoil process is included by a parameter
(a-recoil factor, u [-]) that represents the fraction of a-decays occurring in the solid part that are
transferred to the exchangeable part (0 < u < 1). The activities in the solid part can be

formulated as:

s; = constant i=1
, Equation 5.1
Si = (1 - .ui—l)si—l i = 2,..,n

where i is the radionuclide number in the decay chain (e.g., i = 1 for 2*2Th and i = 2 for
228Ra) and s [Bq m™ of aquifer] is the sediment or solid activity. The activity produced by the
mobilization from the solid mineral lattice of the sediment grains to the exchangeable part via a-

recoil (f [Bg m™ of water]) can be expressed as follows:
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fi=0 i=1

_ , , Equation 5.2
fi=Mis18i2497™ i=2,..,n

where ¢ [-] is the aquifer porosity. Notice, that by substituting Equation 5.1 into 5.2, we

can express the a-recoil (f) without the a-recoil factor (u):

fi=0 i=1

_ , . Equation 5.3
fi=(Gisa—sDo™" i=2,..,n g

Moreover, the sum of the a-recoil of all radionuclides in a decay chain must equal the
sediment activity of the first isotope (s;) minus that of the last isotope (s,) (Equation 5.4),
provided that the sediment activity of an isotope is always lower than that of its parent (s; <
S;_1; Equation 5.1), and that a-recoil is the only process that produces this disequilibrium within

sediment grains:
o fi=(s1—8;+5,—S3+53..—5)p L =(s;—s,)¢p L Equation 5.4

Equations 5.2 and 5.3 may be used to establish the a-recoil of the various radionuclides.

Exchangeable part: The mass balance of the exchangeable part considers (1) the transport of
radionuclides in groundwater, (2) the decay of the dissolved and adsorbed target radionuclide,
and (3) the production from the parent radionuclide content in groundwater, on the solid
surfaces, and in the alpha recoil zone. The model assumes that the dissolved and adsorbed

radionuclides are in chemical equilibrium, and can be expressed as follows:

db; ]
¢§:L(ai)—¢ﬂibi i=1
’ Equation 5.5
db; ]
¢ St =L(a) — Ay + by + dAf; i = 2,.m

82



M. Diego-Feliu, Ph.D. 2022

where a [Bg m3 of water] is the activity in the water (hereinafter, dissolved activities), b
[Bq m of water] is the activity in the exchangeable part (dissolved and adsorbed), t [s] is time, A
[s1] is the decay constant, and L(a) [Bg m?3 s] is a linear operator for transport, which may

include terms for advection, diffusion, and dispersion (Bear, 1972):

L(a) =—q-Va+V-(¢DVa), Equation 5.6

where q [m s] is the Darcy flux vector and D is a tensor for diffusion-dispersion

coefficients.

The transport equation (Equation 5.5) is a general equation that can be simplified by
assuming steady-state conditions (0b/dt = 0), neglecting the effect of dispersive and diffusive
transport relative to advective one (L(a) = —q - Va), and defining a travel time (hereinafter,

transit time) 7 [s] along a flow path (x [m]), such that:

t=1 da .
X=[,_ovdt=>—_—=v-Va, Equation 5.7

where v [m s?] is the groundwater velocity vector (v = ¢ 1q). Subsequently, the

transport equation (Equation 5.5) becomes:

% = —AiRl'ai i =1

, Equation 5.8
aai 1
o = —AiRiai + liRi_lai_l + )Llﬁ i =2,.,n

or
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ob; _

P AiRibi l =1

, Equation 5.9
db; .
a—; = _AiRibi + AiRibi—l + ALlel L = 2, e, n

for dissolved (Equation 5.8) and exchangeable (Equation 5.9) activities, where R [-] is a
linear retardation factor (R [-]; b; = R;q;). Retardation is considered to be the reduction of the
average velocity of a solute relative to the groundwater velocity (McKinley and Russell Alexander,
1993) due to the different solid-solution interaction processes (e.g., precipitation, dissolution,
ionic exchange). Indeed, the retardation factor depends on the groundwater composition (e.g.,
salinity, pH), the characteristics of the geological matrix (e.g., cationic exchange capacity, grain
size), and the geochemistry and half-life of each radionuclide. Thus, in a homogeneous system
(i.e., no changes in geology or groundwater composition), the retardation factor is unique for
each isotope in the decay chain, and can take values from 1 (for unreactive elements such as Rn)
to infinite (Krishnaswami et al., 1982). When the main process of exchange between solid and
solution is ionic exchange, the retardation factor can be directly related to the distribution

coefficient (Michael et al., 2011):

R=1+K,%2 Equation 5.10

where Kp[m3? kg'] is the distribution coefficient (the ratio of solid phase to solute
concentrations of radionuclide) and p,, [kg m~3] is the sediment dry bulk mass density (Michael et
al., 2011). Under this assumption, all isotopes from a certain element have the same retardation
factor, provided that the adsorption-desorption processes are faster than the decay rates of the

considered isotopes (Krishnaswami et al., 1982).

A particular case of the transport equation (Equation 5.9) would be when the exchangeable

and dissolved activities do not change with groundwater transit times (R; da; /0t = db;/0t =
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0). We refer to this case as bulk radioactive equilibrium, which considers the production and
decay of a radionuclide in its dissolved and adsorbed form plus the a-recoil supply from the solid.

In this case, Equation 5.9 becomes:

. Equation 5.11
bi: bi—1+fi [ = 2,...,Tl

The use of the transport model presented here has some limitations and considerations that
should be taken into account before its application. The model neglects two processes that might
influence the activities of radionuclides in groundwater: weathering and chemical precipitation.
Whilst these processes might be relevant in specific areas (e.g., co-precipitation of Ra under high
concentrations of barite or carbonates or in the presence of Fe and Mn (hydro)oxides; Benes et
al., 1984; Gonneea et al., 2013), they are often assumed to play a minor role in the distribution
of Ra isotopes in groundwaters, in comparison to the production/decay and
adsorption/desorption terms (Porcelli, 2008). The model also neglects potential Rn losses to the
atmosphere, which are expected to be negligible in aquifers. However, if weathering,
precipitation and/or evasion rates are hypothesized as relevant in the studied system, a
source/sink term can be factored into the model’s formulation (i.e., Equation 5.5) to account for

these processes.

The assumption of steady-state conditions (i.e., activities not varying with time, db/dt = 0),
which is a common assumption for most of the advective transport models (e.g., Krest and
Harvey, 2003; Michael et al., 2011; Tamborski et al., 2019, 2017a), may not be valid for systems
subjected to non-periodical forcing such as waves, strong precipitation events (i.e., variable
recharge), sea-level variability, or sea-level rise (Robinson et al., 2018). Therefore, a proper
characterization of the processes affecting the study site and the activities of radionuclides is
needed to apply the model presented in this study. It should be noted however that the average

time that the radium isotopes reside in the system (da/dt = 0) depends on both the decay

85



Chapter 5: Activity ratios of 22Ra/?*®Ra and 2?2Rn/?%*Ra

constant and the retardation factor of each radionuclide (i.e., 1/AR). The assumption of steady-
state should thus be validated on this temporal scale (Rodellas et al., 2021). For instance, the
dissolved activities of 22°Ra may reach steady-state in ~8 days and ~23 years for fresh (Rp, =~

10°) and saline (Rg, =~ 10?) groundwater, respectively.

The model also considers that groundwater is flowing through a homogeneous aquifer (i.e.,
constant R and b/f) and thus neglects potential heterogeneities of the aquifer matrix that can
influence the parameters of the model. Finally, the model neglects dispersion and other mixing
processes. This is particularly relevant for the saltwater-freshwater interphase in coastal aquifers,
where the different end-members mix. Therefore, the model may only be applicable to either
the fresh or the saline part of an aquifer, provided that groundwater is sufficiently enriched in Ra

and Rn isotopes.

In the appendices (Appendix B), a simple analytical solution for Equation 5.9 was deduced by
using vector-matrix notation. The analytical solution is used in the following sections to assess
the behavior of Th, Ra, and Rn in groundwater (Section 5.3.1), and to evaluate the role of a-recoil
and retardation of Ra in the distribution of ARs of 22Ra/??®Ra and 222Rn/?%®Ra in groundwater
(Section 5.3.2 and 5.3.3, respectively). It should be noted that the analysis of the model
parameters assumes that the activities of the inflowing water into the aquifer are negligible
compared to those in groundwater. This assumption may be valid for most of the groundwater
systems since the activities of surficial waters are commonly of orders of magnitude lower than
those in groundwater (Cerda-Domenech et al., 2017). However, this assumption may not be valid
in sites where inflowing water is highly enriched in long-lived radionuclides (e.g., mining waters;
Dias da Cunha et al., 2014). The input parameters used for the model in each section are shown

in Table 5.1.
5.3.  Results and discussion
5.3.1. Thorium, radium, and radon enrichment in groundwater

In this section, we use the advective transport model (see Appendix B) to evaluate the
different enrichment rates of Th, Ra, and Rn in groundwater flowing through an aquifer. For this

purpose, a particular case is considered, in which the groundwater flowing through the aquifer is
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saline and the production rate only depends on the exchangeable activity of the parent

radionuclide (b;_,) (i.e., there is no a-recoil, f = 0). Therefore, typical retardation factors for Th

and Ra in saline groundwater were used (10'° and 103, respectively; Kumar et al., 2020; Michael

etal.,, 2011), and an arbitrary exchangeable activity for the parent radionuclides (>32Th and 23°Th)

of 10* Bqg m™ was imposed as exchangeable activity at the inflow boundary of the flow path (bo)

(see Table 5.1). Notice that the selected b, has no influence on the different radionuclide

enrichment rates.

Table 5.1. Values used for the model parameters in each section. The parameters R, f, and b, refer to the retardation
factor, the a-recoil activity, and the exchangeable activity at the inflow boundary of the flow path, respectively.

5.3.1. Th, Ra and Rn

enrichment in

5.3.2. Effect of alpha recoil 5.3.3. Effect of retardation

groundwater supply factor of Ra
Radionuclide T, R f b, R f b, R f b,
-3 -3 -3 -3 -3
- Bq m Bgqm - Bq m Bg m - Bgqm Bq m
2 decay chain
21 4.1 0 10" 10" 0 o0-100 10" 0 0
(Gy)
5.7
2pa ) 10° 0 0 10° 10" 0 1-10° 10 0
228 1.9 10 10 10
Th v) 10 0 0 10 0 0 10 0 0
224 36 3 3 4 8 4
Ra (d) 10 0 0 10 1.2-10 0 1-10 1.2-10 0
20Rp >> 1 0 0 . . - - - -
(s)
238U decay chain
e AT 0 10" 10% 0 o0-100 10" 0 0
(ky)
226 1.6 3 3 4 4
Ra 10 0 0 10 10 0 1-10 10 0
(ky)
2200 3-8 1 0 0 1 10" 0 1 10" 0

(d)

The evolution of the activities for the different radionuclides, as a function of

groundwater transit times, is shown in Figure 5.1. The results indicate that the effect of

groundwater transit times on the activities of 232Th and 23°Th is negligible, due to its large
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retardation factor (Figure 5.1a and Figure 5.1c). Nevertheless, the exchangeable activities for
228Th may be lower than those of 232Th. This is because the production rate of 226Th depends on
the activities of 222Ra, which is partially dissolved in groundwater, and can be removed by
advective flow (Figure 5.1a). The activities of Rn isotopes in groundwater increase with transit
time, reaching the equilibrium with the exchangeable activity of its parent (Ra) at a specific
groundwater transit time (Figure 5.1a and Figure 5.1c). Since Rn is a noble gas (i.e., not affected
by chemical reactions), the characteristic groundwater transit time for achieving the equilibrium
with its parent, corresponds to the time to reach secular equilibrium with Ra (7-T1/2; ~7 min and
~27 days for 22°Rn and 222Rn, respectively) because it only depends on the half-live of each isotope
(Rgrn, = 1). Similarly, the activities of Ra isotopes increase with groundwater transit times. In this
case however, the rate of increase and the specific time at which Ra isotopes achieve equilibrium
with the exchangeable activities of their parent Th, not only depend on their half-lives but also
on the retardation factor of Ra. Consequently, Ra isotopes require shorter groundwater transit
times for achieving their equilibrium activities (i.e., da/dt = 0) in groundwater (minutes, hours,
and months for 22*Ra with 228Th, 228Ra with 232Th, and 22°Ra with 23°Th, respectively) than those
needed to achieve radioactive secular equilibrium with their parents (~25 days, ~40 years and

~10,000 years for 22%Ra, 222Ra, and 2?°Ra, respectively).
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Figure 5.1. Exchangeable (adsorbed and dissolved) (a and c) and dissolved (b and d) activities of 232Th, 2?6Ra, 226Th, %Ra, and
220Rn (a and b) and 23°Th, 226Ra, and ???Rn (c and d) as a function of groundwater transit times under the conditions specified in
Table 5.1.

Notice that the exchangeable activities of the daughter radionuclides are always lower
than the exchangeable activities of their direct parents, until they reach equilibrium (b; = b;_)
at a specific transit time (Figure 5.1a and Figure 5.1c). Once this equilibrium is reached, the
dissolved ARs between daughter and parent radionuclides can be described by a;/a;_; =
R;_1/R; (since b; = a;R;). Thus, the dissolved ARs of 2?*Ra/?*®Ra and #22Rn/??°Ra under these
conditions are 1 and Ry, respectively, as shown in Figure 5.2. Notably, these ARs for 22*Ra/??®Ra
and ?22Rn/??®Ra are sometimes lower than those found in natural groundwaters (e.g.,
Copenhaver et al., 1993, 1992; Krishnaswami et al., 1991; Moise et al., 2000; Vinson et al., 2013,

2009). This is because, in this analysis, the production rate is assumed to depend solely on the
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exchangeable activity (b;_;) of the parent radionuclide, implicitly neglecting the role of the supply
from the effective a-recoil zone. Therefore, ARs found in natural groundwater samples cannot

be explained without explicit consideration of the a-recoil supply.
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Figure 5.2. Dissolved activity ratios of *Ra/??®Ra (a) and %?Rn/?*Ra (b) against groundwater transit times. Red dashed line
indicates the ARs when the daughter radionuclides achieve the equilibrium with its parents (1 and Rg, for ?*Ra/??®Ra and
222Rn/?%6Ra, respectively).

5.3.2. The effect of alpha recoil supply on %?*Ra/??®Ra and ?*Rn/??°Ra activity ratios

The mobilization of radionuclides from the solid to groundwater due to the energy of an
a-decay, commonly known as a-recoil, may be an important source of Rn and Ra isotopes to
groundwater (e.g., Kigoshi, 1971; Sun and Semkow, 1998; Swarzenski, 2007). In this section, the
models of the solid part and exchangeable part (see Section 5.2) are used to evaluate (1) the role
of the grain size in the a-recoil, (2) the bulk radioactive equilibrium of the ??*Ra/?*®Ra and
222Rn/?2°Ra ARs, and (3) the importance of the a-recoil supply relative to the source from the

exchangeable activities of the parent radionuclide.
5321 The role of grain size in the supply from alpha recoil

The supply from a-recoil to groundwater depends on the activity of the parent radionuclide
in the sediment grains or solids (s) as well as on the fraction of a-decays occurring in the sediment
grains that recoil into groundwater (i.e., a-recoil factor, u). To evaluate the a-recoil factor, a
similar analysis to the one presented by Porcelli (2008) is proposed. This analysis is based on the

determination of the fraction of a-derived nuclides recoiling into groundwater, from the volume
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ratio of the effective a-recoil zone to the total sediment grain. For this approach it is assumed
that (1) the sediment grains are spherical, (2) the volume of the effective a-recoil zone depends
on the characteristic travel distance of the generated a-decay daughter radionuclide, d, [um],
(3) the parent radionuclide is uniformly distributed in the sediment grain, (4) only half of the a-
decays occurring in the a-recoil zone effectively recoil in groundwater, and (5) only a-emitters
produce the mobilization of the daughter radionuclide. This gives the following relation between

the a-recoil factor (u) and grain diameter (d [um]):

d 3
_1 _(z—da) _oda 43 | d} ,
u—z(l 3 )—3d 6-;t+t4-5 Equation 5.12

Notice that, if the grain diameter is much higher than the a-recoil travel distance (d >>
d,), Equation 5.12 can be simplifiedto u = 3 %. In Figure 5.3a, the a-recoil factor (u) is evaluated

for different grain diameters. As expected, the a-recoil factor decreases as the diameter of the
sediment grain increases (e.g., the a-recoil supply from sandy sediments is thus expected to be
lower relative to muddy sediments). The ratio between the a-recoil supply of daughter and
parent radionuclides for 22*Ra-??8Ra and 222Rn-%2°Ra pairs can be derived from Equation 5.1 and

5.2 as follows:

fRa-224 _ HTh-228 (1- .uTh—232)r Equation 5.13
fRa-228 UTh-232

fRn-222 _ KRa-226 (1 = rn_230)- Equation 5.14

fRa-226  KTh-230

Considering the average a-recoil distances reported by Sun and Semkow (1998) (407, 381,
370 and 331 A for 22%Ra, 222Rn, 22%Ra, and 228Ra, respectively) and the derived a-recoil vs grain

diameter relationship (Figure 5.3a), the a-recoil pair ratios increase with grain diameter towards
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the values ~1.2 and ~1.0 for 2?*Ra-??8Ra and 2%2Rn-22°Ra pairs, respectively. These values result
from the ratio between average a-recoil distances for daughter radionuclides relative to the

parent radionuclides.
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Figure 5.3. The fraction of a-decays recoiling into groundwater based on Porcelli (2008) (a) and recoil supply ratios for ?Ra-
228Ra (red) and ???Rn-?*5Ra (orange) against the grain diameter.

5.3.2.2.  The bulk radioactive equilibrium of **Ra/??®Ra and ??’Rn/??°Ra activity ratios

The bulk radioactive equilibrium is a particular situation in which the activity of a radionuclide
does not change with groundwater transit time (R; da;/dt = db;/dt = 0) since its production
rate, both from exchangeable and a-recoil sources equals its decay rate. The radioactive
equilibrium of dissolved ARs of 224Ra/??%Ra and 22?Rn/??®Ra including the supply by a-recoil can
be derived from Equation 5.11 (da/dt = 0), taking into consideration that the exchangeable

activities of 222Th are in equilibrium with its parent (brth-228 = bra-228; see Figure 5.1):

ARg— _ .
ORa-224 _ 1  _ JRa-224 Equation 5.15
ARa-228 brh-232+fRa-228

ARp— _ .
—B1=222 = Rra (1 4 —JRn=222 ) Equation 5.16
ARa-226 brh-230%fRa-226
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These equilibriums depend on (1) the exchangeable activity of the parent radionuclide
(brp—232 for 224Ra/?*®Ra and byy,_,30 for 22Rn/??°Ra), (2) the retardation factor of Ra, in the case
of the ?22Rn/??®Ra AR, and (3) the successive a-recoil inputs (Equations 5.1 - 5.3). The a-recoil
supply strongly influences the bulk radioactive equilibrium of the ARs. The equilibrium of the
dissolved ARs of 22Ra/??®Ra and 222Rn/??°Ra derived from Equation 5.15 and 5.16 range from 1.0
and Rp, when a-recoil is negligible (b >> f) to 2.2 and 2:Ri, when a-recoil is the dominant
source term (f >> b), respectively. Notice that the maximum equilibrium for dissolved ARs is
obtained when using the maximum recoil supply ratios of ~1.2 and ~1.0 for 22*Ra-??8Ra and %??Rn-
225Ra pairs, respectively. The estimated ranges of ARs are similar to those already suggested by
Porcelli (2008). Therefore, groundwaters presenting ARs outside of these ranges are indicative of
transit times shorter than those needed to achieve the bulk radioactive equilibrium (hereinafter,

characteristic equilibrium transit times).
5.3.2.3.  Alpha recoil vs exchangeable activity of the parent radionuclide

The relative importance of the exchangeable activities of the parent radionuclide (b) and
a-recoil (f) sources, not only influences the equilibrium ARs (when da/dt = 0), but also their
concentration in groundwater. It should be noted however, that this relative importance (b/f)
has no influence on the characteristic equilibrium transit times. The advective transport model is
used in this section to evaluate the dissolved ARs of 22Ra/??Ra and ?22Rn/??°Ra, depending on
groundwater transit times for different ratios between exchangeable activity and a-recoil (see
Table 5.1). The results displayed in Figure 5.4 show that higher a-recoil supply values, in
comparison to the exchangeable source (b/f < 102), produce ARs above the equilibrium ARs
(Equation 5.15 and 5.16) for transit times lower than the characteristic equilibrium transit time.
These ARs decrease towards the equilibrium values as groundwater transit time increases (Figure
5.4). Maximum ARs are indeed observed when the exchangeable activities are negligible (b = 0)
and transit times are short. As already noticed by Krishnaswami et al. (1982), these maximum
values equal the ratio between the decay constants of the daughter and parent radionuclide for
each AR (Arg_224/ARa—228~580 for 2*Ra/??®Ra and Ag,,_222/Ara—226~1.5 - 10° for 222Rn/?*Ra).
These high ARs result from the faster regeneration of the short-lived relative to long-lived

radionuclides (Gleeson et al., 2013; Rodellas et al., 2017; Tamborski et al., 2018) and are in
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agreement with the high ARs found in areas exposed to short-scale processes such as porewater
exchange or beach-face recirculation (Charette et al., 2003; Moore et al., 2011). Conversely, the
ARs fall below the equilibrium values when the exchangeable activity of the parent radionuclide
is considerably higher than the a-recoil (b/f > 103), as already noticed in the previous section
(i.e., neglecting the role of the a-recoil supply; Figure 5.3). It is also worth noting that the
relevance of the exchangeable activities of the parent radionuclide relative to a-recoil (b/f) may
be lower for 22*Ra/??8Ra than for 222Rn/??°Ra. This is because 232Th is the first radionuclide of the
decay chain and thus its mobilization from mineral lattice to exchangeable fraction (adsorbed
and dissolved) is not affected by a-recoil, and may only depend on weathering processes (e.g.,
dissolution, breakdown of rocks or minerals; Porcelli, 2008). Conversely, 23°Th is the fifth
radionuclide of the 233U decay chain and its exchangeable activities are derived from the

exchangeable content of its parent radionuclide (2**U) plus an additional recoil source (fy_234)-
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Figure 5.4. Activity ratios of ?Ra/?®®Ra (a) and *?Rn/??°Ra (b) against groundwater transit times for different ratios of
exchangeable activity and a-recoil sources (b/f) represented by solid color lines. Red dash-lines in (a) and (b) represent AR
224Ra/??®Ra = 1 and AR ??’Rn/??°Ra = Rp,, respectively.

5.3.3. The effect of Ra retardation factor on *?*Ra/??®Ra and ?*Rn/??®Ra activity ratios

The distribution of radionuclides in groundwater is strongly affected by their retardation
factors (McKinley and Russell Alexander, 1993). To model the distribution of a certain
radionuclide by using the advective transport model proposed in this study (Appendix B), the
retardation factors from the target and parent radionuclides should be known (Ry, Ryp, Rga,

and Ry, ). Evaluating AR distribution is simpler since only the retardation factors of the involved
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radionuclides are required. In the case of the 222Rn/??°Ra AR, as Rn is the direct daughter of 22°Ra
andis anoble gas (Rg,, = 1), only the retardation factor of Ra is needed. For the AR of 22*Ra/?*Ra,
the retardation factors of Th and Ra are required, because ?**Ra is produced from %28Th.
Nevertheless, since the retardation factor of Th is commonly of orders of magnitude higher than
that of Ra (102 to 10%° for Th and 10 to 10° for Ra; Kumar et al., 2019; Thibault et al., 1990) it has
a negligible effect on the AR of ?2*Ra/??®Ra. A fixed Ry, of 10'°is used in this study, but identical
results would have been obtained using a Ry, of 108. In this section, the ARs of 224Ra/??®Ra and
222Rn/??°Ra are evaluated against transit times for different Ra retardation factors (Figure 5.5a
and Figure 5.5b). To do so, an arbitrary ratio between exchangeable activity and a-recoil sources
(b/f) of 10 is set and we consider ionic exchange as the principal mechanism of exchangeable-

dissolved transfer of radionuclides (Table 5.1).
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Figure 5.5. Activity ratios of ?“Ra/??®Ra (a) and ?%’Rn/??°Ra (b) against transit times for different retardation factors represented
by solid color lines. The red dashed line in (a) represents the equilibrium AR of 22*Ra/??®Ra. The ratio between exchangeable
activity and e-recoil sources (b/f) is set to 10.

As already shown in previous sections, both ARs achieve bulk radioactive equilibrium
(Equation 5.15 and 5.16) after a characteristic transit time. This characteristic transit time for
reaching equilibrium strongly depends on the retardation factor of Ra and on the decay constants
of each pair of radionuclides (Agg_224 and Ag,_22g for 22*Ra/?%Ra and Ag,_522 and Agg_2,6 foOr
222Rn/?2%Ra). The characteristic transit time decreases as the retardation factor increases. In other
words, the Ra losses due to advective transport (i.e., da/dt = v - Va; Equation 5.7) are higher

when Ra is predominantly desorbed (i.e., low retardation factors; ~100) than when Ra is mostly
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associated with solid surfaces (i.e., high retardation factors; ~108). However, it should be noted
that while the Ra retardation factor does not influence the equilibrium of the 22Ra/??8Ra AR
(Equation 5.15), it does strongly influence the 222Rn/??°Ra AR in equilibrium (Equation 5.16) as

shown in Figure 5.5a and Figure 5.5b.
5.3.4. Characteristic equilibrium groundwater transit time

The characteristic equilibrium transit time for the 22*Ra/?*®Ra and #22Rn/%?°Ra ARs to reach
bulk radioactive equilibrium provides key information on the determination of groundwater
transit times. As shown in previous sections, characteristic equilibrium transit times are highly
dependent on the retardation factor of Ra (Rp,), but they are independent of the relative
importance of the exchangeable activities of the parent radionuclide and a-recoil sources (b/f).
Here the characteristic equilibrium transit times for the ARs of both 2?Ra/??Ra and ??2Rn/??°Ra
as a function of the Ra retardation factor are estimated (Figure 5.6). Higher retardation factors,
characteristic of freshwater environments (10°8), result in shorter times for equilibrium (~0.1 days
for 22Ra/?*®Ra and 100 days for 222Rn/??°Ra) due to the minor effect of advection losses.
Conversely, lower retardation factors, characteristic of saline environments, require longer
equilibrium transit times (~3 years and 3,000 years for 22*Ra/??®Ra and 2%2Ra/??°Ra, respectively).
Notice that the equilibrium transit times are approximately 3 orders of magnitude higher for
222Rn/??°Ra than for 2?*Ra/??®Ra, mainly because of the different decay constants of 22°Ra and
228Ra (Agrg—228 >> Arg—226, S€€ Table 5.1). Thus, from Figure 5.6, three main areas can be
identified depending on whether the ARs of 22*Ra/??8Ra and ?%2Ra/??°Ra are in equilibrium or not.
A first evaluation of groundwater transit times can thus be easily obtained from this simple
analysis, when the ARs are measured in groundwater samples and the retardation factor of Ra is

constrained.
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Figure 5.6. Characteristic groundwater transit time for the AR ?**Ra/??®Ra (red line) and %2Rn/??’Ra (orange line) to achieve
their equilibrium value (Equation 5.15 and 5.16, respectively), as a function of the retardation factor of Ra. The grey band
indicates the common retardation factors of Ra based on Kumar et al. (2019).

5.3.5. Applications of 2*Ra/??®Ra and 2??Rn/??°Ra activity ratios
5.3.5.1.  Groundwater transit times determination

In this section, the potential applications of the 2%*Ra/??®Ra and 2?’Rn/??°Ra ARs for
determining transit times of groundwater flowing through an aquifer are tested. The advective
transport model presented in this study (Appendix B) can be used to determine groundwater
transit times in different hydrological environments, including inland and coastal aquifers, and
for different groundwater compositions (fresh, brackish, and saline groundwater). Notice that
the application of these ARs for determining groundwater transit times in freshwater systems is
more complex, since the solubility of Ra isotopes in pristine groundwater is usually low. However,
in recent years there have been many advances in the quantification of low concentrations of Ra
isotopes (Molina-Porras et al., 2017a), as well as in their application to freshwater environments
(Molina-Porras et al., 2020, 2017b). The two main applications of the model are (1) the
determination of groundwater transit times between two sampling points located in the same

flow path, where the groundwater Ra and Rn activities of each sample are used to set the initial
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inflow (a,), and the final outflow (a) boundary activities of Ra isotopes and Rn; and (2) the
estimation of transit times from a recharge point (i.e., infiltration of water through the aquifer or
seawater intrusion) to a sampling point (also known as groundwater age), where the activities of
the inflowing water are used to set the initial inflow activities (ay) and the sampling point is used
to set the outflow boundary activities (a). Moreover, groundwater velocities can be derived from
transit times if the flow path length from recharge, or between the two sampling points, is known

(Equation 5.7).

The implementation of this method requires not only the quantification of 22Ra/??Ra and
222Ra/??%Ra ARs, but also requires constraining the retardation factor of Ra (Rg,) and the relation
between production rates derived from the exchangeable activities of the parent radionuclide
and a-recoil (b/f) (see Section 5.3.2 and 5.3.3). The methods for determining production rates
and retardation factor are summarized in Chapter 1.1.4.1) and a compilation of distribution

coefficients of Ra is presented in appendix A.

Once these parameters (**Ra/?*®Ra and 222Ra/??*Ra ARs, Ry,, and b/f ratio) are constrained,
groundwater transit times can be determined using two different approaches. The first approach
consists of comparing the measured ARs with the bulk radioactive equilibrium ARs (Equation 5.15
and 5.16) to determine the ranges of groundwater transit times. Whilst this approach only
enables the estimation of wide ranges of groundwater transit times, it can be applied without
characterizing the ratio b/f , which is often the most challenging parameter to determine. Given
a specific Ra retardation factor, the characteristic equilibrium groundwater transit times for both
ARs (the transit time required for the ARs to achieve the bulk radioactive equilibrium) can be
derived directly from Figure 5.6. If the measured groundwater samples present ARs out of
equilibrium ranges (from 1.0 to 2.2 and Ry, to 2:Rg, for ??*Ra/?*®Ra and 222Rn/?%*Ra,
respectively), they are indicative of groundwater transit times shorter than the characteristic
equilibrium groundwater transit times. Conversely, ARs within the characteristic bulk radioactive
equilibrium ranges may be indicative of longer groundwater transit times relative to the
characteristic equilibrium transit times (Figure 5.6). However, notice that ARs within these ranges
may not have reached equilibrium under some ratios for exchangeable and a-recoil sources (e.g.,

b/f ranging from 102 to 103, see Figure 5.4). To ensure that the ARs have reached equilibrium,
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evaluating the variation of the ARs on different sampling points along the studied flow path is
recommended. Moreover, this approach can only be used for determining groundwater ages,
since the analysis performed to derive Figure 5.6 considers that the inflowing water has negligible

initial activities of Rn and Ra (ay = 0).

The second approach is based on adjusting numerically the model presented in the appendix
(Appendix B) to the measured ARs. Based on the input parameters of the model which comprise
the retardation factor of Ra, the activities of the target radionuclides at the inflow boundary (a,),
and the relation between the production rate derived from the exchangeable activity of the
parent radionuclide and the production from a-recoil (b/f), the model can be used to determine
the modeled ARs of 22*Ra/??8Ra and 2%2Rn/??°Ra for a set of groundwater transit times (e.g., 10>
to 10° days as shown in Figure 5.5). Subsequently, the results of the modeled ARs are compared
with the measured ARs at the outflow boundary to evaluate a specific groundwater transit time.
The uncertainties associated with the transit time determination can be assessed through a
Monte Carlo analysis where the errors associated with each of the model’s variables are
considered. Within the Monte Carlo analysis (1) model variables (e.g., Rz, and b/f) are
generated via normally distributed random values based on the mean and standard deviation of
each parameter and (2) a set of stochastic simulations are performed to determine the
groundwater transit time resulting from the combination of all input parameters. The distribution
of groundwater transit times obtained from the Monte Carlo analysis can be adjusted (e.g., least-
square fitting) to a probability density function (e.g., Normal, Poisson, Binomial, Beta) to obtain
the statistics for empirical distribution (e.g., mean, median, standard deviation). In the following
section (Section 5.3.6), the advective transport model is used to evaluate groundwater transit
times for fresh groundwater from recharge and recirculated seawater in a coastal Mediterranean

aquifer.
5.3.5.2.  Constraining pathways and end-members of SGD

The advective transport model presented in this study can be applied in SGD studies to
evaluate both the predominant pathways of groundwater discharge (e.g., porewater exchange,
intertidal seawater recirculation, terrestrial groundwater discharge) (Michael et al., 2011;

Taniguchi et al., 2019) and the SGD end-member.
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a) Evaluation of predominant SGD pathways: SGD can be separated into 5 main pathways
according to the groundwater origin, the physical forces driving the fluxes, and the
spatiotemporal scale of each process: terrestrial groundwater discharge; density-driven seawater
circulation; seasonal exchange of seawater; intertidal circulation of seawater; and porewater
exchange (Michael et al., 2011; Robinson et al., 2018; Taniguchi et al., 2019). Considering the
different spatiotemporal scales of each SGD pathway and their characteristic salinities (and
therefore their characteristic Ra retardation factor), different SGD pathways are likely to present
characteristic ARs (Figure 5.7). As shown in Figure 5.7, whereas short-scale processes
characteristics of saline environments (low retardation factors) such as porewater exchange or
intertidal seawater recirculation will likely present ARs in disequilibrium (Equation 5.15 and 5.16),
long-scale processes involving freshwater (high retardation factors) such as terrestrial
groundwater discharge are expected to present ARs close to the bulk radioactive equilibrium

(Equation 5.15 and 5.16).
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Figure 5.7. Characteristic groundwater transit time for the AR of 22*Ra/??®Ra (red line) and ?°Rn/??°Ra (orange line) to achieve
their equilibrium value (Equation 5.15 and 5.16, respectively), as a function of the retardation factor of Ra and the temporal
scales of different SGD pathways. The grey band indicates the common retardation factors of Ra based on Kumar et al. (2019).
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b) Selection of the SGD end-member: Once released into coastal water by SGD, the
activities of the short-lived isotopes (?**Ra and 222Rn) are expected to decrease at a faster rate
than their parent isotopes (*22Ra and %?°Ra, respectively) because: (1) the decay rates of ?>*Ra and
222Rn are higher relative to their parents (222Ra and 2%°Ra, respectively); (2) 222Rn exhales to the
atmosphere, and; (3) coastal waters are mixed with offshore waters, which are commonly
depleted in short-lived (***Ra and 22?Rn) relative to long-lived (*2®Ra and 2%®Ra) isotopes. Thus,
one possible method to evaluate the SGD end-member consists of comparing the measured ARs
of 22%Ra/??®!Ra and 222Rn/??®Ra in the coastal ocean (ARgy,) with those of groundwater samples
(AR;y/) (Boehm et al., 2006; Moore et al., 2006; Rodellas et al., 2014) at a specific site. When
SGD is the predominant source of Ra isotopes and Rn to the coastal ocean (i.e., absence of any
significant source such as diffusion from sediments or rivers), the ARs in the coastal ocean are
expected to be comparable or lower relative to those of the discharging groundwater (ARgy, <
ARy ). Any groundwater sample exhibiting lower ARs than those measured in the coastal waters
may not be representative of the dominant SGD inflowing to the study site, and thus can be

discarded as a relevant SGD end-member.

5.3.6. Applications of ??*Ra/?’®Ra and 2??Rn/??°Ra activity ratios at the Argentona

experimental site (western Mediterranean Sea)

The applications of the 22Ra/??®Ra and 2?2Rn/??°Ra ARs for determining groundwater
transit times and evaluating the end-member and pathways of SGD, were tested at an
experimental site located in the coastal alluvial aquifer of the Argentona ephemeral stream (40
km NE of the city of Barcelona, western Mediterranean Sea). The Argentona experimental site is
described in detail in appendices (Appendix C). The physicochemical parameters and the Ra
isotopes activities (*?*Ra, 2%®Ra, and 2?°Ra), together with 222Rn, were monitored over two years
(2015 and 2016) at the experimental site. Additionally, the retardation factor of Ra was
determined via adsorption-desorption experiments (Table C.1) on sediment samples collected
from two selected piezometers (N1-20 and N2-15). Detailed information on the sampling,
analytical techniques, and the monitoring of Ra isotopes and Rn in the Argentona experimental

site, are provided in Chapter 2 and appendix C.
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5.3.6.1. Groundwater transit times

The hydrogeological patterns in the Argentona experimental site provide a good opportunity
to use the ARs of 22°Ra/??%Ra and 222Rn/?%®Ra for the evaluation of two different processes. While
in the shallower part of the aquifer the proposed method is tested to estimate the groundwater
transit times of fresh groundwater from recharge, in the deeper part the groundwater transit
times of recirculated seawater are estimated. The groundwater samples collected from the
piezometer at 15 m depth in nest N2, were chosen as the referential samples to evaluate transit
times from upstream recharge (hereinafter fresh-outflow), because it is the farthest piezometer
from the sea (~100 m) and presented the lowest average salinity (0.5), indicating a negligible
mixing with intruded seawater. Conversely, groundwater samples from nest N1 at depth 20 m
that exhibiting the highest average salinity (32.4) were chosen to evaluate transit times for
seawater recirculation (saline-outflow). In both cases, the groundwater transit time is
determined from a recharge point to an outflow boundary, taking into consideration that the
initial activities of Ra isotopes and Rn in the inflowing water are negligible (a, = 0) (i.e., the
determined groundwater transit time corresponds to the groundwater age). This assumption is
supported in this case because the activities of 22*Ra, 2%°Ra, 228Ra and 2??Rn in coastal waters are

significantly lower (> 2-3 orders of magnitude) than those in groundwater (Figure C.2).

Indicative ranges of groundwater transit times can easily be estimated solely from the
measured ARs and the retardation factor of Ra, without any extra analysis (Figure 5.8). Since both
the 22Ra/?*®Ra and 222Rn/??°Ra ARs from the saline-outflow are in disequilibrium (5 > 2.2 and
4,500 > 2Rp,, respectively), and the experimentally determined Ry, is 170 (Table C.1), the
derived groundwater transit times should be shorter than the characteristic equilibrium transit
time for the ratio 22*Ra/??®Ra (~110 days; Figure 5.8). In the case of the fresh-outflow, the
224Ra/??8Ra AR is in equilibrium (1.1) but the AR of 222Rn/??®Ra is in disequilibrium (5,900) and the
retardation factor of Ra is 2,500 (Table C.1). Thus, groundwater transit times should range from
the characteristic equilibrium transit time for 22*Ra/?*®Ra and that for 222Rn/??°Ra (from ~10 days
to 5.5 years; Figure 5.8). To constrain these ranges, the transit times can be more accurately
determined by numerical adjustment to the model presented in the appendix (Appendix B),

which can be coupled to a Monte Carlo analysis using 50,000 stochastic simulations to account
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for the uncertainties associated with this approach. The mean and the standard deviation of each
model input (i.e., 2*Ra/?**®Ra, 222Rn/?**°Ra, and Ry,) was used to generate normally distributed
random values. In the case of the retardation factor of Ra, rather than using the analytical relative
uncertainty (~10%), a higher error (25%) was assumed to account for the potential variability of
this parameter due to heterogeneities of the geological matrix and the composition of
groundwater as well as its dependency on other processes such as dissolution and precipitation.
Since the ratio between exchangeable and a-recoil sources (b/f) is unknown in the Argentona
experimental site, the Monte Carlo simulations were performed for different b/f ratios ranging
from 0 to 50. The resulting distributions of groundwater transit times for upstream recharge and
seawater recirculation were adjusted to different probability density functions (PDF) by using
least-squares fitting (SciPy library for the Python programming language). The tested PDFs
included Beta, Binomial, x2, Noncentral x?, F, Noncentral F, Gamma, Negative Binomial, Normal,
Poisson, Student’s t and Noncentral t. The PDFs which best fitted the Monte Carlo results were
Noncentral t and F for the 22*Ra/?*®Ra and 222Rn/??°Ra AR-derived estimates, respectively. The
PDF-statistics derived from the best fit to the data were used to derive the expected (mean,
standard deviation, median, and 15t and 3" quartile) groundwater transit times. The mean and
standard deviation groundwater transit times for seawater recirculation were 7 £ 3 to 54 + 19
days (by using %?*Ra/??®Ra and 2?2Rn/??°Ra, respectively) and 330 + 300 days for the upstream
recharge (only the AR 222Rn/??°Ra can be used since 22*Ra/??®Ra is in equilibrium). Notice that the
relative standard deviation of the upstream recharge estimate (~100%) may result from (1) the
high relative standard deviation of 222Rn/??°Ra in the fresh-outflow (40%), and (2) the closeness
of the 222Rn/??°Ra AR to the retardation factor of Ra (5,900 + 2300 and 2,500 + 200, respectively).
However, 50% of the generated data via Monte Carlo simulations for upstream recharge

fluctuate from 180 to 390 days (1t and 3™ quartile, respectively).
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Figure 5.8. Determination of groundwater transit times for the fresh- and saline-outflow at the Argentona experimental site
based on the equilibrium or disequilibrium of the 2**Ra/??®Ra and ?2°Rn/?Ra ARs

The discrepancy between the groundwater transit times derived from the 22°Ra/??%Ra (7 days)
and #22Rn/??°Ra (54 days) ARs in the saline-outflow can be induced by many factors. First, the
experimental retardation factor of Ra used for the calculations was derived from adsorption-
desorption experiments, which only consider ionic exchange. Thus, this approach neglects the
role of other processes involved in the solid-solution distribution of Ra isotopes such as
dissolution or precipitation. Secondly, whilst the assumption of steady-state (da/dt = 0) may
be a good approximation for shorter-lived Ra isotopes (?2*Ra and 2?®Ra), the activities of 2?°Ra
may be more influenced by non-periodical forcing such as waves, strong precipitation events,
and sea-level variability, due to its longer half-life, (Robinson et al., 2018). Thirdly, the saline-
outflow contains ~15% of meteoric groundwater (salinity of 32.4) with a different signal of
radionuclides that can interfere with final estimates. Despite the above-mentioned assumptions,
this assessment enables easy constraint of the temporal scales of fresh groundwater advection
and seawater intrusion, thereby providing thus key information for understanding the

hydrological functioning of the coastal aquifer.

In addition to transit times, in the Argentona experimental site, conservative groundwater
velocities for the groundwater recharge and seawater recirculation, can be calculated by

considering that the recharge point of the ephemeral stream occurs at the midpoint between its
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source and the sampling piezometer (N2-15) (~3 km inland), and that the recirculation of
seawater occurs at the shoreline (60 m). The linear velocities estimated for the shallow fresh
groundwater part (~¥9 m d!), are one order of magnitude higher than the ones derived from a
numerical model implemented at the alluvial aquifer of the Argentona ephemeral stream in 2009
(0.24 m d*%; Catalan Water Agency, 2010). This discrepancy could be attributed to the assumption
that the recharge point occurs at the midpoint of the aquifer since recharge in ephemeral streams
commonly occurs after flood events that are more intense in the lower part of the aquifer. The
groundwater velocities of the intruded seawater (~1 to 8 m d!) derived from the ARs agree with
those determined by the tidal response method at the experimental site (from 102 to 10! md%;

T. Goyetche, personal communication), reinforcing the validity of the developed approach.
5.3.6.2.  Pathways and endmembers of SGD

In the Argentona experimental site, the 12 sampling locations across the perpendicular
transect to the coastline provide an appropriate framework to investigate the pathways of SGD
occurring at the site. Following the classification based on the temporal scale and the
characteristic retardation factor of Ra for each pathway (Figure 5.7), three main SGD pathways
can be identified by using the distribution of salinity and ARs: (1) terrestrial groundwater
discharge, derived from the lower salinities (0.5 - 1.7) and 22*Ra/?*®Ra ARs close to the equilibrium
in the upper part of the aquifer (N1-15, N2-15, and N3-15); (2) density-driven seawater
circulation, occurring at the deeper part of the aquifer inferred by higher salinities (28.0 - 32.4)
and ?*Ra/?*®Ra and %?2Rn/*?°Ra ARs in disequilibrium (N1-20, N2-25, and N3-25); and (3)
intertidal seawater circulation, occurring at the nearshore piezometers (PP-20T and PP-15),
which present intermediate salinities (1.6 - 9.1) and ARs (see Table C.1). The coastal seawater
collected in front of the Argentona experimental site presented a ?>*Ra/??®Ra AR value of 3.0
(Table C.1), which is above the bulk radioactive equilibrium of the 2?*Ra/??®Ra AR (1.0 - 2.2;
Equation 5.15 and 5.16). This indicates that the predominant SGD pathways may be density-
driven seawater circulation and/or intertidal seawater circulation with a minor contribution from
terrestrial groundwater discharge. These results are in agreement with those obtained through
the application of cross-hole electrical resistivity tomography, which enabled the identification

of two different mixing zones near the piezometer PP-20, that may be indicative of shallower
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(wave/storm-induced) and deeper groundwater discharge areas (Palacios et al., 2019). The AR of
222Rn/?2%Ra is not used in this case due to the low activities of 22°Ra in the coastal waters (~12 +

1 dpm-100L™?) that indicate a lack of relevant SGD-driven %?°Ra inputs.

In order to evaluate the appropriate SGD endmember in the Argentona experimental site,
the measured ARs of 22*Ra/??®Ra and ?22Rn/??®Ra in the coastal ocean (AR, ) are compared with
those from groundwater samples (AR ) (Figure 5.9). The samples that were taken at the upper
part of the aquifer presented lower 22°Ra/??8Ra ARs (1.1 - 2.5) relative to the coastal seawater
sample (ARgy, = 3.0), indicating that they may not be representative endmembers of the
dominant SGD inflowing to the study site. In contrast, the 2?*Ra/??2Ra ARs of samples from the
deeper part of the aquifer (> 15 m) were higher relative to the ARy, (Table C.1) and thus they
could be representative samples for the SGD endmember. A common method of estimating the
SGD end-member consists in averaging the tracer concentration from several groundwater
samples collected at different locations (e.g., Beck et al., 2007; Rapaglia et al., 2010). Without
any ancillary information, all the collected groundwater samples are usually incorporated into
the average to determine the Ra or Rn activities of the SGD endmember. However, this averaged
activity is usually skewed by the number of groundwater samples that are not representative of
the dominant discharge process. Using only those groundwater samples presenting comparable
or higher ARs relative to the coastal ocean sample (ARsy, < ARgy ), enables discarding the non-
representative samples, and thus better constrain the SGD endmember. In the case of the
Argentona experimental site, for instance, the average 22*Ra activity, considering all the samples
collected is 210 Bg m3, whereas this average is 320 Bq m™3 if only the representative groundwater
samples are included in the average. This example illustrates that 22*Ra-based SGD estimates may
vary by a factor of 1.5 when the SGD endmember is not appropriately constrained. Using these
ARs to better select the SGD endmember might thus decisively contribute to producing more

accurate SGD estimates.
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Figure 5.9. Average activity ratios of ?>*Ra/??®Ra and ??’Rn/??°Ra and standard deviation (error bars) of the different campaigns
for each piezometer. The gray band indicates the piezometers that exhibited lower ?2“Ra/??®Ra AR than that of seawater (black

line).
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Chapter 6: Extreme precipitation events induce high fluxes
of groundwater and associated nutrients to coastal ocean

6.1. Introduction

Fluxes of water and solutes supplied by SGD have been quantified at a variety of settings
worldwide. However, most of the SGD investigations are conducted under baseflow conditions,
that is, in the absence of any meteorological, hydrological, or oceanographical event (e.g.,
storms, monsoons, sea-level anomalies) which might significantly impact the magnitude of SGD.
Only a few articles have focused on the evaluation of the temporal variations in SGD induced by
episodic events (Adyasari et al., 2021; Gonneea et al., 2013b; Hu et al., 2006; Rodellas et al., 2020;
Sugimoto et al., 2016). Extrapolating from SGD estimates derived under baseflow conditions to
obtain annual fluxes neglects the role of such events, which may represent an important

contributor to overall SGD fluxes.

Extreme precipitation events (EPE) represent one of the main natural hazards producing
severe societal and economic costs in urban, agricultural, and mountainous areas (Booij, 2002;
Camarasa-Belmonte and Soriano-Garcia, 2012; Schumacher, 2017). The meteorological causes of
these events include the formation of cyclones, fronts, monsoons, isolated thunderstorms,
upslope flow precipitation, and others, and vary from region to region (Kunkel et al., 2012). The
social and environmental consequences also vary geographically and depend on diverse aspects
such as topography, soil characteristics, geological setting, land surface use and characteristics,
and human-induced changes to the landscape and coastal areas (Schumacher, 2017). Due to the
disparate causes and consequences associated with them, there are different ways for defining
an ‘extreme’ precipitation event: some authors define such events as those exceeding an
arbitrary threshold of 24h-accumulated rainfall (e.g., Lionello et al., 2006; Meenu et al., 2020);
others use the 90™, 95™ or 99t all-day or wet-day percentile (Pendergrass and Knutti, 2018).
Whilst episodic increases in surface runoff linked to EPE are often well characterized (e.g.,
Camarasa-Belmonte and Tilford, 2002; Moore, 2007; Rajurkar et al., 2004), little is known about

the influence of EPE on SGD-driven water flows and associated solute fluxes to the coastal ocean.
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Extreme precipitation events may indeed promote aquifer recharge through the infiltration of
rainwater (Ramos et al., 2020; Yu et al., 2017), although its effects on piezometric levels
(quantitively and temporally) depend on several factors, such as soil composition, geological
characteristics, the hydraulic parameters of the aquifer, and others. Infiltrated water displaces
groundwater stored in the aquifer towards the sea, enhancing mixing processes in the coastal
aquifer (Anwar et al., 2014; Palacios et al., 2019; Robinson et al., 2018). The significance of EPE
on SGD may be exacerbated in areas subject to an arid or semi-arid climate, with scarce and
unevenly distributed precipitation, and where extreme events may be the only form of recharge
for the aquifer (Taylor et al., 2013). Understanding the role of EPE on SGD-driven water flows and
associated solute fluxes is thus fundamental in order to (1) accurately constrain annual fluxes of
any dissolved compound transported by SGD, (2) integrate episodic-induced SGD in global
estimates, (3) evaluate the environmental impacts of these episodic events on coastal

ecosystems and (4) foresee the role of SGD in the future climate change scenario.

This study evaluates the significance of SGD and the associated nutrient fluxes induced by
EPE in a Mediterranean coastal zone, the implications of neglecting EPEs on annual estimates,
and its importance in the context of climate change. The study was conducted at a typical
Mediterranean ephemeral stream-dominated basin. These areas are characterised by rapid
response to precipitation due to their geomorphological features (small catchment areas, sharp
slopes, coastal alluvial aquifers, and sporadic surficial torrential courses; Camarasa-Belmonte and
Segura Beltran, 2001) and thus represent an ideal setting for gauging the influence of such

events.
6.2. Field methods

Three samplings were conducted in the southern section of Maresme County during 2019
and 2020 (see Appendix C for details on the study site). The two first samplings (hereinafter P1
and P2, chronologically) were performed shortly after an EPE with an accumulated precipitation
rate of ~90 mm in one day. The EPE took place on October 22" 2019 and P1 and P2 were
conducted on October 25™ and 29, 2019 (~4 and 8 days after the rainfall event, respectively).

The third sampling (named BF, after “baseflow”) was conducted on March 11% 2020, was not
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affected by any rainfall event, and was therefore considered to have been conducted under
baseflow conditions (accumulated rainfall of 18 mm in the prior 40 days). Seawater samples were
collected at different stations from three perpendicular transects to the coastline corresponding
to the ephemeral streams of Argentona, Cabrera de Mar, and Vilassar de Mar (Transects T1, T2,
and T3, respectively; Figure C.1). Each transect consisted of 7 offshore stations distributed along
the first 1000 m. The central transect (T2) had three additional stations at 1500, 2000, and 4000
m from the coastline. Coastal seawaters were collected directly from the shore by filling 25 L
water containers. At each station, surface and deep (only selected stations) seawater samples
were collected by placing a submersible pump at ~0.5 m depth and ~1 m above the seabed,

respectively.

Samples were collected for Ra isotopes (?23Ra, 22*Ra, 2?°Ra, and ??Ra; 25— 120 L each sample),
which are widely applied tracers of SGD and nutrient analysis. Depth profiles of salinity and
temperature were performed at each station by using a YSI 600XL probe. Groundwater samples
for Ra isotopes (10 — 25 L) and nutrients were collected periodically from 2015 to 2020 in several
piezometers at the experimental site of the Medistraes project, located in the coastal alluvial
aquifer of the Argentona ephemeral stream (corresponding to Transect 1). The experimental site
consists of 16 piezometers located at 30 to 100 m from the coastline with screened depths of 15
to 25 m, with 2 m screened intervals for each (see Appendix C for more details about the
experimental site; Figure C.1). Each piezometer was purged with a submersible pump to remove
at least three times the volume of stagnant water before sampling. Continuous in-situ
groundwater level, conductivity, and temperature time-series were monitored at a shallow
piezometric well (N3-15; 15 m depth, 2 m screened interval, from 11 to 13 m, 80 m from the
coastline) using a CTD diver. Salinity and groundwater temperature, as well as seawater samples,
were measured in-situ with two handheld probes (HANNA HI98192 and WTW COND 330l).
Rainfall data was obtained from a meteorological station from the Meteorological Catalan Service

(Servei Meteorologic de Catalunya; SMC) at the municipality of Cabrils (see Figure C.1).
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6.3. Results
6.3.1. Meteorological and hydrological context

The temporal evolution of groundwater level, conductivity, significant wave height, mean sea
level (MSL), and accumulated precipitation from October 2019 to April 2020 are shown in Figure
6.1. Three major precipitation events occurred in October 2019 (~90 mm), December 2019 (~100
mm), and January 2020 (~160 mm), which had a direct impact on groundwater level and
conductivity. These events are considered extreme precipitation events following the threshold
value derived from the 99t" wet-day percentile (~75 mm). After each EPE, the groundwater table
from the shallow piezometer (N3-15) rose between 60 and 130 cm, gradually recovering the
previous values 7 to 10 days after the event. The magnitude in the increase of the groundwater
level (60, 70, and 130 cm, respectively) correlated with the amount of accumulated rainfall
corresponding to each EPE. Precipitation events were followed by a drastic reduction of
groundwater conductivity at the shallow piezometer, reaching minimum values of ~1 mS cm™,
and a subsequent gradual increase before the next precipitation event (Figure 6.1). As inferred
by electric resistivity tomography profiles shown in Palacios et al. (2019), conductivity variations
in the piezometric wells of the study site were not derived from dilution with low-conductivity
rainwater, but associated with the movement of the mixing zone due to EPE. Significant wave
height fluctuations occurred, associated mainly with changes in wind and atmospheric pressure
during the EPEs, increasing rapidly from 2 to 5 m above the baseline value of approximately 0.5
m. Similarly, the MSL presented oscillations linked to the EPE, which are usually associated with
atmospheric fronts and strong winds, and also to seasonal meteorology, with higher MSL values

from October to December than from January to April.
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Figure 6.1. Temporal evolution of meteorological, oceanographical and hydrogeological data in Maresme County: (a) specific
conductivity measured at the shallow piezometer N3-15 and accumulated precipitation (b) groundwater level, and (c) significant
wave height and mean sea level. Groundwater level is displayed as the variation of groundwater level relative to the values of
March 2020. The data from the buoy and CTD-diver was smoothed by using a low-pass filter (12 h averaged). Red lines indicate
the groundwater and seawater samplings performed at the study site (P1, P2, and BF) and grey bands indicate the EPEs that
occurred during the monitoring period (10 days after the event are included in the band).
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6.3.2. Radium and nutrient concentrations

The activities of Ra isotopes in groundwater samples measured during the 2015-2020
period in the Medistraes site ranged from 10 to 940, 10 to 550, and 1 to 50 Bq m™ for 22*Ra, 2%®Ra,
and 2%°Ra, respectively (see Appendix C; Figure C.2). The activities of Ra increased with
groundwater salinity, presenting some variations that are mostly associated with differences in
the geological matrix (Beck and Cochran, 2013; Webster et al., 1995). The seawater activities of
224Ra and 2?8Ra isotopes generally decreased with increasing distance offshore for all transects
and seawater samplings (Figure 6.2). Maximum activities were found in the first sampling after
the rainfall event (P1) for 22*Ra (median: 14.4 Bq m3, interquartile range (IQR): 11.7 - 19.9 Bgm"
3) and 2?%Ra (5.8 Bg m3, IQR 4.9 — 7.1 Bq m3). The seawater activities of 22*Ra and 2?®Ra in
subsequent samplings (P2 and BF) were three to five times lower than those of the sampling after
the rainfall event (4.0 Bg m3, IQR 2.4 — 10.2 Bqg m™3 for ?*Ra; and 1.4 Bgqm3,IQR1.1-1.9Bg m’
3 for 228Ra). Seawater activities of 22°Ra were low, and comparable to open seawater activities in
all samplings (1.8 Bg m3, IQR 1.4 — 2.0 Bq m™3), revealing the lack of major inputs for this Ra

isotope.

Nutrient concentrations in groundwater from the experimental site of the Argentona
ephemeral stream (2015-2020 period) ranged from 10 to 1070 uM for NO3, 0.1 to 3.9 pM for
NO3, 0.3 to 40.1 uM for NHZ, 0.8 to 10.1 uM for PO3~, and 50 to 230 puM for SiO%~ (Figure C.3).
Nitrate (NO3) and silica (SiO3~) presented a similar pattern, with maximum concentrations in
low salinity samples (Sal < 10) and a downward trend with increasing groundwater salinity.
Conversely, the concentrations of nitrite (NO3), phosphate (PO3~), and ammonia (NH}) were
relatively low for most of the groundwater samples, except for those collected at the shallow
piezometers for nitrite, intermediate for phosphate, and deep for ammonia (see Appendix C;

Figure C.3).
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Figure 6.2. Radium isotopes activities (?**Ra, %®Ra, and ??°Ra) in coastal seawater samples collected during the samplings
performed in October 2019 (P1 and P2) and March 2020 (BF) for the three transects perpendicular to the coastline corresponding
to the ephemeral streams of Argentona (T1), Cabrera de Mar (T2), and Vilassar de Mar (T3).
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6.4. Discussion
6.4.1. Groundwater and nutrient fluxes calculation
6.4.1.1.  Pathways of submarine groundwater discharge

In this study, we define terrestrial groundwater discharge as the combined discharge of
meteoric groundwater and density-driven circulated seawater, and marine groundwater
discharge as those processes solely involving the circulation of seawater through permeable

sediments (i.e., beach-face circulation, porewater exchange).

Radium isotopes represent one of the most common techniques for quantifying the fluxes
of groundwater and associated nutrients to the coastal ocean (Taniguchi et al., 2019). These
isotopes can additionally be instrumental for differentiating SGD pathways, since their
enrichment rates strongly depend on the transit time of groundwater through the coastal aquifer
(Michael et al., 2011). Coastal seawater samples collected during the three samplings performed
in Maresme County were enriched in both 22*Ra and 2?®Ra relative to offshore waters (Figure 6.2),
suggesting the occurrence of a land-based Ra source. Whilst the enrichment in 22*Ra may result
from any groundwater discharge, regardless of spatiotemporal scale, due to its short half-life
(?*Rais enriched in all SGD pathways), coastal waters enriched in 222Ra may be indicative of long-
scale SGD pathways (e.g., terrestrial groundwater discharge; Rodellas et al., 2017; Tamborski et

al., 2017a).

The activity ratio (AR) of 22*Ra/??%Ra can similarly be used to evaluate the temporal scale
of SGD pathways (see Chapter 4). Thus, the 22*Ra/*?®Ra AR found in coastal seawater samples
after the EPE from October 2019 decreased from a baseline value of 6 to approximately 4. This
decrease is simultaneously followed by an increase in absolute 2?8Ra activities, which are two-
times higher than those in baseflow conditions (Figure 6.2). Both trends may indicate that the
relative contribution of the terrestrial component of SGD, which is characterized by ??*Ra/??®Ra
ARs close to the equilibrium value (1.0 to 2.2; see Chapter 4), increased during the occurrence of
the EPE. Thus, based on the application of Ra isotopes and the ??*Ra/??®Ra activity ratio, the

discharge of terrestrial and marine groundwater occurs concurrently at the study site.
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6.4.1.2.  Submarine groundwater discharge

Submarine groundwater discharge associated with terrestrial and marine water flows
were determined by means of a steady-state mass balance of 22*Ra and 2*®Ra. The assumptions,
considerations, and models used to estimate SGD are discussed in detail in appendix D. The
sampling influenced by the EPE of October 2019 (P1) presented the highest total SGD (terrestrial
and marine) (510 -:103 m3 km™ d%, IQR: 320-890 -10% m3 km™ d'!), one order of magnitude higher
than those flows from subsequent samplings: 40 -:10°> m® km™ d! (IQR: 30 — 90 -10®> m3 km™ d%)
for P2 and 70 -:103 m3 km™ d! (IQR: 40 — 110 -103 m3 km™ d') for BF (Figure 6.3). Thus, the effect
of this EPE on the discharge of groundwater lasts only for a few days, as the SGD estimates of the
second sampling (P2; 8 days after the event) are comparable to those from baseflow conditions.
Besides the similitudes in SGD estimates from these two samplings (P2 and BF), they also present
similar groundwater levels, conductivities, and Darcy’s flow estimates (Figure 6.1 and Figure D.1).
Thus, the temporal extent of the EPE effects on SGD is consistent with the recovery of
groundwater level, which commonly occurs from 7 to 10 days after the rainfall ceases (Figure

6.1).

In baseflow conditions, the terrestrial component of SGD (including fresh and brackish
density-driven discharge) represented 60% of the total SGD (Figure 6.3). The relative contribution
of this SGD component increased after the rainfall event of October 2019 to up to 75% of the
total SGD. This is consistent with the variation on the 22°Ra/??8Ra AR in coastal seawater after the
EPE (see Section 6.4.1.1) and coherent with Darcy’s flow calculations (Appendix D). These
estimates of the relative contribution of the terrestrial component are generally much larger than
previous estimates for the Mediterranean Sea (1 - 25%, Rodellas et al., 2015), global estimates
(10%, Kwon et al., 2014; 0.06%, Luijendijk et al., 2020), and local studies (5 - 55%; Beck et al.,
2008; Kiro et al., 2014; Knee et al., 2016; Rodellas et al., 2017; Tamborski et al., 2017a). This
difference most likely emphasizes the role of alluvial aquifers in ephemeral streams-dominated
areas as a preferential pathway of terrestrial groundwater discharge (Jou-Claus et al., 2021). It
should be noted however that any comparison between studies should be considered as semi-
guantitative, firstly because the diverse geological settings where SGD studies are conducted

result in diverse SGD pathways and implications, and secondly because different studies use
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disparate methods that can capture different components of SGD depending on their spatial and

temporal scales (Taniguchi et al., 2019).
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Figure 6.3. Coastal-normalized flow of terrestrial and marine submarine groundwater discharge (dark and light blue,
respectively) for the three samplings at Maresme County.

6.4.1.3.  SGD-driven nutrient fluxes

SGD-driven nutrient fluxes were estimated by considering the Ra-derived flows of
terrestrial and marine SGD and the respective nutrient concentration in groundwater from both
fractions (see Appendix D). Total SGD-driven fluxes in baseflow conditions for dissolved inorganic
nitrogen (DIN), dissolved inorganic phosphorus (DIP), and dissolved silicate (DSi) derived from
median SGD estimates in the study site were 16.2, 0.06, and 5.4 -10° mol km™ d}, respectively
(Figure 6.4). The median fluxes, normalized by the study site area, were lower compared with
median SGD-derived nutrient fluxes estimated worldwide for DIP and DSi, but significantly higher
for DIN (2.7 times higher; Santos et al., 2021). The DIN:DIP ratio was 390:1, much higher than the
Redfield ratio of 16:1, but comparable with SGD-derived input in the Mediterranean Sea (80:1-
430:1; Rodellas et al., 2015) and in studies worldwide (259+1090:1; Santos et al., 2021). The high
loads of N and the disproportionate ratio DIN:DIP relative to the Readfield ratio in the study site
may result from the lixiviation of nitrogen from agricultural activities (representing ~15% of the

total land-use; Rufi-Salis et al., 2019), and the attenuation of P along groundwater flow paths due
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to adsorption onto Mn/Fe oxides present in the coastal aquifer (Robinson et al., 2018; Spiteri et

al., 2008b, 2007).

After an EPE, the supply of all nutrients increased due to the higher terrestrial and marine
SGD associated with these episodes (Figure 6.4). Fluxes after the EPE (P1) were 9 times higher for
DIN and 7 times higher for DIP and DSi than those in baseflow conditions. The predominant
pathway for DIN, DIP, and DSi discharge to the coastal ocean was the terrestrial component of
SGD. This pathway represented ~60% of the total inputs of DIP and DSi in baseflow conditions
and up to ~75% after an EPE (Figure 6.4). Nitrogen inputs during EPE and in baseflow conditions
were chiefly governed by the discharge of terrestrial SGD (~99% of the total DIN inputs; Figure
6.4). The significant difference between the supply of nitrogen through terrestrial and marine
SGD relies on the high concentrations of nitrate (~1,000 uM) in coastal aquifer freshwater (see
appendix D; Figure D.1), which exceed the maximum groundwater concentration for drinking
water set by the World Health Organization (WHO, 2011). Contrastingly, marine SGD is a relevant
source of nitrite and ammonia, representing ~70% and ~40% of the total fluxes, respectively. It
should be noticed that nutrient fluxes were estimated by multiplying the volumetric water flux
of terrestrial and marine SGD by the minimum nutrient concentration from a set of onshore
samples, selected following the criteria used for the Ra endmembers, as explained in the
appendices (see appendix D). Since it was not possible to directly collect the discharging
groundwater, by using onshore samples we are implicitly assuming that no nutrient
transformation occurred between the sampling point and the discharge point, within the
subterranean estuary (Cook et al., 2018b). It should also be noted that these SGD-derived
nutrient estimates may be biased due to the groundwater endmember selection, since nutrient
concentrations in discharging groundwaters may vary during EPE due to dilution, increasing
lixiviation of fertilizers, or enhancement of biogeochemical reactions in the mixing zone of coastal

aquifers (Spiteri et al., 2008a).
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Figure 6.4. Median SGD-derived nutrient fluxes of dissolved inorganic nitrogen, dissolved inorganic phosphorus, and
dissolved silicate at Maresme County during the EPE of October 2019 (P1) and in baseflow conditions (BF) (fluxes
normalized by the coastline length). Error bars indicate the interquartile range (25% and 75% percentile). Inner and outer
pie charts indicate the relative contribution of terrestrial (dark blue) and marine (light blue) SGD during EPE and in
baseflow conditions, respectively.

6.4.2. Implications of EPE on SGD and associated nutrient fluxes
6.4.2.1.  Episodic events

Although several studies have focused on understanding the seasonal dynamics of SGD
(Charette, 2007; Gwak et al., 2014; Michael et al., 2005; Rodellas et al., 2017), limited research
has been done on SGD driven by episodic events (Adyasari et al., 2021; Wilson et al., 2011). This
is mainly because of the inherent difficulties related to monitoring and sampling during and after
these extreme events. Some studies have already shown that SGD may vary in direct or delayed
response to meteorological and oceanic episodic events such as sea-level anomalies (Gonneea et
al., 2013b), waves (Bakhtyar et al., 2012; Rodellas et al., 2020; Sawyer et al., 2013), hurricanes
(Hu et al., 2006), typhoons (Cho et al., 2021; Sugimoto et al., 2016), and temperature inversion
(Moore and Wilson, 2005). Regarding SGD induced by precipitation events: Sugimoto et al. (2016)

reported high values of SGD eleven days after a precipitation event in Obama Bay (Japan); Gwak
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et al. (2014) suggested that SGD in the II-Gwang watershed (South Korea) was partially triggered
by intensive precipitation events; and Uddameri et al. (2014) indicated that precipitation events
associated with the Emili hurricane contributed to the SGD in Baffin Bay (USA). At our study site,
the significant increase (1 order of magnitude; Figure 6.3) in both the terrestrial and marine SGD
after EPE, may be mediated by different processes: (1) increase of terrestrial groundwater
discharge due to aquifer infiltration of rainfall, subsequent increase of hydraulic gradient, and
displacement of stored water towards the sea (Anwar et al., 2014; Palacios et al., 2019; Santos
etal.,2012; Yuetal.,, 2017), (2) increase in the exchange of seawater and density-driven discharge
due to movements of the fresh-saltwater mixing zone, and (3) increase of shoreface circulation
of seawater and porewater exchange due to the effect of sea level rise and waves associated with

the EPE (Figure 6.1).

The higher total SGD driven by EPE, especially the increase of terrestrial relative to marine
SGD during these episodic events (Figure 6.3), induces the transport of large amounts of nutrients
from the freshwater fraction of coastal aquifers into the coastal ocean. These fluxes, which are
substantially higher than those in baseflow conditions (Figure 6.4), may represent a significant
periodic and episode-related nutrient input of particular relevance in sites where surface water
renewal is limited (e.g., coastal lagoons and/or semi-enclosed bays), EPE occurs frequently (e.g.,
Mediterranean region), and the response to EPE is fast due to the geological and
geomorphological characteristics of the coastline (e.g., alluvial aquifers in ephemeral stream-
dominated areas, such as Maresme County). However, in other areas the response to EPEs may
be much slower. For instance; aquifers with a high thickness of vadose zones, confined aquifers
with recharge areas far from the coastal zones, or systems with soils with water deficits (among
other factors), may smooth or delay the effects of EPE. The biological and ecological implications
of these events- which may include eutrophication, formation of red and green tides, and mass
fish death (Hu et al., 2006; Lee et al., 2010; Montiel et al., 2019; Valiela et al., 1990; Zhao et al.,

2021) are far from being understood, and require further attention.
6.4.2.2.  Annual SGD estimates
A proper understanding of the temporal patterns of SGD in local to regional-scale studies

is essential for deriving annual estimates for predicting reliable ocean budgets of nutrients and
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other dissolved compounds (Luijendijk et al., 2020; Santos et al., 2021). However, most SGD
studies are conducted in periods with stable meteorological conditions to evaluate baseflow SGD
and associated nutrient, metal, or contaminant fluxes. Based on the results obtained from
monitoring the EPE occurred at Maresme County in October 2019, the discharge of groundwater
associated to this single event accounted for 13% (IQR: 5 — 40%) and 8% (IQR: 5 — 18%) of the
annual terrestrial and marine fraction of SGD, respectively. Moreover, the nutrient inputs
resulting from this event (lasting only 8 days; ~2% of the year) represented 13% (IQR: 5 — 40%)
for DIN, and 11% (IQR: 5 — 30) for DIP and DSi, of the yearly supply of nutrients at the study site.
The increase in SGD-driven nutrient fluxes during these events may be mediated, on the one
hand by the total SGD increase, but also because this increase is more significant for terrestrial
SGD, which presents higher concentrations of nutrients (see Appendix D; Figure D.1), relative to
marine SGD. These results suggest that annual estimates based on samplings conducted in
baseflow conditions may systematically underestimate SGD and associated nutrients, particularly
at study sites affected by EPEs or other episodic events that can significantly impact SGD. Periodic
and seasonal samplings may be taken as snapshots, and only representative of the time periods
with similar environmental conditions. A better characterization of the hydrological and
meteorological context is necessary in pursuit of more reliable annual estimates, which may
include seasonal and episodic-related variations. In this scenario, alternative methods such as
groundwater level monitoring, Darcy’s law calculations, electric resistivity tomography
characterization, among other methods, may be instrumental in the design of proper sampling

strategies and to capture seasonal and episodic variations (e.g., Palacios et al., 2019).
6.4.2.3.  Climate change

Climate change and its associated social and environmental impacts have become one of
the most pressing scientific challenges for the 215t century. This requires the acquisition of a
holistic and integrative knowledge of systems and processes for modelling and predicting future
scenarios. Fundamental research relating environmental key variables (e.g., temperature, sea-
level rise, precipitation) with social processes (e.g., land demand, coastal overpopulation,
groundwater squeeze) becomes crucial to this aim. Research on SGD is no exception to this trend

and, in recent decades, several studies have evaluated the key factors contributing to
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groundwater flows discharging into the ocean. Some examples of SGD research linked to climate
change include; understanding sea-level and/or tidal controls on SGD (Gonneea et al., 2013b;
Wilson et al., 2015); the influence of land-use changes (Rufi-Salis et al., 2019); the relationship to
increasing seawater intrusion (Werner et al., 2013); and the fate and evolution of nutrients in

groundwater (Beusen et al., 2013; Tait et al., 2014; Van Meter et al., 2018).

The precipitation-recharge relationship is one of the key parameters influencing the
discharge of groundwater. Indeed, the amount of precipitation and the frequency and/or
distribution of rainfall events, together with the hydrogeological characteristics of the receiving
aquifers, strongly affects both the quantity and chemical quality of terrestrial groundwater
discharge to the ocean (Kundzewicz and Déll, 2009; Stigter et al., 2014). Climate models indicate
substantial spatial variation in future changes to average precipitation. Whilst the increased
specific humidity and transport of water vapor from tropic regions is likely to increase the amount
of precipitation in high latitude land masses, precipitation in subtropical and semi-arid regions,
like the Mediterranean Sea, is expected to decrease. Simultaneously, EPE in these regions are
likely to increase in intensity and frequency (IPCC, 2021). Consequently, the yearly recharge of
groundwater associated with precipitation in the Mediterranean region may diminish, also
reducing the annual discharge of groundwater. In that scenario, EPEs may become a major driving

force of SGD, having a dominant significance in the annual fluxes of solutes to the coastal ocean.

The potential relevance of EPEs on SGD in future conditions can be qualitatively evaluated for
Maresme County by considering the period from October 2019 to April 2020, when 3
precipitation events of >75 mm occurred (Figure 6.1). Since the historical recurrence of EPE in
the area is around 13 months (based on the meteorological data from 2015 to 2020), this 7-
month period can be considered as a future-like year with increased recurrence of EPE. Assuming
that each one of the EPE produces an increase in SGD comparable to the event monitored in this
study, the relative contribution of SGD during EPEs would represent 30% (IQR: 15 — 70%) and
22% (15 — 40%) of the annual SGD issued by the terrestrial and marine fraction, respectively.
Similarly, nutrient fluxes associated with EPE for this period would represent 34% (IQR: 15— 70%)
for DIN and 30% (IQR: 15 — 60%) for DIP and DSi of the yearly nutrient inputs supplied by SGD.

Notice that due to the assumptions made in the determination of groundwater and nutrient
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fluxes (e.g., steady state, endmember selection; see appendix D), the estimates are seemingly
conservative, especially considering that the monitored EPE is minor relative to other EPEs
occurring in 2019 and 2020 (Figure 6.1). These estimates emphasize the need for integrating
episodic events, such as EPE, in future climate change scenarios, in order to properly constrain

the fluxes of groundwater and solutes to the coastal ocean driven by SGD.
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7.1.  Conclusions

Radium isotopes and radon represent undoubtably one of the most valuable tools for
assessing the significance of submarine groundwater discharge, yet reporting SGD estimates by
means of these tracers is complex and requires profound knowledge regarding fundamental
steps in the process of quantifying SGD using these radionuclides, from the tracer measurement
techniques to the estimation of water and solute fluxes. This Thesis aimed at improving the use
of Ra isotopes and Rn as SGD tracers by addressing a set of research gaps including (1) the
analytical techniques for measuring and quantifying these radionuclides, (2) their geochemical
behavior in groundwater systems, and (3) their applications as tracers of both groundwater

systems and the coastal ocean.

Improving and revisiting analytical techniques is fundamental for any scientific discipline
to advance in understanding processes and systems. This is especially significant when using
tracer methods since the accuracy of the tracer-based estimates is closely linked to that of the
analytical techniques. This Thesis included an assessment of the quantification systematics of the
RaDeCC system, the most widely used counter for quantifying short-lived Ra isotopes, providing
limits and guidelines to perform the quantification. Thus, this work represented a significant
advance on pursue for better and more precise SGD estimates, as well as for any hydrological

and oceanographic application of these tracers.

Understanding the behavior of Ra isotopes and Rn in groundwater is fundamental, as
most of the SGD estimates rely on properly constraining the activities of these radionuclides in
the discharging groundwater (endmember) which often represents a significant source of
uncertainty in the overall quantification. Additionally, once the behavior of these radionuclides
in known, new applications for tracing groundwater systems can be developed. In this Thesis, the
behavior of Ra isotopes and Rn in groundwater was assessed using a novel transport model of
radionuclides. This model represents an advance in assessing the distribution of these

radionuclides, and their activity ratios in groundwater, allowing the use of these tracers for
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evaluating Ra isotopes and Rn endmember, discriminating SGD pathways, and assessing the

characteristics of the groundwater flow (i.e., velocity, transit times).

Estimates of SGD induced by extreme events such as heavy rainfall are very scarce in the
literature because most of SGD studies are often conducted in baseflow conditions and also
because sampling this kind of events is challenging due to the complicated meteorological or
oceanographical conditions. In this Thesis, the effects of an extreme precipitation even on SGD
estimates was evaluated by using Ra isotopes, thus representing one of the first works addressing

the effect of these events on SGD and associated nutrient fluxes to the coastal ocean.

The above-mentioned research gaps have been addressed in three research articles
presented in this Thesis as Chapter 4, 5, and 6. The detailed conclusions of this research articles

are presented below:
7.1.1. Chapter 4. Guidelines for the quantification of Ra isotopes

This work emphasizes the need for better praxis on the measurement and quantification
of Ra isotopes with the RaDeCC system and proposes a set of quantification guidelines and limits

based on empirical data and simulations.

The aim of this study was to examine the behavior of the counting system of the RaDeCC
system under different activities and activity ratios of 222Ra, 22*Ra, and 2%°Ra through empirical
data and a set of simulations that reproduce the RaDeCC counting mechanism. Results of the
simulations showed that the proper quantification of 222Ra and ?*Ra activities using the RaDeCC
system is highly dependent on (1) the count rate registered in the Total channel, (2) its channel
ratio (220 channel/219 channel; CR220/219), and (3) the 222Rn buildup. High activity samples may
produce the overestimation of 222Ra and 2%*Ra activities due to channel multiregistration (i.e.,
two or more events are registered during the opening time of a specific circuit) and/or concurrent
registration (i.e., a single event is registered in both the 219 and 220 channel). The cross-talk
effect (i.e., the counts relative to Rn-Po events that are registered in the non-respective channel)
could produce an overestimation of the quantified 223Ra and ??*Ra activities by up to ~40% and

~30%, respectively. Additionally, the quantification of 222Ra and 22*Ra strongly depend on the
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buildup of 222Rn from 2?°Ra during the measurement. Although this effect may not be relevant
for short runs (counting times < 400 min), long measurements usually conducted for quantifying
227Ac and 2%8Th are likely to be significantly affected by these processes. In the case of 22’Ac (?**Ra)
guantification, due to the short opening time of the 219 channel (ts-219 = 5.6 ms), this effect is
negligible. In contrast, the 222Rn buildup significantly affect the 2?8Th (??*Ra) quantification,

especially for measurements with low counting rates in the 220 channel (< 1 cpm).

This work also presents an improved simple method to quantify 22°Ra activities based on
the ingrowth rate of 222Rn in the Total channel using the RaDeCC system. The method described
in this study, in contrast with previous methods (Geibert et al., 2013), avoids correcting the count
rate in the Total channel using the chance coincidence equations, since this correction may be

inappropriate for high Ra activities.

The thresholds for an appropriate quantification of 223Ra and 2?*Ra activities, and their
parent radionuclides, 22’Ac and 228Th activities using the RaDeCC system based on the results of
this study are summarized and presented in the form of guidelines for easy and fast sample

processing and quantification.
7.1.2. Chapter 5. Activity ratios of 2**Ra/?*®Ra and 2’Rn/??°Ra

This work aims on using the activity ratios of ?**Ra/?*Ra and ??’Rn/??°Ra as proxies of
groundwater systems. The study describes the processes controlling the distribution of Ra
isotopes and Rn, and their activity ratios in groundwater, and proposes novel applications such
as the determination of groundwater transit times, and the assessment of pathways and

endmembers of SGD.

In this work, the processes affecting Ra isotopes and Rn, and their activity ratios,
224Ra/??®Ra and 22?2Rn/??°Ra in groundwater were assessed through a new advective transport
model that integrates all radionuclides in a decay chain into one formulation. The analysis of the
model’s results indicates that the predominant parameters that affect the activity ratios of
224Ra/??8Ra and 2%2Rn/??°Ra in groundwater are groundwater transit times, a-recoil supply, and

the retardation factor of Ra (Rrs). The ARs evolve, depending on groundwater transit times,
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towards the radioactive equilibrium between parent and daughter radionuclide. The a-recoil
supply increases activity ratios to above the equilibrium activity ratios (1 and Rg, for 22*Ra/?*®Ra
and 222Rn/%?%Ra, respectively), which cannot be explained solely by considering production rates
derived from the exchangeable activity of the parent radionuclide. The retardation factor of Ra
influences the characteristic groundwater transit times needed for achieving these equilibriums.
Higher Ra retardation factors (characteristics of fresh groundwater; 10°) result in shorter transit
times for equilibrium (~0.1 days for #2*Ra/?*®Ra and 100 days for 222Rn/??°Ra) due to the minor
effect of advection losses. Conversely, the ARs of 22%Ra/??®Ra and 2?2Rn/??°Ra require longer
transit times to reach equilibrium (~3 years and 3000 years for 2?*Ra/?*®Ra and 2?2Rn/?**°Ra,
respectively) when the retardation factors of Ra are low (characteristics of saline groundwater;

10Y).

The ARs and the advective transport model have several applications in the fields of
hydrogeology and coastal oceanography, and these were tested in a Mediterranean coastal
aquifer. In hydrogeological studies, the model can be used to determine transit times (i.e., ages
and velocities of groundwater), evaluate the connectivity between coastal aquifer and ocean,
and distinguish the origins of groundwater. Whilst this study is focused on coastal systems, the
application of this model can be extended to aquifers inland, provided that groundwater is
sufficiently enriched in these pairs of radionuclides. The use of Ra isotopes and Rn thus provides
relevant information on aquifer processes, which may be fundamental for the management of
coastal groundwater resources. The combination of the groundwater-measured activity ratios of
224Ra/??®Ra and 222Rn/??°Ra, and the advective transport model can also be applied to improve
the estimation of SGD flows to the coastal ocean by constraining the predominant pathways of
submarine groundwater discharge and the determination of the groundwater endmember,

which is often one of the main sources of uncertainty in these types of study.
7.1.3. Chapter 6. SGD induced by extreme precipitation events

This study highlights the role of extreme episodic events, such as heavy precipitation on
the discharge of groundwater and associated nutrients to the Mediterranean Sea. The work

represents one of the first attempts for monitoring fluxes of SGD driven by extreme precipitation
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events and assess the implications of neglecting them on annual estimates, and their importance

in the context of climate change implications for the annual discharge of groundwater.

This work assessed the role of extreme precipitation events as potential drivers of SGD
and SGD-driven nutrients to the coastal ocean. The lack of studies assessing the impact of these
episodic events mask the implications that they may have for coastal geochemical cycles, coastal
ecosystems, nutrient budgets, and hydrological cycle estimates. We have assessed the fluxes of
SGD induced by an EPE in an ephemeral stream-dominated basin of the western Mediterranean
Sea. SGD induced by the EPE increased by one order of magnitude and represented up to 13 and
8% of the total annual discharge of groundwater of terrestrial and marine SGD, respectively.
Similarly, fluxes of nutrients driven by SGD during an EPE represented 11 - 13% of the annual
total SGD, and up to ~30% during abnormally rainy seasons. This study highlights the relevance
of these extreme events on the discharge of groundwater and solutes to the coastal ocean, noting
their implications for annual SGD estimates and the possible consequences on coastal
biogeochemistry cycles. The results of this study contribute to the understanding of the evolution
of SGD with respect to future climate change scenarios, presenting an opportunity for
streamlining future research in order to help managers and policy makers to better estimate SGD

and its related consequences.
7.2.  Future perspectives

In recent decades, many advances have been made in understanding the magnitude of
submarine groundwater discharge at local-, basin-, and global-scale and its geochemical,
biological, and social implications. Simultaneously, the use of Ra isotopes and Rn as tracers of
SGD has been improved through the assessment of their geochemical behavior and the
development of new approaches, models, and techniques that enabled their expansion as a
reliable tool in hydrology and oceanography. Within this process of continuous improvement
many questions have been resolved or addressed while many others have raised. Most of these
guestions or research gaps that should be addressed in the forthcoming years have been

discussed previously in recent review articles (Garcia-Orellana et al., 2021; Santos et al., 2021;
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Taniguchi et al., 2019). Here, | summarize the main research gaps related to both the use of Ra

isotopes and Rn, and the assessment of SGD (Table 7.1).

Table 7.1. Summary of the research gaps, future work, and key references related to the use of Ra isotopes and Rn as tracers of SGD.

. Key
Topic Research gap Future work works
Ra isotopes and Rn
Analytical Some of the techniques used for measuring  Reducing the water volume needed for determining 123
developments or quantifying Ra isotopes and Rn need to Ra activities.
be revisited or improved to provide more Testing the efficiency of Ra extraction using Mn-fibers
reliable estimates, and/or increase the data  under different groundwater composition (e.g., pH,
resolution. 0,, ORP, presence of Fe or/and Mn).
Developing instruments allowing the continuous
monitoring of Ra activities in water.
Experimental There is no standard experimental Developing standard techniques for assessing 456
developments procedure for determining some of the key  production rates, a-recoil, distribution coefficients of
parameters used to model the distribution Ra, retardation factors, and diffusion coefficients.
of Ra isotopes and Rn in groundwater. Developing experiments reproducing field conditions
(e.g., column sediment experiments)
Transport Current transport models are based on Developing transport models that assess the complex 7,89
models of assumptions (e.g., steady state, reactions occurring in the subterranean estuary
radionuclides homogeneous composition of aquifer and (transient, 2-dimensional, dispersive-advective)
groundwater) that make difficult their
application to coastal aquifers.
Spatial and Better understanding of the Developing highly instrumented experimental sites for ~ 101112
temporal spatiotemporal variation of Ra isotopes monitoring the activities of Ra isotopes and Rn in
variability and Rn in coastal aquifers is needed to fresh, brackish, and saline groundwater or/and in
improve the use of these tracers for multiple geological contexts.
hydrological and oceanographical Long- and short- term monitoring of Ra isotopes and
purposes. Rn in groundwater.
Temporal Ra isotopes and Rn are used in some cases Delimiting which processes are subjected to be traced 21314
scales indistinctively to assess processes with by each tracer depending on its rate of decay or/and
disparate spatiotemporal scales. production.
Constraining The estimation of sources and sinks of Ra Improving the approaches for assessing processes 1516,17
sources and isotopes and Rn often represents the main such as diffusion from sediments, atmospheric
sinks uncertainty in tracer-derived estimates. evasion, and tracer residence time.
Development The use of Ra isotopes and Rn for assessing  Developing new applications of Ra isotopes and Rn in 18,19,20
of new the characteristics of groundwater flow in groundwater systems such as assessing age, velocity,
applications coastal or inland aquifers is limited. origin, or/and transit time of groundwater for both
freshwater and saline water environments.
Submarine groundwater discharge
9,13,21

Distinguishing
SGD pathways

Quantifying different SGD pathways
(different spatiotemporal scales, salinity,
and fluid composition) is needed to
properly assess the magnitude and
implications of SGD.

Assessing the driving forces of and spatiotemporal
scales of SGD pathways

Using multiple approaches targeting specific
components of SGD
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Table 7.1. Summary of the research gaps, future work, and key references related to the use of Ra isotopes and Rn as tracers of SGD.

. Key
Topic Research gap Future work works
Spatial and Most of SGD research is conducted in sites Long- and short-term monitoring of SGD in sites with 22,2324
temporal with expected groundwater flows and in seasonal or/and episodic related variations.
biases baseflow conditions, preventing the Development of regional and global approaches to
temporal and spatial extrapolation of snap-  quantify SGD (e.g., hydrological models, remote
shoot and local samplings. sensing, continuous measurements)
Climate change The effects that climate change has on the Conducting studies attempting the evaluation of 25.26.27
magnitude and composition of SGD are specific key factors affecting SGD (e.g., sea level
unknown. anomalies, seawater intrusion, land-use changes).
Gathering all available information to perform
predictions and future scenarios.
Generating global datasets of multiple parameters to
allow the modelling and upscaling of local data.
Uncertainties Uncertainties associated to the calculation Proper SGD estimates should include assessment of 13,15,28
assessment of SGD, whether from specific parameters uncertainty by means of error propagation (if
(standard error of Ra isotopes and Rn possible), stochastic approaches (e.g., Monte Carlo),
quantification) or from model and/or sensitivity analysis to account for the
conceptualization (e.g., steady state, variability of certain parameters.
endmember selection), are often
overlooked.
Terminology Terms and definitions used in SGD research  More efforts should be made to clarify the terms and 14,29,30
standardization often represent a source of disagreement definitions associated with SGD and to find
and may lead to wrong interpretations and  agreements within the communities directly working
misconceptions. with this process and external communities.
Social Most of the SGD research have been Assess the economic significance of SGD in multiple 31,3233
dimension addressed through the prism of natural sites.

sciences, neglecting the social implications
that SGD may have including politics,
economics, ecosystem services,
stakeholders’ analysis, among others.

Evaluate the ecosystem services associated with SGD.

Evaluate trade-off of different SGD associated
ecosystem services.

1: Vieira et al. (2021); 2: Moore (2008); 3: Scholten et al. (2010); 4: Beck and Cochran (2013); 5: Tachi et al. (2001); 6: Webster et al.
(1995); 7: Kiro et al. (2014); 8: Krest and Harvey (2003); 9: Michael et al. (2011); 10: Cho and Kim (2016); 11: Cerda-Domeénech et al.
(2017); 12: Cook et al. (2018); 13: Garcia-Orellana et al. (2021); 14: Taniguchi et al. (2019); 15: Rodellas et al. (2021); 16: Beck et al.
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analysed in the experimental settings (water:sorbent ratio, temperature, contact time, pH, salinity, cationic exchange capacity (CEC), and specific surface area).

Water:sorbent

Specific

Solution Sorbent material . Temperature  Contact time pH Salinity CEC Ko Reference
ratio surface Area
(Lke™) (eC) (h) (meq 100 g*) (m?g?) (Lke™)
Synthetic water Organic 2400 Sheppard and Thibault (1990)
Synthetic water 10 150 Benes (1982)
Synthetic water 50 230
Synthetic water 500 370
Synthetic water 10 100
Synthetic water 50 120
Synthetic water 500 370
Synthetic water 10 40
Synthetic water 50 50
Synthetic water 500 70
Synthetic water Kaolinite 5000 25 17 7.6 6.2 13 3210 Benes et al. (1985)
Synthetic water Kaolinite 2500 25 17 7.6 6.2 13 2710
Synthetic water Kaolinite 500 25 17 7.6 6.2 13 1900
Synthetic water Kaolinite 400 25 17 7.6 6.2 13 1890
Synthetic water Kaolinite 200 25 17 7.6 6.2 13 1710
Synthetic water Kaolinite 100 25 17 7.6 6.2 13 1090
Synthetic water Kaolinite 50 25 17 7.6 6.2 13 740
Synthetic water Kaolinite 40 25 17 7.6 6.2 13 610
Synthetic water Kaolinite 25 25 17 7.6 6.2 13 430
Synthetic water Kaolinite 20 25 17 7.6 6.2 13 400
Synthetic water Kaolinite 10 25 17 7.6 6.2 13 200
Synthetic water Montmorillonite 5000 25 17 7.5 90.8 750 8120
Synthetic water Montmorillonite 3333 25 17 7.5 90.8 750 7850
Synthetic water Montmorillonite 2000 25 17 7.5 90.8 750 7760
Synthetic water Montmorillonite 1000 25 17 7.5 90.8 750 8010
Synthetic water Montmorillonite 500 25 17 7.5 90.8 750 6540
Synthetic water Montmorillonite 400 25 17 7.5 90.8 750 6380
Synthetic water Montmorillonite 200 25 17 7.5 90.8 750 4800
Synthetic water Montmorillonite 100 25 17 7.5 90.8 750 3900
Synthetic water Montmorillonite 50 25 17 7.5 90.8 750 2450
Synthetic water Montmorillonite 25 25 17 7.5 90.8 750 1640
Synthetic water Montmorillonite 10 25 17 7.5 90.8 750 660
Synthetic water Quartz 5000 25 17 1950 Benes et al. (1984)
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Table A.1. Compilation of Ra distribution coefficients (Kp) in fresh solution from literature. The data include the type of solution and sorbent materials, as well as the different variables

analysed in the experimental settings (water:sorbent ratio, temperature, contact time, pH, salinity, cationic exchange capacity (CEC), and specific surface area).

Water:sorbent

Specific

Solution Sorbent material . Temperature  Contact time pH Salinity CEC Ko Reference
ratio surface Area
(Lke™) (eC) (h) (meq 100 g™) (m*g?) (Lke™)
Synthetic water Quartz 3333 25 17 1690
Synthetic water Quartz 500 25 17 1350
Synthetic water Quartz 200 25 17 990
Synthetic water Quartz 100 25 17 830
Synthetic water Quartz 50 25 17 550
Synthetic water Quartz 25 25 17 430
Synthetic water Quartz 10 25 17 170
Groundwater 7.2 0.3 13000 Copenhaver et al. (1992)
Synthetic water Bedded Salt 1 Serne and Relyea (1982)
Synthetic water Dome Salt 10
Synthetic water Basalt 50
Synthetic water Tuff 200
Synthetic water Granite 50
Synthetic water Purified smectite 500 480 7.0 110.2 17000 Tachi et al. (2001)
Synthetic water Purified smectite 500 480 8.0 110.2 16000
Synthetic water Purified smectite 500 480 7.0 110.2 660
Synthetic water Purified smectite 500 480 8.0 110.2 600
Synthetic water Purified smectite 500 480 9.0 110.2 790
Synthetic water Purified smectite 500 480 10.0 110.2 1500
Synthetic water Purified smectite 500 480 11.0 110.2 1900
Synthetic water Purified smectite 50 480 7.0 110.2 410
Synthetic water Purified smectite 50 480 8.0 110.2 400
Synthetic water Purified smectite 50 480 9.0 110.2 740
Synthetic water Purified smectite 50 480 10.0 110.2 640
Synthetic water Bentonite 500 480 7.0 60.1 3300
Synthetic water Bentonite 500 480 8.0 60.1 4100
Synthetic water Bentonite 500 480 9.0 60.1 6200
Synthetic water Bentonite 500 480 10.0 60.1 13000
Synthetic water Bentonite 500 480 11.0 60.1 16000
Synthetic water Bentonite 500 480 7.0 60.1 340
Synthetic water Bentonite 500 480 8.0 60.1 750
Synthetic water Bentonite 500 480 9.0 60.1 730
Synthetic water Bentonite 500 480 10.0 60.1 1000
Synthetic water Bentonite 500 480 11.0 60.1 950
Synthetic water Bentonite 50 480 7.0 60.1 210
Synthetic water Bentonite 50 480 8.0 60.1 320
Synthetic water Bentonite 50 480 9.0 60.1 290
Synthetic water Bentonite 50 480 10.0 60.1 290
Synthetic water Bentonite 50 480 11.0 60.1 440
Synthetic water Granite 1300 Crawford et al. (2006)
Synthetic water Sand 40 Sheppard et al. (2006)
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Table A.1. Compilation of Ra distribution coefficients (Kp) in fresh solution from literature. The data include the type of solution and sorbent materials, as well as the different variables
analysed in the experimental settings (water:sorbent ratio, temperature, contact time, pH, salinity, cationic exchange capacity (CEC), and specific surface area).

Water:sorbent

Specific

Solution Sorbent material . Temperature  Contact time pH Salinity CEC Ko Reference
ratio surface Area
(Lkg?) (eC) (h) (meq 100g*) (m>g?) (Lkg™)

Synthetic water Loam 30
Synthetic water Clay 30
Synthetic water Organic 200
Synthetic water Pasture soils 494 5,3 8,7 70 Vandenhove and Van Hees
Synthetic water Pasture soils 546 5,9 43,8 300 (2007)
Synthetic water Pasture soils 579 6,4 51,7 390
Synthetic water Pasture soils 526 4.6 5,1 40
Synthetic water Pasture soils 557 7,5 24,0 210
Synthetic water Pasture soils 431 5,5 24,5 90
Synthetic water Pasture soils 474 5,3 8,5 450
Synthetic water Pasture soils 528 5,7 8,1 90
Synthetic water Pasture soils 479 5,9 10,0 50
Synthet!c water sand 3100 Environmental Modelling for
Synthetic water Loam 1100 Radiation Safety (2008)
Synthetic water Clay 3800
Synthetic water Marine sediment 5,0 270 Eagle et al. (2008)
Synthetic water Marine sediment 5,0 480
Synthetic water Marine sediment 5,0 410
Synthetic water Sandy loam 1900 International Atomic Energy
Synthetic water Clay 38000 Agency (2010)
Synthetic water Organic 1300
Synthetic water Montmorillonite 300 25 48 5,0 0,6 82,3 9580 Tamamura et al. (2014)
Synthetic water Montmorillonite 300 25 48 5,0 5,8 82,3 170
Synthetic water Montmorillonite 30 25 48 5,0 5,8 82,3 130
Synthetic water Kaolinite 300 25 48 5,0 0,6 3,1 960
Synthetic water Kaolinite 300 25 48 5,0 5,8 3,1 30
Synthetic water Kaolinite 30 25 48 5,0 0,6 3,1 680
Synthetic water Kaolinite 30 25 48 5,0 5,8 3,1 30

Groundwater Sand 6,1 0,3 480 Liu et al. (2019)

Groundwater Sand 6,3 0,4 370

Groundwater Sand 5,8 2,5 60

Groundwater Sand 6,0 0,9 170

Groundwater Sand 5,2 0,5 300
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Table A.2. Compilation of Ra distribution coefficients (Ko) in saline solution from literature. The data include the type of solution and sorbent materials, as well as the different variables
analysed in the experimental settings (water:sorbent ratio, temperature, contact time, pH, salinity, cationic exchange capacity (CEC), and specific surface area).

Water:sorbent

Specific

Solution Sorbent material ) Temperature Contact time pH Salinity CEC Kp Reference
ratio surface Area
(Lkg?) (2C) (h) (meq 100g™) (m?g?) (Lkg?)
Seawater Marsh sediments 33 2 8 7 31.1 Rama and Moore (1996)
Seawater Marsh sediments 33 25 8 7 15.5
Seawater Marsh sediments 33 70 8 7 1652.1
Seawater Marsh sediments 13.6
Seawater Mississippi shelf 33 2 8 7 145.8
Seawater Mississippi shelf 33 25 8 7 76.8
Seawater Mississippi shelf 33 70 8 7 46.6
Seawater Amazon Shelf 33 2 8 7 102.0
Seawater Amazon Shelf 33 25 8 7 45.7
Seawater Amazon Shelf 33 70 8 7 27.2
Seawater Kaolinite 80 20 27 76.8 Webster et al. (1995)
Seawater Silty clay 3659 240 21000.0 Liand Chan (1979)
Seawater Silty clay 3659 240 228.4
Synthetic water Sand 1.6 Colbert and Hammond (2008)
Synthetic water Clay 5.6
Synthetic water Marine sediment 15 210.0 Gonneea et al. (2008)
Synthetic water Marine sediment 25 210.0
Synthetic water Marine sediment 15 445.0
Synthetic water Marine sediment 25 420.0
Synthetic water Marine sediment 15 330.0
Synthetic water Marine sediment 25 220.0
Synthetic water Montmorillonite 300 25 48 5 29.22 82.3 35.9 Tamamura et al. (2014)
Synthetic water Montmorillonite 300 25 48 5 58.44 82.3 15.6
Synthetic water Montmorillonite 30 25 48 5 29.22 82.3 22.2
Synthetic water Montmorillonite 30 25 48 5 58.44 82.3 4.8
Synthetic water Kaolinite 300 25 48 5 29.22 3.1 38.0
Synthetic water Kaolinite 300 25 48 5 58.44 3.1 24.9
Synthetic water Kaolinite 30 25 48 5 29.22 3.1 7.1
Synthetic water Kaolinite 30 25 48 5 58.44 3.1 6.0
Seawater Marine sediment 20.9 1 0.16 6.9 Beck and Cochran (2013)
Seawater Marine sediment 18.2 1 0.16 6.4
Seawater Marine sediment 9.3 1 0.16 2.7
Seawater Marine sediment 4.7 1 0.16 2.1
Seawater Marine sediment 4.6 1 0.16 2.0
Seawater Marine sediment 3.2 1 0.16 1.6
Seawater Marine sediment 35 1 0.16 15
Seawater Marine sediment 3.2 1 0.16 14
Seawater Marine sediment 2.2 1 0.16 1.2
Seawater Marine sediment 19 1 0.16 1.2
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Table A.2. Compilation of Ra distribution coefficients (Kp) in saline solution from literature. The data include the type of solution and sorbent materials, as well as the different variables
analysed in the experimental settings (water:sorbent ratio, temperature, contact time, pH, salinity, cationic exchange capacity (CEC), and specific surface area).

Solution Sorbent material Water:sgrbent Temperature Contact time pH Salinity CEC Specific Ko Reference
ratio surface Area

(Lkeg?) (2C) (h) (meq 100 g*) (m?g?) (Lkeg?)
Seawater Marine sediment 1.6 1 0.16 1.6
Seawater Marine sediment 1.2 1 0.16 1.7
Seawater Marine sediment 1.0 1 0.16 1.6
Seawater Marine sediment 0.9 1 0.16 1.2
Seawater Marine sediment 0.8 1 0.16 15
Seawater Marine sediment 0.7 1 0.16 13
Seawater Marine sediment 0.6 1 0.16 1.1
Seawater Marine sediment 0.6 1 0.16 13
Seawater Marine sediment 0.5 1 0.16 1.2
Seawater Marine sediment 0.4 1 0.16 1.0
Seawater Marine sediment 0.4 1 0.16 1.0
Seawater Marine sediment 0.4 1 0.16 0.9
Seawater Marine sediment 0.4 1 0.16 0.8
Seawater Marine sediment 0.4 1 0.16 0.9
Seawater Marine sediment 1 0.04 1.8
Seawater Marine sediment 1 0.10 15
Seawater Marine sediment 1 0.09 1.0
Seawater Marine sediment 1 0.10 0.9
Seawater Marine sediment 1 0.22 2.2
Seawater Marine sediment 1 0.26 3.0
Seawater Marine sediment 1 0.39 35
Seawater Marine sediment 1 0.73 3.2
Seawater Marine sediment 1 0.75 2.9
Seawater Marine sediment 1 0.95 3.9
Seawater Marine sediment 1 2.24 6.5
Seawater Marine sediment 1 5.18 15.6
Seawater Marine sediment 1 10.31 19.5
Seawater Ferrihydrite 1 1560.9
Seawater Lepidocrocite 1 175.0
Seawater Geothite 1 19.6
Seawater Hematite 1 75.6
Seawater Mn Fiber 1 1.6 70.5
Seawater Mn Fiber 1 5.0 340.3
Seawater Mn Fiber 1 6.3 857.0
Seawater Mn Fiber 1 6.3 621.4
Seawater Mn Fiber 1 6.5 411.8
Seawater Mn Fiber 1 6.9 518.8
Seawater Mn Fiber 1 7.3 394.7
Seawater Mn Fiber 1 7.3 519.8
Seawater Mn Fiber 1 7.4 716.7
Seawater Mn Fiber 1 7.9 361.0
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Table A.2. Compilation of Ra distribution coefficients (Kp) in saline solution from literature. The data include the type of solution and sorbent materials, as well as the different variables
analysed in the experimental settings (water:sorbent ratio, temperature, contact time, pH, salinity, cationic exchange capacity (CEC), and specific surface area).

Solution Sorbent material Water:sgrbent Temperature Contact time pH Salinity CEC Specific Ko Reference
ratio surface Area
(Lkeg?) (2C) (h) (meq 100 g*) (m?g?) (Lkeg?)
Seawater Sand 1 14 0.15 0.2
Seawater Sand 1 2.1 0.15 0.2
Seawater Sand 1 2.8 0.15 0.2
Seawater Sand 1 3.1 0.15 0.1
Seawater Sand 1 5.2 0.15 0.3
Seawater Sand 1 5.6 0.15 0.2
Seawater Sand 1 6.2 0.15 0.5
Seawater Sand 1 6.6 0.15 0.7
Seawater Sand 1 7.1 0.15 0.8
Seawater Sand 1 7.3 0.15 0.9
Seawater Sand 1 7.5 0.15 1.4
Seawater Sand 1 8.1 0.15 1.5
Seawater Sand 1 9.7 0.15 2.0
Seawater Sand 1 1.6 0.3 0.0
Seawater Sand 1 3.4 0.3 0.0
Seawater Sand 1 5.3 0.3 0.1
Seawater Sand 1 7.1 0.3 0.1
Seawater Sand 1 7.2 0.3 0.2
Seawater Sand 1 8.1 0.3 0.3
Seawater Sand 1 8.7 0.3 0.3
Seawater Sand 1 9.1 0.3 0.4
Seawater Sand 1 9.8 0.3 0.4
Seawater Sand 1 10.4 0.3 1.4
Seawater Sand 1 2.6 0.73 0.2
Seawater Sand 1 3.8 0.73 0.3
Seawater Sand 1 3.8 0.73 0.8
Seawater Sand 1 5.3 0.73 0.9
Seawater Sand 1 5.4 0.73 1.0
Seawater Sand 1 6.1 0.73 1.7
Seawater Sand 1 6.7 0.73 29
Seawater Sand 1 7.2 0.73 37
Seawater Sand 1 8.2 0.73 8.4
Seawater Sand 1 9.0 0.73 9.7
Groundwater Sand 6.4 10.98 14.0 Liu et al. (2019)
Groundwater Sand 6.21 22.13 6.9
Groundwater Sand 6.4 20.02 7.7
Groundwater Sand 6.23 7.34 21.0
Groundwater Sand 6.22 8.12 18.9
Groundwater Sand 6.31 10.55 14.6
Groundwater Sand N/A N/A 0.0
Groundwater Sand 7.33 28.28 5.5
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Table A.2. Compilation of Ra distribution coefficients (Kp) in saline solution from literature. The data include the type of solution and sorbent materials, as well as the different variables
analysed in the experimental settings (water:sorbent ratio, temperature, contact time, pH, salinity, cationic exchange capacity (CEC), and specific surface area).

Solution Sorbent material Water:sgrbent Temperature Contact time pH Salinity CEC Specific Ko Reference
ratio surface Area
(Lkeg?) (2C) (h) (meq 100 g*) (m?g?) (Lkeg?)
Groundwater Sand 7.37 28.73 5.4
Groundwater Sand 7.25 30.75 5.0
Groundwater Sand 7.48 29.68 5.2
Groundwater Sand 7.48 29.83 5.2
Groundwater Sand 7.36 30.05 5.1
Groundwater Sand 7.39 31.18 49
Groundwater Sand 7.75 29.35 5.3
Groundwater Sand 7.57 27.72 5.6
Groundwater Sand 7.42 30.47 5.1
Groundwater Sand 7.38 30.89 5.0
Groundwater Sand 7.79 29.25 5.3
Groundwater Sand 7.57 30.02 5.1
Groundwater Sand 7.43 30.34 5.1
Groundwater Sand 7.46 30.47 5.1
Groundwater Sand 7.63 31.06 5.0
Groundwater Sand 7.52 31.43 4.9
Groundwater Sand 7.52 30.59 5.0
Groundwater Sand 7.48 31.16 4.9
Groundwater Sand 7.75 30.5 5.0
Groundwater Sand 7.61 30.92 5.0
Groundwater Sand 7.55 31.06 5.0
Groundwater Sand 7.55 31.2 4.9
Groundwater Sand 7.81 30.93 5.0
Groundwater Sand 7.64 31.29 4.9
Groundwater Sand 7.58 31.34 4.9
Groundwater Sand 7.42 30.81 5.0
Groundwater Sand 7.86 31.62 4.9
Groundwater Sand 7.74 31.63 4.9
Groundwater Sand 7.67 31.79 4.8
Groundwater Sand 7.6 31.13 4.9
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B) Appendix B. Simple solution for the advective transport model

Equation 5.9 can be rewritten in vector-matrix notation as:

Z—:’ = RA1b + RA,f Equation B.1
with
Rk, 0 0 - -4 0 0
0 R 0 - A -1 0
R = 2 Ay = 2 2 ;
0 0 R3 b 0 /13 _13 ce
Equation B.2
(om0 ) () )
0 4, 0 b, H1S1
4; = | b= "|;f =| |
Y R WA
So,
/_}\IRI 0 0 "\
AR -AR 0 .
RA, = 212 2R3
0 A2R3 _)\2R3 b
Equation B.3
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The solution of Equation B.1 is:

b = exp(tRA;)(bg — by) + by Equation B.4
b, = —A7A,f Equation B.5
exp(—tRA;) = Pexp(tPp)P ™! Equation B.6

where b, and b, contain the bulk activities at the inflow boundary and at bulk radioactive
equilibrium, respectively; P is a matrix, whose columns are the eigenvectors of RA;. Pp is a
diagonal matrix containing the eigenvalues of RA;. The following relation exists between these

matrices (Meyer, 2000, chapter 7.2):

P~1RA,P =P, Equation B.7

As RAjis triangular (see Equation B.3), the eigenvalues are simply the diagonal values of

RA;. That s,
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/exp (tPp 1) 0 0 \

0 exp(tPp ) 0 .
exp(tPp) = | =
\ 0 0 exp(tPp3)
5 5 5 Equation B.
exp(—=TR A, 0 0 quation B.8
0 exp(—tR31;) 0
0 0 exp(—TtR3A3)
Given the triangular structure of matrix RA;(Equation B.3), matrix P becomes:
1 0 0
MR,
(A2R2—2A1R¢) 1 0
P= AzRzAsRs MRy 1 .- | Equation B.9
(A2R2-A1R1)(A3R3-2A4Ry) (A3R3-23R3)
A2RzAsR3A,R, AsRsA.R, AsR,

(A2R2—A1R1)(A3R3-A1R1)(A4R4—A1R1)  (A3R3—2A;R2)(A4R4—2A2Rz)  (A4R4—A3R3)

The solution is very similar to that of Bateman (1910), but including the retardation factor.

Here matrix-vector notation is used, for reasons of mathematical elegance.
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C) Appendix C. Maresme County and experimental site of Argentona
C1) Study site

Maresme County is a coastal region located to the NE of the city of Barcelona (Spain,
western Mediterranean Sea) that extends from the Catalan Littoral Mountain Range to the
Mediterranean Sea (Figure C.1). The county has a population density of ca. 1100 hab-km2, and is
highly anthropized, with 15% agricultural and 30% urban land use (Rufi-Salis et al., 2019). The
geomorphology of the area is structurally associated with the fracturing and sinking of blocks
(NW-SE direction), which developed in a set of stream valleys (Catalan Water Agency, 2010). The
geology of these valleys is dominated by Quaternary detrital sediments that constitute layers of
gravels, sands, and clays, which result from chemical weathering and the dragging of granite
materials through torrential courses. These Quaternary deposits constitute different aquifers
corresponding with each stream valley (Figure C.1). Simultaneously, each stream valley forms an
ephemeral stream. In Maresme County there are around 40 ephemeral streams, which
represents a density of 1 ephemeral stream per kilometer of coastline. Annual precipitation in
the area ranges from 350 to 930 mm y* (2015 to 2020) and is mainly governed by EPE occurring
in the autumn and spring seasons. Precipitation events with >75 mm d! (corresponding to the
99t wet-day percentile) are here considered as extreme precipitation events (EPE) (Pendergrass
and Knutti, 2018) and have a recurrence of ca. 13 months. In this area most of these streams are
hydraulically disconnected from their alluvial aquifers and, therefore, surface runoff takes place
only after the most significant rain events, with floods occurring in a period of hours after the
EPE. The nature of tides in the Maresme region is semidiurnal, with an amplitude in the order of
a few centimeters (~20 — 40 cm). The bathymetry of the Barcelona - Maresme continental shelf
is dominated by steps and ridges, with moderate slopes (1.1°), and an average shelf width of 13

km (Duran et al., 2014).
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Figure C.1. Study site map. (a) Location map of Maresme County, (b) geological description, bathymetry, and sampling stations,
(c) location map of the Medistraes site piezometers, and (d) schematic diagram of the piezometers and their screening sections
within the perpendicular transect of the experimental site of Medistraes. T1, T2, and T3 are the offshore transects associated
with the ephemeral streams of Argentona, Cabrera de Mar, and Vilassar de Mar, respectively.

The Argentona experimental site, located in the coastal alluvial aquifer of the Argentona
ephemeral stream, consists of 16 piezometers distributed along a perpendicular and a parallel
transect to the coastline, with groundwater sampling depths ranging from 15 to 25 m (see

Palacios et al., 2019 for more details about the experimental site). The geology of the aquifer is
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dominated by detrital quaternary sediments that constitute layers of gravels, sands, and clays
which are the product of chemical weathering and rock fracture of the granitic. Fresh
groundwater flows towards the sea in the shallow part of the aquifer (the upper ~15 m), whereas
the deep aquifer area (deeper than 20 m) is influenced by seawater intrusion, as inferred from
the application of direct measurement at the piezometers and electrical resistivity tomography
(Palacios et al., 2019). Most of the piezometers are gathered in nests (N1, N3, N2) of three
piezometers with screening intervals of 2-m, located at different depths (15, 20, and 25 m,
approximately) (Figure C.1). The three remaining piezometers (PP-15, PP-20, and PP-18) are the

closest to the sea, with sampling depths of 15, 20, and 18 m, respectively.
C2) Radium and radon isotopes in the Argentona experimental site

The results of 222Rn and Ra isotopes activities against the salinity of each piezometer for
different samplings in the Argentona experimental site are shown in Figure C.2. Radium activities
spanned a wide range from 10 to 940, 10 to 550, and 1 to 50 Bq m3 for 2%Ra, 2?®Ra, and ?*°Ra,
respectively. These variations in Ra concentrations are mainly associated with differences in the
geological context and in the groundwater salinity of each piezometer (Figure C.2). The shallow
aquifer <15 m presents the lowest Ra concentrations (e.g., 10 to 50 Bq m™ of 22*Ra) in agreement
with the lowest salinity (0.5 to 2.2). In contrast, the intermediate and deep piezometers
presented higher activities (e.g., 60 to 940 Bq m3 of 2?*Ra) correlating with the higher salinities
(4.4 to 33.9) of the bottom aquifer. Radon activities were 1 to 3 orders of magnitude larger than
Ra activities ranging from 5-103 to 45-103 Bq m™. Nevertheless, aside from the groundwater
samples collected from deeper piezometers (= 20 m) that presented higher Rn concentrations
(20-103 to 45-10° Bg m3), most of the groundwater samples presented relatively constant 222Rn
concentrations (5-10° - 20-10% Bq m3; Figure C.2). The ARs of ?*Ra/??®Ra ranged from 1.1 to 1.4
for the shallow piezometers and from 1.5 to 8.4 for the deeper piezometers (> 15 m depth). The
ARs of 222Rn/??®Ra ranged from 2,700 to 5,900 for shallow piezometers and 700 to 4,500 for
deeper piezometers (Table C.1). The retardation factor of Ra for the two selected piezometers
(N1-20 and N2-15) (Table C.1), which were determined by reproducing the groundwater salinities
measured at the site, are 170, for the sample collected at depth 20 in the nest N1 (piezometer

N1-20), which is influenced by saline groundwater, and 2,500 for the sediment sample collected
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at the freshwater zone at nest N2 (<15 m). These results are in concordance with the typical

retardation factors of Ra for saline and fresh groundwater, respectively (Beck and Cochran, 2013;

Michael et al.,

109).
® N1-15 A N2-15
® N1-20 A N2-20
N1-25 N2-25
1200
(a)
1000
v 800
€
O
@ 600 -
o
g‘ 400 -
200 - s K
M O -
O#I T T T T T
0 5 10 15 20 25 30 35
Salinity
60
(c)
50 -
40
€
O
@ 30 -
©
g‘ 20 -
i
0!0 MR oq
T T T
0O 5 10 15 20 25 30 35
Salinity

m  N3-15 4 PP-15
E  N3-20 & PP-20T
N3-25 PP-20B
600
(b)
500 -
" 400
e
O
@ 300 -
©
é‘ 200
100 A sd A%
'.“ on ¥
o
OP T T T T T T
0 5 10 15 20 25 30 35
Salinity
60
(d)
—~ 50
7
€ 40 -
O
[a]
S 30 +
=
c 20
¢ &
3 10#_:%3 24 = #
¢ |
0 T T T T T T
0 5 10 15 20 25 30 35
Salinity

2011) and within the ranges reported in the extensive review of Appendix A (1 -

Figure C.2. Activities of (a) ?2Ra, (b) ?®Ra, (c) ?*°Ra, and (d) 2*’Rn against salinity for groundwater samples collected from the
different piezometers and sampling campaigns. Red, green and blue colors indicate shallow (<15 m), intermediate, and deep

(>20 m) piezometers, respectively.
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Table C.1. Distance from the shoreline, depth, screened interval, salinity, ARs of ?**Ra/?Ra and 2??Rn/*?’Ra, and
retardation factor of Ra from the piezometers located in the perpendicular transect to the shoreline of the Argentona
ephemeral stream experimental site.

Pie:z::ter Nest S dl::trae':i:ee Si::ei::? Salinity 22%Raf??®Ra  222Rn/**°Ra Rra
m m 103
N1-15 N1 62.9 12.5-14.5 1.7+04 12+0.1 2.7+0.7 n.a
N1-20* N1 60.2 18.4-20.4 324+13 50+0.5 45+1.0 170+ 30
N1-25 N1 62.3 20.9-22.8 28.0+2.3 2.1+0.8 0.7+0.2 n.a
N3-15 N3 80.1 10.0-12.0 0.8+0.1 1.1+0.2 43+1.2 n.a
N3-20 N3 79.7 16.0-18.0 9.7+4.9 1.7+0.3 1.0+£0.2 n.a
N3-25 N3 78.1 18.0-20.0 29.4+238 8.4+0.6 2.2+0.7 n.a
N2-15%* N2 97.9 10.0-12.0 0.5+0.1 1.1+0.2 59123 2,500 + 200
N2-20 N2 99.8 15.0-17.0 9.5+3.8 15+0.3 13+04 n.a
N2-25 N2 98.3 20.0-22.0 29.0+3.2 5.0+0.6 27%15 n.a
PP-15 52.4 2.0-13.0 1.6+0.5 14+0.2 3.1+0.8 n.a
PP-20B 39.5 3.0-18.0 25.6+3.3 3.1+0.9 1.4+0.6 n.a
PP-20T 39.5 3.0-18.0 9.1+3.2 25+04 20 £0.7 n.a
Seawater -5 - 37.9 3.0£0.3 n.a.

n.a: Not analyzed. *Saline-outflow. **Fresh-outflow.

C3) Nutrients in the Argentona experimental site

The concentrations of nutrients in groundwaters from the experimental site of the
Argentona ephemeral stream ranged from 10 to 1070 uM for NO3, 0.1to 3.9 for NO3, 0.3t040.1
for NHZ, 0.8 to 10.1 for PO3~, and 50 to 230 for SiO%~ (Figure C.3). Nitrate (NO3) and silica
(Si0Z) presented a similar pattern, with maximum concentrations in low salinity (Sal < 10)
samples and a downward trend with increasing groundwater salinity. Conversely, the
concentrations of nitrite (NO3 ), phosphate (PO3~), and ammonia (NH}) were relatively low for
most of the groundwater samples, except for those collected at the shallow piezometers for

nitrite, intermediate for phosphate, and deep for ammonia (Figure C.3).
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Figure C.3. Concentrations of nitrate (NO3), nitrite (NO3), ammonia (NHJ), phosphate (PO3), and silica (Si037) in
groundwater and seawater samples collected at the experimental site of the Argentona ephemeral stream and at the different
coastal seawater stations during the samplings from October 2019 and March 2020. Red, yellow, and blue indicate the depth
of the groundwater samples (shallow, <15 m; intermediate, from 15 to 20 m; and deep, >20 m, respectively) and gray color

represent the seawater samples.
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D) Appendix D. Submarine groundwater discharge in the Maresme County
D1) SGD and nutrient fluxes via Ra mass balance

In this appendix, we develop the methodology used for determining the SGD and
associated nutrient fluxes to the coastal ocean. This includes the definition of the conceptual

model and the discussion of the model assumptions used in the calculations.
D1.1) Ra mass balance

The magnitude of SGD and its associated nutrient fluxes are quantified in this study by
using Ra isotopes, which is one of the most commonly applied techniques (Taniguchi et al., 2019).
Whilst single isotopes can be used for quantifying SGD driven by single pathways, the
combination of different isotopes is instrumental in discriminating SGD in sites with multiple
pathways (Charette, 2007; Rodellas et al., 2017; Tamborski et al., 2017b). In this study, Ra
isotopes are used for discriminating and quantifying both the fluxes of terrestrial and marine
SGD. Whilst terrestrial SGD represents a net input of water to the ocean, marine SGD comprises
disparate discharge processes solely involving the circulation of seawater through permeable
sediments or the coastal aquifer (i.e., porewater exchange, shoreface circulation of seawater,
seasonal exchange of seawater; Michael et al., 2011). A steady-state mass balance of short-lived

224Ra (T1/2 = 3.66 d) and long-lived ?2Ra (T1/2 = 5.75 y) isotopes was constructed as follows:

228 228 _ lex—PRa228
Frsep * ““"Rarsep + Fusep * ““"Raysep = N + Ira228 * Araz28
224 224 lex—Ra224 Equation D.1
_ lex—Ra
Frsep + ““"Rarsgp + Fusep * ““"Raysep = Tr + Ira224 * ARa224

The two terms on the right-hand side of Equation D1 represent the Ra outputs and include
the offshore exchange of Ra, due to the mixing between coastal and open ocean waters, and Ra
decay. The terms I and I, refer to the mean inventories [Bq m™] of Ra and excess Ra (inventory
of excess Ra concentrations in coastal waters relative to open ocean), respectively, T is the Ra
flushing time [d], and A is the Ra decay constant [d}]. The mean Ra inventories were determined
by averaging the activity (or excess activity) [Bq m=] of Ra at each station normalized by depth
and distance to the shore. The normalization was made by integrating the rectangular trapezoid

area confined within the distance between two subsequent stations and their respective depth.
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The two terms on the right-hand-side of Equation D1 account for Ra inputs to the study site,
which are supplied via terrestrial (combined discharge of meteoric groundwater and density-
driven circulated seawater) and marine (processes solely involving the circulation of seawater
through permeable sediments; beach-face circulation, porewater exchange) SGD [Fg,; Bq m?* d-
1. The activities [Bq m™3] of Ra in the discharging groundwater (Rarssp and Raysep; Ra
endmember) were used to convert the Ra flux of both isotopes concurrently, to a coastline-
normalized volumetric flow [m3 km™ d!] for each of the SGD pathways (Terrestrial SGD, Frssp
and Marine SGD, Fy;5;p)- The terms and values used for the Ra mass balance for each sampling

are shown in Table D1.

Table D.1. Definition of terms, values and units used for the Ra mass balance for each sampling (P1, P2 and BF). Data in
brackets represent the interquartile range (1st and 3rd quartile).

Term Definition Values Units

P1 P2 BF
Iraz24 224Ra inventory 113+15 26+2 31+9 -10% Bg-m*
lox—Raz24 224Ra excess inventory 98+15 23+2 289 -10% Bg-m*
Iraz2s 228Ra inventory 46x3 1142 9+3 -10° Bg-m*!
lox—Raz28 228Ra excess inventory 4143 10+2 8+3 -10° Bg-m!
Fra—z24™" 224Ra flux 62+9 9+1 11+4 -10% Bg-m*-d?
Fra—228™" 228Ra flux 16.8+1.3 1.8+0.4 1.6+0.5 -10% Bg-m'1-dt
Fra-224/Fra-228  2?*Ra/??®Ra flux ratio 3.7+0.3 5.2+1.2 7.6+2.7 -
Tr*? Ra flushing time 2.4+0.9 5.6+1.9 5.0+1.7 d
Unknowns
Frsp Fresh SGD flow ??3?5 - 660) (2150 - 55) ?155 - 75) Lo
Frsep Recirculated SGD flow (19205 225) (2{)5 -30) ?250 30) i103 me-kmt-of

*1 Flux of Ra supplied by terrestrial and marine SGD, left-hand side of Equation D1
*2 Radium fluxing time determined as water apparent age following Moore (2000)
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D1.2) Model assumptions and considerations
D1.2.1)Sources and sinks of Ra

The proposed model for quantifying the Ra flux to the sea assumes that terrestrial and
marine groundwater discharge are the only sources of Ra at the study site (Equation D.1).
Diffusive fluxes of Ra from sediments were considered negligible, due to the presence of coarse-
grained sands with low specific surface area (Luek and Beck, 2014) and are assumed to represent
low (10%) inputs compared to the total Ra inputs (Beck et al., 2007; Garcia-Orellana et al., 2014).
Ra inputs from surface water were also discarded for the sampling conducted in March 2020 (BF)
due to the total absence of runoff during the sampling period. In October 2019, 4 days before
the first sampling conducted at the study site, runoff occurred in direct response to an EPE (~90
mm). However, considering the flushing time of Ra isotopes in the coastal system (see D.1.2.2),
the Ra delivered by this punctual runoff may have decreased by >90% for the first sampling (P1)
and by >99% for the second sampling (P2), due to decay and mixing with offshore waters. It is
thus assumed that runoff for these samplings represents a minor source of Ra at the study site
relative to that from SGD. Atmospheric deposition was discarded as a major source of Ra since
its contribution in small-scale study sites is often <<1%. Production of Ra from dissolved Th was
implicitly included by reporting the activities of Ra isotopes as ‘excess’ Ra activities (activities
non-supported by their progenitors). The decay of Ra and the exchange with offshore waters
were considered as the major sinks of Ra. The decay was assessed via the Ra inventories at in the

study site and the offshore exchange, by evaluating the flushing time of Ra (T%).
D1.2.2)Radium flushing time

The flushing time of Ra (Tr) is a parameter that describes the transport of Ra in surface
water bodies due to advection and dispersion processes (Monsen et al., 2002). In Ra mass
balances, this parameter is fundamental for evaluating the exchange of Ra between coastal and
offshore waters. In this work, rather than evaluating Ra flushing times, we used 2?*Ra/??®Ra of
coastal and offshore waters (1,000 m from coastline) to determine the water apparent age (Ty,)
(Moore, 2000). The water apparent age is a good proxy for temporal scales of advective and

mixing processes occurring at the study site. Coastal waters in Maresme County presented
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224Ra/??®Ra activity ratios ranging from 1.6 to 2.9 times higher than those of offshore waters,
which led to seawater apparent ages of 2.44+0.9, 5.6+1.9, and 5.0+1.7 days for the first, second,
and third sampling, respectively. The lower seawater residence time of the first sampling is
coherent with the oceanographic conditions (e.g., higher winds, waves and currents that
enhanced advection and exchange with offshore waters) linked to the extreme precipitation

event occurring 4 days before (see Figure 6.1).
D1.2.3)Steady state conditions

Steady state conditions (i.e., tracer inventories do not vary with time; da/(dt - V) = 0)
are often assumed in Ra mass balances (e.g., Beck et al., 2008; Rodellas et al., 2017). This
assumption implies that Ra inputs and outputs are balanced for a time period equivalent to the
tracer residence time in the system (Rodellas et al., 2021). In Maresme County, the tracer
residence time ranged from 1.6 to 2.6 days for 22*Ra and from 2.4 to 5.6 days for 222Ra. The tracer
residence time can be estimated by dividing the radium inventory in surface waters by the sum
of all losses (i.e., radioactive decay and exchange with offshore waters) (Rodellas et al., 2021).
The assumption of steady state may therefore not be valid due to the significant difference
between Ra activities from the first and second samplings (P1 and P2; Figure 6.2), which were
carried out only 4 days apart. However, assuming steady state conditions instead of a continuous
decrease of activities in coastal waters (—da/dt) (the pattern that was observed in the EPE from

2019; Figure 6.2), results in conservative estimates of SGD induced by EPE.
D1.2.4)Endmember selection

Due to the large spatial variability of Ra isotopes in the groundwater activity at the
experimental site of Argentona, constraining the Ra activity of the SGD endmember for both the
terrestrial and marine components is particularly difficult. To overcome this limitation, we used
the activity ratio of 22°Ra/??®Ra measured in the potential groundwater endmembers and the
coastal ocean, which can help in identifying the most likely endmembers. Endmembers were
selected according to the following conditions: (1) the selection of the terrestrial Ra endmembers
(Ragsgp) was constrained to groundwater samples with low salinities (Sal < 5); and (2) the

224Ra/?%8Ra activity ratios of both endmembers must satisfy the following equation:
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224 224
Rarsep FRraz24 Rapsep
228 < 228 ’
Rarsep FRraz2s Rapsep

Equation D.2

where Fry_504/Fra—22g is the ratio between the total fluxes of 22°Ra and %?®Ra to the
coastal ocean for each of the three samplings. A terrestrial and marine SGD was determined for
each of any possible combinations between terrestrial and marine Ra endmembers that satisfied
the above-mentioned conditions, and we reported the final SGD fluxes as the median value and
the interquartile range. Conservative fluxes of nutrients were computed by multiplying the
minimum concentrations of nutrients within the terrestrial and marine endmembers
(discriminated by conditions 1 and 2), and the median (+ interquartile range) of each SGD

component (terrestrial and marine).
D2)Darcy’s law calculations

The relative significance of EPE in annual SGD estimates derived from the Ra mass balance
was compared with Darcy flux estimates (Q = —k,, -i). For these calculations, hydraulic
conductivity (kp [m s1]) was assumed to be in the order of 103 m s (characteristic of clean
sands) in the range of local studies (personal communication T. Goyetche and L. Del Val). The
hydraulic gradient was determined as the difference between mean sea level (MSL) data and
groundwater level data acquired from a CTD diver deployed in a piezometric well at the
experimental site of the Argentona ephemeral stream (N3-15, 80 m from the shoreline). Absolute
Darcy flux results (Figure D.1) should only be taken as indicative. In fact, the relative variation of
Darcy flux during EPE can be used as a proxy for groundwater discharge. Results indicate that the
EPE from October 2019, December 2019, and January 2020 represented 2, 4, and 6%,
respectively, of the annual groundwater discharge. The relative significance of EPE derived from
these calculations is slightly lower than those obtained from the Ra mass balance. This
discrepancy can be associated with the different discharge processes that each method captures.
Whilst Ra mass balance enables the quantification of processes with different spatiotemporal
scales and different compositions of groundwater (e.g., terrestrial groundwater discharge,
porewater exchange), Darcy’s law only captures the discharge of meteoric or brackish

groundwater due to the hydraulic gradient at the shallowest aquifer.
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Figure D.1. Temporal evolution of Darcy flux from October 2019 to April 2020 at the experimental site of the Argentona
ephemeral stream. Red lines indicate the groundwater and seawater samplings performed at the study site (P1, P2, and BF) and
grey bands indicate the major precipitation events of October 2019, December 2019, and January 2020.
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