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A B S T R A C T

Aquifers beneath sandy beaches act as land-ocean conduits for groundwater and are active biogeochemical re
actors modifying chemical fluxes across the land-sea interface. Subterranean estuaries of high-energy beaches 
with large tidal and wave amplitudes could be particularly reactive due to the exchange of large seawater 
volumes and transport of marine derived constituents deep into the subsurface. In this study, we first present a 
new classification for coastal energy regimes as a function of mean tidal range and mean significant wave height 
and define the term “high-energy”. We establish a global distribution map of coastal energy regimes and classify 
porewater study sites in sandy beach aquifers related to their prevalent energy regime. Despite their extensive 
contribution to the global shoreline, the porewater biogeochemistry of high-energy environments is largely 
unknown. Through a summary of the few existing porewater studies at high-energy beaches we reveal patterns in 
morphology, hydrology, and biogeochemistry, describe promising research strategies, and highlight future 
research avenues in these challenging environments.

1. Introduction

Sandy beaches are common features of global coastlines, covering 
about a third of ice-free shores (Luijendijk et al., 2018). They are dy
namic environments where sea and land meet and the energy of the 
oceanic forces of wind, waves and tides dissipates and drives sediment 
transport and morphodynamics (McLachlan and Defeo, 2018). Sandy 
beaches host coastal ecosystems that are intrinsically valuable but also 
provide important ecosystem services (e.g. storm buffering, nutrient 
cycling, habitat provision) and are of economic and cultural importance 
(Nel et al., 2014). McLachlan and Turner (1994) described exposed 
beach ecosystems as the most dynamic and most hostile of all marine 

environments, yet bristling with micro- and macroscopic life 
(McLachlan and Defeo, 2018).

The subsurface beneath beaches is referred to as beach aquifer (Geng 
et al., 2021b) or subterranean estuary (STE, Moore (1999), for a dis
cussion on the terminology used see also Duque et al. (2020). In these, 
inland aquifers connect with the sea and meteoric freshwater mixes with 
recirculating seawater, both undergoing biogeochemical changes before 
discharging to the coastal ocean. STEs are important biogeochemical 
reactors that alter elemental speciation and net fluxes to the sea (e.g. 
Moore, 1999; Charette and Sholkovitz, 2006; Anschutz et al., 2009; 
Reckhardt et al., 2015; Linkhorst et al., 2017; Wilson et al., 2024). Water 
discharging from STEs is termed submarine groundwater discharge 
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(SGD, e.g. Michael et al., 2005; Robinson et al., 2007a). SGD has been 
recognised as a major input pathway for solutes to coastal waters that is 
affecting coastal elemental cycles and budgets, coastal surface water 
quality and coastal ecosystems (e.g. Santos et al., 2008; Moore, 2010; 
Lecher et al., 2016; Rodellas et al., 2015; Ehlert et al., 2016; Beck et al., 
2017; Sawyer et al., 2016; Geng et al., 2021b; Moosdorf et al., 2021).

Coastal zones and sandy coasts in particular belong to the most 
densely populated and developed land areas worldwide (Luijendijk 
et al., 2018). Consequently, sandy beaches are threatened by extractive 
use, habitat modification and development, coastal squeeze and 
sea-level rise (Nel et al., 2014). Similarly, coastal groundwater is under 
considerable strain, with natural groundwater flow patterns being dis
rupted and freshwater resources often affected by overuse and 
contamination (Michael et al., 2017). According to review papers by 
Michael et al. (2017) and Robinson et al. (2018) a sound understanding 

on groundwater flow and solute transport and accompanying reactions 
at the land-sea transition zone is necessary in order to manage coastal 
groundwater resources properly.

The general perception of groundwater flow and transport in tidally 
influenced beach aquifers is the existence of a tide-induced saltwater 
circulation cell, often referred to as upper saline plume (USP) that is 
underlain by a freshwater discharge tube (FTD), itself underlain by the 
so-called saltwater wedge (Michael et al., 2005; Robinson et al., 2007b, 
Fig. 1, “stable” case). In a simple geological setting, fresh and saline 
groundwater discharge to the sea near the low water line (LWL). The 
occurrence, dimensions and shape of the USP depend on a number of 
hydrological parameters, such as hydraulic conductivity, terrestrial 
freshwater flux, tidal amplitude, wave heights, beach slope and aquifer 
depth (e.g. Evans and Wilson, 2016; Grünenbaum et al., 2020b). For 
example, spring and neap tidal cycles (Robinson et al., 2007a; Abarca 

Fig. 1. Concept of the STE under tidal influence as a biogeochemical reactor with general features such as different water bodies, flow patterns and porewater 
salinities (colour scale from saltwater in red to freshwater in blue). Principle features of mixing seawater and terrestrial freshwater as well as major biogeochemical 
processes expected along flow paths (1) and at interfaces (2) are listed at the top. The “stable” case represents the state-of-the-art, whereas the “transient” case was 
proposed for high-energy beaches by Greskowiak and Massmann (2021), figure by Massmann et al. (2023). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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et al., 2013; Heiss and Michael, 2014) and intensified wave conditions 
(Robinson et al., 2014) can lead to varying seawater circulation rates 
and thus dynamic shrinkage and expansion of the USP. In experiments 
and numerical modelling, instabilities and fingering flow occurred in 
STEs under certain hydraulic conditions, such as flat beach slopes 
(Greskowiak, 2014; Röper et al., 2015; Shen et al., 2019), but the process 
has so far not been observed in the field. Moreover, on top of the major 
physical stressors (waves, tides, density gradients, precipitation, evap
oration and storm surges) that control groundwater flow and transport, 
geological heterogeneity may increase the complexity of the flow pat
terns in beach aquifers (Geng et al., 2021b). Considerable sediment 
transport capacities of the combined tidal and wave forcing continu
ously reshape high-energy beaches on very short time scales (Blossier 
et al., 2016, 2017). Consequently, Greskowiak and Massmann (2021)
proposed that morphodynamics might affect groundwater flow and 
transport. In their generic numerical models, beach morphodynamics 
and regular storm-floods disrupted the classic salinity distribution and 
caused strong variability in beach groundwater flow and transport 
patterns. The resulting SGD was associated with topographic lows that 
frequently changed location, in turn causing movements of the salt- and 
freshwater interface. Fluctuating sediment transport and morphody
namics, key features of high-energy environments, therefore resulted in 
remarkably chaotic porewater flow patterns that deviated from the 
conventional, “stable” case (Greskowiak and Massmann, 2021, Fig. 1, 
“transient” case).

The hydrodynamic conditions in beaches subsequently exert a major 
control on rates and spatial distribution of biogeochemical processes in 
the STE (e.g. Charette and Sholkovitz, 2002; McAllister et al., 2015; 
Reckhardt et al., 2017). In most STEs, oxygen and marine dissolved 
organic matter (DOM) are supplied by infiltrating seawater (Beck et al., 
2017; Massmann et al., 2023). From the landside, fresh groundwater 
entering the beach aquifer contains more aged terrestrial DOM (Waska 
et al., 2021) and is often anoxic. It can be enriched with inorganic ni
trogen from anthropogenic contamination, a commonly limiting 
nutrient in ocean waters (Howarth and Marino, 2006), as well as 
reduced iron (Charette and Sholkovitz, 2002). As these very different 
porewater endmembers mix in beach aquifers, they result in pronounced 
physicochemical gradients (Moore, 1999; Greskowiak et al., 2023) that 
trigger biogeochemical processes. These are mainly related to redox 
reactions coupled to microbial organic matter (OM) degradation, and 
mineral dissolution/precipitation (e.g. Anwar et al., 2014; McAllister 
et al., 2015; Reckhardt et al., 2015; Kim et al., 2017; Kim et al., 2020). 
Some processes were shown to be mixing controlled and more intense at 
interfaces (Fig. 1, indicated by number 2) such as the formation of iron 
(III)-(hydr)oxide-coated sands in the STE (e.g. Grünenbaum et al., 
2024), a phenomenon termed “iron curtain” by Charette and Sholkovitz 
(2002). The iron curtain has been proposed to act as a geochemical 
barrier for water constituents such as P and As (Moosdorf et al. (2021)
and references therein) and DOM (Linkhorst et al., 2017; Sirois et al., 
2018). Other biogeochemical processes progress along flowpaths in the 
different water bodies (i.e. USP, FDT and saltwater wedge, Fig. 1, 
indicated by number 1), for example mineralisation of OM following 
seawater infiltration (e.g. McAllister et al., 2015; Reckhardt et al., 2015; 
Charbonnier et al., 2016). Since biogeochemical processes are so closely 
associated with porewater flow patterns - which in turn are influenced 
by morphodynamics - they too likely differ on spatial and temporal 
scales between stable and transient systems. Recently, Massmann et al. 
(2023) proposed that the transient groundwater flow and transport 
typical for high-energy beaches (Greskowiak and Massmann, 2021) also 
affect the functioning of the biogeochemical reactor, as interfaces be
tween water bodies are not position stable and flow paths irregular. 
Corroborating this suggestion by means of generic modelling, Gresko
wiak et al. (2023) indeed identified morphodynamics as the dominant 
factor controlling redox dynamics as compared to stormfloods, seasonal 
temperature and recharge rates.

As the main protagonists of the STE bioreactor, microbial 

communities are structured by the availability of substrates and electron 
acceptors (McAllister et al., 2015; McBeth et al., 2013; Degenhardt et al., 
2021, 2021a, 2021b). A continuous electron acceptor and OM supply 
ensures that microbial activities in STEs and shallow beach sediments 
are high (Forehead et al., 2013; Hwang et al., 2005; Santos et al., 2008; 
Reckhardt et al., 2015; Beck et al., 2017). However, the understanding 
of biogeochemical processes controlling microbial life in STEs and 
associated microbial transformations is still limited (McAllister et al., 
2015; Kim et al., 2017). As reviewed by Archana et al. (2021), only few 
studies so far targeted the STE and its characteristics as a unique mi
crobial habitat. The potential consequences of a “transient” STE as 
proposed in Fig. 1 are unclear.

As outlined above, physical forcing, chemical gradients and biolog
ical processes are intrinsically linked in beach STEs. However, most STE 
knowledge, including - crucially - the state-of-the-art “stable” concept of 
flow, transport and biogeochemical reactions (Fig. 1), is derived from 
beach aquifers at rather sheltered sites. Contrastingly, it appears that 
only little data, especially regarding porewater biogeochemistry, is 
available from high-energy beaches with meso-to macrotidal ranges 
and/or high wave impact, although seawater recirculation through tide 
and wave pumping is considered a major driver of SGD hydrology 
(Santos et al., 2012). Moreover, despite being used in the STE literature, 
the term “high-energy” is not clearly defined. McLachlan et al. (2018)
stated that accurate information on environmental conditions (i.e. par
ticle size, tidal range and wave height) is necessary when studying beach 
ecology, but often not provided. The same is true for biogeochemical 
porewater studies in STEs, that often do not report comprehensively on 
the environmental site conditions.

Therefore, the aims of this paper are to first (i) present a simple 
definition of coastal beach energy regimes and (ii) provide a map on 
their global distribution, (iii) conduct a literature study to identify the 
distribution of beach aquifer porewater studies across the different en
ergy regimes, (iv) briefly summarize findings from those conducted at 
high-energy beaches, to finally (v) discuss specific features, existing 
knowledge gaps and methodological difficulties encountered in high- 
energy studies.

2. Definition and global distribution of beach energy classes

Sandy coasts are shaped by the continuous interplay of morphology 
and sediments with waves, tides, currents and wind. Coastal energy 
regimes are classified depending on tidal range and mean significant 
wave heights (Mulhern et al., 2017). Hayes (1979) subdivided tidal 
ranges into microtidal (0–1 m), low-mesotidal (1–2 m), high-mesotidal 
(2–3.5 m), low macrotidal (3.5–5 m) and macrotidal (>5 m) condi
tions. Mean significant wave heights were further classified into low 
(<0.6 m), mean (0.6–1.5 m) and high (>1.5 m) wave energies, respec
tively. Hayes (1979) subsequently defined five different energy classes 
that he linked to barrier island shapes: Wave-dominated, mixed energy 
(wave-dominated), mixed energy (tide-dominated), tide dominated and 
strongly tide-dominated (high), emphasizing the respective force 
causing the energy (i.e. tide or waves).

We suggest combining wave and tidal classes in a different way to 
define the overall energy regime of a beach. Hayes’ original work 
addressed the effects of tides and waves on the stability of barrier islands 
separately, as both drivers have opposing effects. Our new classification 
instead considers the combined effect of waves and tides on the hy
draulic forcing within the STE. This acknowledges the fact that both 
higher wave and tidal energy enhance seawater circulation in STEs. 
Moreover, high-energy conditions are generally associated with coarser 
beach sediments with a high permeability, thereby reinforcing the ef
fects of high waves and tides. Our new approach results in four distinct 
energy classes (low, lower moderate, upper moderate and high) as 
shown in Fig. 2. Instead of classes forming bands radiating away from 
the origin as in the Hayes classification, classes are separated by ellipses 
around the origin. Here, the boundaries on both the semi-minor axis 
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(mean tidal range) and the semi-major axis (mean significant wave 
height) are adopted from Hayes (1979), with the only difference that we 
(i) separated the mean wave energy (0.6 m–1.5) into a lower mean and 
higher mean at a mean significant wave height of 1 m and (ii) joined the 

low macrotidal and macrotidal regime. As the limiting values for tide 
range and wave height for defining the energy classes were adopted 
from the Hayes classification for barrier island stability, their usefulness 
for inferring on characteristic flow and transport patterns in the STE is 

Fig. 2. Beach energy classes given as a function of mean tidal range and mean significant wave height. Blue denotes low energy, green lower moderate energy, 
yellow upper moderate and red high-energy conditions. Field sites of STE porewater studies (sampling depth >0.5 m) from sandy beaches reported in the literature 
are shown as circles, site numbers according to Table 1 and supplementary. Only high-energy sites that are briefly summarized in this paper are named. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Map of the distribution of sandy beach energy classes given as a function of mean tidal range and mean significant wave height as defined in Fig. 2. Blue 
denotes low energy, green lower moderate energy, yellow upper moderate and red high-energy conditions. Gaps indicate areas where the percentage of sandy 
coastline is below ~30 % in Luijendijk et al. (2018). The sites identified in our literature review where porewater studies (sampling depth >0.5 m) in sandy beach 
aquifers were conducted are indicated with circles, site numbers are shown according to Table 1. The local energy conditions are indicated by the color of the circle 
and sometimes differ from those of the map, mostly because many studies were conducted in sheltered bays. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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yet unclear. We adopted these numbers as starting point because they 
have a referenced meaning for the morphological state and dynamics of 
barrier islands, potentially subject to revision in future studies.

Fig. 3 shows a map of the global distribution of the coastal energy 
classes for sandy beaches as defined above. The map is based on (i) the 
sandy beaches map by Luijendijk et al. (2018), (ii) mean significant 
wave height computed from three-hourly hindcast data (2011–2018) 
from the WaveWatch III® model of the US NOAA/National Weather 
Service for a 0.5◦ × 0.5◦ grid (WAVEWATCH III R© Development Group, 
2019), (iii) mean tidal range computed from results of the DTU10 Global 
Tide model (Cheng and Andersen, 2011) with a grid resolution of 1.25◦

× 1.25◦. The information was extracted at the grid elements located 
closest to the shoreline, and, due to the model resolution, rather repre
sent offshore than shallow water conditions.

The map illustrates that low energy conditions (blue colors) domi
nate along the shorelines of marginal and inland seas such as the Med
iterranean or the Black Sea. Lower moderate energy conditions (green 
colors) are mostly encountered at the East Coast of North America and at 
marginal seas like the Sea of Japan, the Red Sea, and the Persian Gulf. 
Most of the exposed coastlines surrounding the open oceans are either 
upper moderate (yellow colors) or high-energy (red colors) regimes. 
High-energy beaches are hence globally very common, especially in 
South America, Western Australia, Western Europe and Southeast Af
rica. Roughly, the world’s sandy beaches consist of 13 % low, 23 % 
lower moderate, 33 % upper moderate and 31 % high-energy beaches, 
not taking into account sheltered bays and lagoons. In total sandy bea
ches make up approximately 30 % of the global coastline. Note that 
conditions will deviate when the resolution of the studied area is 
increased. For example, lower energy conditions than indicated may 
prevail in sheltered bays. On the other hand, higher energy conditions 
than indicated are possible at locations where the coastal geo
morphology leads to an increase in energy. For example, tidal waves 
increase in convergent estuaries (Dyer, 1997) and water wave heights 
grow by convergent refraction in foreshore bathymetry (like the un
derwater canyon that creates record waves in Nazaré, Portugal (Tyler 
et al., 2009; Carmo, 2022). Hence, local conditions need to be accounted 
for when classifying a specific beach and the global map (Fig. 3) is meant 
to give an indication of the general distribution of the different energy 
regimes and not intended for inferring the energy regime of a specific 
site.

3. Classification of sandy beach porewater studies based on 
energy regime

We carried out a brief literature review on porewater studies in sandy 
beach aquifers, whereby we only considered studies where porewater 
was sampled at a depth of ≥0.5 m and the substrate was sand (i.e. STEs 
of sandy beaches). The threshold of 0.5 m was chosen because we 
consider it the minimum depth allowing for a first understanding of the 
coupled physical and hydrogeochemical system. Studies or sites 
focusing exclusively on e.g. groundwater head data, ground-based 
geophysics or (sediment) microbiology without any porewater sam
pling were not considered. We also did not take into account modelling 
studies without field data. As we focus on sandy beaches, studies con
ducted in vegetated tidal marshes (e.g. Greenwich Bay, Rhode Island, 
USA, Addy et al., 2005; Moses Hammock, Georgia, USA, Snyder et al., 
2004; Ringkobing Fjord, Denmark, Duque et al., 2018), in estuaries (e.g. 
Hat Head, Australia, Sanders et al., 2017), intertidal sand banks (e.g. 
Moreton Bay/Island, Australia, Robinson et al., 2006) or tidal flats (e.g. 
Wadden Sea, Germany, Beck et al., 2008) were also not included. 
Similarly, studies carried out at gravel beaches (e.g. Prince William 
Sound, Alaska, Li and Boufadel, 2010) or in coastal aquifers but with 
sampling conducted only in wells inland of the beach (Motril-Salobrena 
aquifer, Spain, Calvache et al., 2020) were also excluded.

Based on these criteria, 41 sites (and 81 studies) in total were iden
tified (Table 1, supplementary) which are indicated in Figs. 2 and 3. 

Surprisingly, local mean tidal range and wave heights are scarcely re
ported in many of the reviewed papers. We therefore used the DTU10 
and WaveWatch III® model data to appoint each study site to its 
respective energy class (Table 1). For studies from sheltered bays or 
lagoons where no information was given on exact locations and no other 
data was available, a constant mean significant wave height of 0.5 m was 
assumed, as suggested for the Wadden Sea by (Lettmann et al., 2009). 
This explains the large number of studies with this particular wave 
height in our database. Moreover, we sometimes found a mismatch 
between apparent energy regimes based from regional versus local 
conditions. For example, several sites were at first classified as 
high-energy beaches based on the energy class analyses (Fig. 3), while 
some of them were, at closer look, in fact sheltered by islands (e.g. 
Cockburn Sound, Loveless and Oldham, 2010) or located adjacent to 
sheltered lagoons (e.g. Rarotonga, Erler et al., 2014). Consequently, the 
mean significant wave height was changed to 0.5 m. Therefore, the local 
conditions of a respective site are indicated by the circle color in Fig. 3, 
which sometimes differs from the regional color in the map. All sites are 
listed in Table 1, together with mean tidal range, mean significant wave 
height, resulting energy regime based on our definition (Fig. 1) and a 
short site description from the respective papers. In addition, the aims of 
each study, the porewater sampling method, maximum sampling depth 
and analyzed parameters are provided in an extended version of the 
table in the Supplementary. Note that for low-to medium-energy con
ditions, the search for additional studies from the respective sites was 
not continued, as we were aiming to identify high-energy sites. Conse
quently, the table was not meant to list all existing porewater studies 
from sandy beach aquifers and is hence not comprehensive. Sites are 
plotted in Fig. 2 to illustrate the energy regime of the respective beaches.

Our results show that STE porewater studies are mostly from lower to 
higher moderate energy conditions as defined above (Fig. 2, Table 1), 
while only few were conducted at high-energy conditions, even though 
these are globally common for sandy beaches (see red colors in Fig. 3). 
Specifically, 15 %, 42 % and 32 % of all identified sites were charac
terized by low, moderate and upper moderate energy conditions, 
respectively. Thus, only 12 % of all identified sites (i.e., five sites) were 
classified as high-energy despite our projections that more than a third 
of global sandy shorelines are comprised by high-energy beaches. Such 
an underrepresentation of study sites in contrast to global prevalence 
could be related to the difficulties associated with working in a high- 
energy environment, as well as installation, accessibility to and main
tenance of scientific infrastructure.

All in all, we identified five high-energy sites, namely Santa Barbara 
(USA), Spiekeroog Island (Germany), Truc Vert (France), Panxón & 
Ladeira (Spain) and St. Lucia (South Africa) (Figs. 2 and 3). Site condi
tions (tidal and wave regime, morphology, geology), prevailing 
groundwater flow, as well as the STE biogeochemistry of these sites from 
the available studies are briefly summarized in the following.

4. High-energy beaches: regional and local case studies

4.1. Santa Barbara, USA

Porewater studies were conducted by Swarzenski and Izbicki (2009)
and Goodridge and Melack (2014) at different beaches along the Santa 
Barbara channel in California, USA. The tidal range is 2 m, the mean 
significant wave height in the area is 1.9 m according to the WW3 model 
(WAVEWATCH III R© Development Group, 2019). Hence, the sites are 
high-energy according to our classification, though the West Beach site 
might be sheltered by a wharf based on an aerial picture in (Swarzenski 
and Izbicki, 2009). The sandy beaches in the region are rather narrow 
and backed by high uplifted marine terraces (Goodridge and Melack, 
2014).

The urban West Beach aquifer near Santa Barbara is shallow and 
underlain by clay at a depth of <1 m–~10 m (Swarzenski and Izbicki, 
2009). By means of inverted resistivity images Swarzenski and Izbicki 
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Table 1 
Overview on STE porewater study sites identified in the literature, summarising information on location, mean wave height, mean tidal range, resulting energy regime 
based on Fig. 2 and geographical/geological site description. An extended version of the table listing all papers with respective aims, the method of porewater 
sampling, maximum porewater sampling depth and parameters analyzed is provided in the supplementary. Data from papers unless otherwise stated.

Site 
num- 
ber

Site (Connected) 
Sea

Longitude Latitude Mean 
wave 
height 
[m]

Mean 
tidal 
range 
[m]

Energy 
regime

Short site description Comments References

1 Alfacs Bay, 
Spain

Mediterranean 
Sea

0,65 40,61 0,40 0,25 low a shallow micro-tidal 
semi-enclosed 
embayment, silty 
sandy sediments on 
top karst

wave height from 
WW3 model

Rodellas et al. 
(2017)

2 Great South 
Bay, New York, 
USA

Atlantic Ocean − 73,00 40,74 0,50 0,25 low large shallow lagoon, 
bottom sediments 
predominantly 
permeable sandy 
glacial outwash, 
thickness beach 
aquifer 30 m

wave height from 
WW3 model 
(0.95), assumed 
wave height = 0.5 
because sheltered 
bay

Beck et al. (2010)

3 Cockburn 
Sound, WA, 
Australia

Indian Ocean 115,76 − 32,23 0,50 0,53 low different sites, appear 
mostly sheltered, 
semi-enclosed marine 
basin/embayment, 
unconfined 5–10 m 
carbonate and silica 
sand underlain by 10 
m limestone, 
thickness beach 
aquifer up to 30 m

assumed wave 
height = 0.5 
because sheltered 
bay, tide from 
DTU10 Model

Taniguchi et al. 
(2003), Loveless 
and Oldham (2010), 
Loveless et al. 
(2008)

4 Gloucester 
point, USA

York river 
estuary, 
Atlantic Ocean

− 76,51 37,25 0,30 0,80 low sheltered bay, 20–30 
m wide beach 
comprising fine to 
coarse sands, slope of 
approximately 0.2, 
bordered by marsh, 
granite breakwaters 
line beach 40 m from 
the dune line to 
prevent erosion and 
stabilize the beach 
morphology

wave height from 
WW3 model

O’Connor et al. 
(2015), Beck et al. 
(2016); O’Connor 
et al. (2018), 
O’Connor et al. 
(2022), Wilson 
et al. (2023)

5 Indian River 
Lagoon, Florida, 
USA

Indian River 
Lagoon 
(Atlantic 
Ocean)

− 80,50 28,00 0,50 0,10 low brackish lagoon with 
shallow water column 
(mean depth of 1.5 m) 
surrounded by 
pleistocene beach 
ridges, lagoon is 
underlain by a 
surficial aquifer 
mostly consisting of 
quartz sands

assumed wave 
height = 0.5 
because sheltered 
bay

Johannesson et al. 
(2011), Roy et al. 
(2012)

6 Awur & 
Bandengan 
beach, Jepara, 
Indonesia

Java Sea 110,64 − 6,59 0,35 0,54 low beaches in urban bays 
of Jepara, coastal 
plain of Jepara 
contains alluvial 
products derived from 
redeposited 
volcanoclastic 
materials

​ Adyasari et al. 
(2019)

7 Tampa Bay, 
Florida, USA

Gulf of Mexico, 
Atlantic Ocean

− 82,57 27,69 0,50 0,60 lower 
moderate

sheltered bay, sandy 
permeable soil, 
surficial aquifer made 
of sands, silts and 
clays, thickness of 
0–28 m, 4 transects 
along the Pinellas 
shoreline

assumed wave 
height = 0.5 
because sheltered 
bay, tide from 
DTU10 Model

Kroeger et al. 
(2007)

8 Neuse River 
Estuary, NC, 
USA

Atlantic Ocean − 76,91 35,00 0,50 0,60 lower 
moderate

two sites with sandy 
beaches at the 
eutrophic Neuse River 
Estuary, the second 
largest estuarine 
system in the US, 
unconfined, surficial 
aquifer that is 10–30 
m thick

assumed wave 
height = 0.5 
because sheltered 
bay, Tide from 
DTU10 Model

Null et al. (2011)

(continued on next page)
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Table 1 (continued )

Site 
num- 
ber 

Site (Connected) 
Sea 

Longitude Latitude Mean 
wave 
height 
[m] 

Mean 
tidal 
range 
[m] 

Energy 
regime 

Short site description Comments References

9 Argentona, 
Spain

Mediterranean 
Sea

2,43 41,52 0,60 0,24 lower 
moderate

site near the mouth of 
the ephemeral stream 
of Argentona, alluvial 
aquifer dominated by 
quaternary sediments 
formed by layers of 
gravels, sands and 
clays, overlyong 
granitic basement, 
20–30 m aquifer 
thickness

wave height and 
tide range from 
Sayre et al. 
(2021); 
https://doi.org 
/10.56 
70/oceanog 
.2021.219

Martínez-Pérez 
et al. (2022), 
Ruiz-González et al. 
(2022)

10 Waquoit Bay, 
USA

Vineyard 
Sound, Atlantic 
Ocean

− 70,53 41,55 0,50 1,10 lower 
moderate

semi-enclosed 
estuary, shallow 
unconfined aquifer, 
upper 10 m consists of 
homogeneous coarse- 
grained sand which is 
underlain by less 
permeable fine to very 
fine sand and silt

wave height from 
WW3 model (0.8); 
assumed wave 
height = 0.5 
because sheltered 
bay

Talbot et al. (2003), 
n Mulligan et al. 
(2011), Charette 
and Sholkovitz 
(2006), Dulaiova 
et al. (2006), 
Gonneea et al. 
(2008), Kroeger 
and Charette 
(2008), Spiteri et al. 
(2008), Sáenz et al. 
(2012), Gonneea 
et al. (2013), 
Abarca et al. 
(2013), Liu et al. 
(2017)

11 Rarotonga, 
Cook Islands

Pacific Ocean − 159,78 − 21,24 0,50 1,00 lower 
moderate

pacific island, STE 
around protected 
island lagoon, 
sediments with high 
porosity and 
hydraulic 
conductivity and low 
OM content, 
predominantly 
carbonate sands

wave height from 
WW3 model

Erler et al. (2014),

12 Indian River 
Bay, Delaware, 
USA

Indian River 
Bay, Altlantic 
Ocean

− 75,14 38,59 0,60 1,10 lower 
moderate

Coastal bay wave height from 
Meteorological 
Service of New 
Zealand, tide from 
DTU10 Model

Bratton et al. (2004)

13 Cape Henlopen, 
Delaware, USA

Delaware Bay, 
Atlantic Ocean

− 75,11 38,79 0,50 1,40 lower 
moderate

sandy beach sheltered 
by Cape Henlopen, 
12–18 m of very 
coarse sands and 
gravels overlie marine 
silts and clays, 
morphology of the 
beach consists of a 
dune, a 21 m wide 
backshore, a 14 m 
wide beachface with a 
1:9 slope, and a broad 
tidal sandflat, 
protected from storm 
erosion by two 
offshore breakwaters

wave height from 
WW3 model

Ullman et al. 
(2003),Heiss et al. 
(2014), McAllister 
et al. (2015), Kim 
et al. (2017), Kim 
et al. (2022)

14 Flamengo Bay, 
Brazil

Atlantic Ocean − 45,09 − 23,49 0,50 1,25 lower 
moderate

sandy beach overlying 
a fractured rock 
aquifer, slope ~0.044

wave height from 
WW3 model (0.8); 
assumed wave 
height = 0.5 
because sheltered 
bay

Cable and Martin 
(2008)

15 Delmarva 
coastal bays, 
Maryland, USA

Atlantic Ocean − 75,28 39,15 0,50 1,20 lower 
moderate

sandy beaches 
adjacent coastal bays 
underlain by filled 
paleochannels

assumed wave 
height, tide from 
DTU10 Model

Bratton et al. (2004)

16 Turkey Point, 
Florida, USA

Gulf of Mexico, 
Atlantic Ocean

− 84,51 29,92 0,85 0,60 lower 
moderate

beach with diffuse 
seepage near shore 
(from unconfined 
aquifer, ~2–4 m 
thickness) and 

wave height from 
WW3 model

Santos et al. (2008), 
Li et al. (2009), 
Santos et al. (2009), 
Santos et al. (2011)

(continued on next page)
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Table 1 (continued )

Site 
num- 
ber 

Site (Connected) 
Sea 

Longitude Latitude Mean 
wave 
height 
[m] 

Mean 
tidal 
range 
[m] 

Energy 
regime 

Short site description Comments References

submarine springs 
(from the confined 
Floridan Aquifer), silt 
and clay sand aquifer 
ontop a layered 
dolomite and 
limestone platform

17 Chesapeake 
Bay, Virginia, 
USA

Chesapeake 
Bay, Atlantic 
Ocean

− 75,96 37,48 0,50 0,70 lower 
moderate

tidal estuary, shallow 
unconfined 
groundwater system, 
partly marshland

assumed wave 
height = 0.5 
because sheltered 
bay

Robinson et al. 
(1998)

18 Nauset Marsh, 
Cape Cod, USA

Atlantic Ocean − 69,96 41,83 0,50 1,34 lower 
moderate

several beaches of the 
Nauset Marsh 
embayment, a back- 
barrier estuary on 
Cape Cod, unconfined 
aquifer made of 
largely 
unconsolidated 
glacial sediments

assumed wave 
height = 0.5 
because sheltered 
bay

Urish and McKenna 
(2004)

19 Ho Bay, 
Denmark

North Sea 8,28 55,56 0,50 1,40 lower 
moderate

coastal aquifer 
consisting of sandy 
sediments of 
Quaternary and 
Neogene age 
deposited in an up to 
70 m deep buried 
valley cut into a thick 
Neogene clay deposit, 
secondary buried 
channels connect the 
aquifer to the coast

assumed wave 
height = 0.5 
because sheltered 
bay, tide from 
DTU10 Model

Andersen et al. 
(2007)

20 Tolo Harbor, 
Hong Kong

South China 
Sea/Pacific 
Ocean

114,22 22,47 0,50 1,06 lower 
moderate

semi-closed 
bottlenecked 
embayment with six 
rivers discharging 
into it, precipitation is 
2020 mm/a, shallow 
beach aquifer 
separated into several 
layers (sand with silt, 
sand with shell 
fragment, sand with 
gravel and clay)

​ Liu et al. (2018a); 
Liu et al. (2018b)

21 Gulf of Mexico 
beaches, 
USA

Gulf of Mexico, 
Atlantic Ocean

− 88,46 30,09 0,60 0,48 lower 
moderate

several oil 
contaminated beaches 
on the Gulf coast 
(Grand Isle State Park, 
Bon Secour National 
Wild Refuge, Fort 
Pickens)

wave height from 
WW3 model, tide 
from DTU10 
Model

Geng et al. (2021a)

22 Hütelmoor, 
Germany

Baltic Sea 12,16 54,22 0,64 0,15 lower 
moderate

rewetted coastal 
peatland adjacent to 
40 m wide dune dike 
and 50 m wide beach, 
0.1–1.5 m thick peat 
outcropping below 
fine to medium dune 
sands and marine 
medium to coarse 
sands

wave height from 
WW3 model, tide 
from DTU10 
Model

Toro et al. (2022)

23 Jetty Beach, 
Coffs Harbour, 
Australia

Pacific Ocean 153,14 − 30,31 0,50 1,19 lower 
moderate

sheltered sandy beach 
with a length of 0.89 
km, highly affected by 
urban development

tide from DTU10 
Model

Gómez-Alvarez 
et al. (2019)

24 Varkala Beach, 
southern India

Arabian Sea, 
Indian Ocean

76,70 8,73 1,20 0,60 upper 
moderate

major regional aquifer 
system (Warkali 
aquifer) 30 m high 
cliffabove a 10− 100 
m wide beach, in the 
upper 15 m of the 
cliff, laterites are 
exposed underlain by 

​ Oehler et al. (2021)

(continued on next page)
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Table 1 (continued )

Site 
num- 
ber 

Site (Connected) 
Sea 

Longitude Latitude Mean 
wave 
height 
[m] 

Mean 
tidal 
range 
[m] 

Energy 
regime 

Short site description Comments References

layers of sandstone 
and carbonaceous 
clay, six freshwater 
springs at cliff base, 
where the permeable 
sandstone overlays an 
impermeable clay 
layer

25 Yangjiang City, 
Beijing Bay, 
China

South China 
Sea

112,13 21,80 0,71 1,56 upper 
moderate

due to the 
construction of 
embankment, only 
limited exchange 
between bay water 
and open sea water, 
sandy beach acting as 
shallow unconfined 
aquifers, less 
permeable layer is 
between ~7 and ~9 
m

wave height from 
WW3 model

Wang et al. (2023), 
Zhang et al. (2024)

26 Martinique 
Beach (̂Iles-de- 
la-Madeleine, 
Canada)

Gulf of St- 
Lawrence, 
Atlantic

− 61,82 47,40 1,10 0,56 upper 
moderate

sandy barrier systems 
with fine-grained 
sands ontop 
sandstone aquifer, 
sandy beach acts as 
shallow unconfined 
aquifer

wave height from 
WW3 model, tide 
from DTU10 
Model

Chaillou et al. 
(2016); Couturier 
et al. (2016); 
Couturier et al. 
(2017); Chaillou 
et al. (2018); Sirois 
et al. (2018)

27 Smithtown Bay, 
Long Island, 
USA

Long Island 
Sound, Atlantic 
Ocean

− 73,23 40,91 0,30 2,10 upper 
moderate

Callahan’s Beach: 
coastal bluff with a 
large terrestrial 
hydraulic gradient, 
coarse-grained sand; 
Long Beach: barrier 
beach, coarse-grained 
sand to pebbles and 
cobbles

​ Tamborski et al. 
(2017)

28 Ria Formosa, 
Portugal

Ria Formosa, 
Atlantic Ocean

− 7,89 37,01 0,50 2,14 upper 
moderate

inner intertidal area 
of the Ancao 
peninsula at the 
mesotidal Ria 
Formosa coastal 
lagoon, medium- 
coarse sand, beach 
slope 10.4 %

wave height from 
WW3 model (1.3); 
assumed wave 
height = 0.5 
because sheltered 
bay, Tide from 
DTU10 Model

Ibánhez and Rocha 
(2016)

29 Cabretta Island, 
Georgia, USA

Atlantic Ocean − 81,24 31,43 0,75 2,50 upper 
moderate

beach on small 
Holocene 
transgressive barrier 
island, fine sands with 
irregularly distributed 
mud and silt layers, 
confining unit at appr. 
3 mbgs with confined 
aquifer below

wave height from 
WW3 model

Evans and Wilson 
(2017)

30 Quincy Bay, 
Massachusetts, 
USA

Massachusetts 
Bay, Atlantic 
Ocean

− 71,02 42,28 0,50 2,90 upper 
moderate

tidal bay bordered by 
tidal flats and 
beaches, 1,5 m 
siliciclastic muddy 
fine sand on top of 
bedrock

assumed wave 
height (WW3 
model offhore =
0.83) = 0.5 
because sheltered 
bay

Poppe and Moffett 
(1993)

31 Shilaoren 
Beach, Qingdao, 
China

Yellow Sea 120,47 36,09 0,50 2,50 upper 
moderate

beach with 30–40 m 
intertidal zone, 
layered beach 
sediments made of 
3–5 m of medium- 
coarse sand over 
1.5–2.0 m of pebble, 
on top medium-fine 
sand, then 0.2–1.3 m 
of silty fine sand, then 
gravel sand

wave height from 
WW3 model, tide 
from DTU10 
Model

Zhang et al. (2021)

32 Jiaozhou Bay, 
China

Yellow Sea 120,15 36,09 0,50 2,71 upper 
moderate

semi-enclosed bay, 
located at the 
southeast of 

assumed wave 
height = 0.5 

Qu et al. (2017)

(continued on next page)
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Table 1 (continued )

Site 
num- 
ber 

Site (Connected) 
Sea 

Longitude Latitude Mean 
wave 
height 
[m] 

Mean 
tidal 
range 
[m] 

Energy 
regime 

Short site description Comments References

Shandong Peninsula, 
extensive surf zone 
where waves dissipate 
most of their energy 
before reaching the 
shoreline

because sheltered 
bay

33 Weitou Bay, 
Fujian, China

South China 
Sea

118,58 24,52 0,96 2,50 upper 
moderate

coarse-grained, highly 
permeable sands

wave height from 
WW3 model

Cai et al. (2020)

34 North Goa and 
Sindhudurg 
beaches, India

Arabian Sea, 
Indian Ocean

73,64 15,77 1,32 1,45 upper 
moderate

several beaches along 
171 km at the west 
indian coast, average 
of 2840.0 mm/a of 
rainfall within four 
months, low 
topography, area 
covered by fractured 
basalt in Sindhudurg 
and Precambrian 
rocks with intruded 
dykes in North Goa, 
mostly lateralized and 
covered with soil and 
alluvium

wave height from 
WW3 model, tide 
from DTU10 
Model

Prakash et al. 
(2024)

35 Shengsi Island, 
China

East China Sea 122,47 0,55 0,55 2,22 upper 
moderate

no site infos wave height from 
WW3 model, tide 
from DTU10 
Model

Chen et al. (2020)

36 Cassy Beach, 
France

Arcachon 
Beach, Atlantic 
Ocean

− 1,10 44,71 0,50 2,90 upper 
moderate

mesotidal, shallow 
lagoon, lower part of 
the intertidal zone 
consists of muddy 
sediments, upper 
parts are made of 
permeable, sandy 
sediments

tide from DTU10 
Model, assumed 
wave height = 0.5 
because sheltered 
bay

Delgard et al. 
(2012)

37 Santa Barbara, 
USA

Pacific Ocean − 119,89 34,41 1,90 2,00 high shallow (0.4–2.3 m) 
unconsolidated 
medium sized sand 
ontop of bedrock, 
10–55 m beach width 
till marine cliffs

wave height from 
WW3 model, 
According to an 
offshore boye 
STATION 46053 
in St. Barbara 
Channel monthly 
1.0–1.6

Goodridge and 
Melack (2014), 
Swarzenski and 
Izbicki (2009),

38 Truc Vert, 
France

Altlantic Ocean − 1,25 44,72 1,50 3,20 high French Aquitanian 
coast is 250-km long 
straight coast 
bordered by high 
aeolian dunes, double 
bar beaches with very 
dynamic rhytmic 
features; 
unconsolidated 
medium sized sand

​ Anschutz et al. 
(2009), 
Charbonnier et al. 
(2013), Buquet 
et al. (2016); 
Charbonnier et al. 
(2016), Anschutz 
et al. (2016), 
Charbonnier et al. 
(2022)

39 Spiekeroog, 
Germany

North Sea, 
Altlantic Ocean

7,71 53,78 1,20 2,70 high barrier island sandy 
beach bordered by 
aeolean dunes, 
foreshore dissected by 
a ridge and runnel 
system, 40–50 m 
beach aquifer 
thickness

wave height from 
WW3 model

Reckhardt et al. 
(2015), Ehlert et al. 
(2016), Beck et al. 
(2017), Reckhardt 
et al. (2017), Waska 
et al. (2019a), 
Degenhardt et al. 
(2020, 2021a,b), 
Grünenbaum et al. 
(2020a), 
Grünenbaum et al. 
(2020b), Paffrath 
et al. (2020), 
Ahrens et al. (2020, 
2021)

40 Panxon & 
Ladeira, Spain

Ría de Vigo, 
Atlantic Ocean

− 8,83 42,13 1,90 2,30 high two sandy beaches in 
Baiona Bay, Panxton 
is more exposed, 
surrounded by 
metasedimentary 

wave height from 
WW3 model, tide 
from DTU10 
Model

Calvo-Martin et al. 
(2021); 
Calvo-Martin et al. 
(2022)
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(2009) describe a freshwater body at 15 m depth below the high-water 
line moving significantly between high- and low tide, but no classical 
USP. The role of the clay in the groundwater distribution patterns re
mains unclear. The beach aquifers (Gaviota, Isla Vista, Manzanita, East 
Campus) studied by Goodridge and Melack (2014) are shallow and 
comprised of an unconsolidated medium sized sand layer with only 
0.4–2.3 m thickness on top of bedrock. Using 222Rn, porewater residence 
times of 4.4–6.4 days for the shallow beach porewaters were calculated.

Beach porewaters contained mainly ammonia as dissolved inorganic 
nitrogen (DIN), more dissolved organic carbon (DOC) and less dissolved 
oxygen than seawater (Goodridge and Melack, 2014). SGD was postu
lated a sustained source for nutrients to the coastal sea (Swarzenski and 
Izbicki, 2009) and the temporal variability in DIN fluxes to the ocean 
was found to be significant (Goodridge and Melack, 2014). In both 
studies, there was very little freshwater influence in the SGD. The studies 
focused on temporal variability of very shallow, young porewaters, and 
fluxes from shallow and narrow beaches. Further studies from the Santa 
Barbara beaches focused on the role of macrophyte wrack inputs and 
dissolved nutrients on porewater in open shallow dug pits (Dugan et al., 
2011) and the influence of SGD on nearshore DOC reactivity, concen
tration dynamics, and offshore export (Goodridge, 2018). Nevertheless, 
distribution patterns of porewater constituents associated with STE 
hydrology remain largely unknown.

4.2. Truc Vert, France

Truc Vert is the main beach that was extensively studied along the 
French Aquitanian coast, a 250 km stretch of straight high-energy 
Atlantic coast beaches between the Gironde and Adour estuaries with 
little direct anthropogenic influence (Charbonnier et al., 2022). The 
Truc Vert beach is 80–200 m wide in cross-shore direction and aligned 
by aeolian dunes several tens of meters high (Anschutz et al., 2016). The 
beach, consisting of medium sized sand, is located north of the Cap 
Ferret Spit. The upper 40 m of the beach aquifer consist of marine, lake 
and river deposits and the transmissivity is high, while at − 30 to − 40 m, 
a less permeable more clayey layer from the Pliocene is present (Buquet 
et al., 2016 and references therein). Morphologically, Truc Vert beach 
consists of a dynamic double bar system and ridge and runnel systems. 
The tidal range is 3.2 m and up to 5 m during spring tides, mean sig
nificant wave height is 1.5 m but waves can reach up to 10 m during 
winter storm surges (Anschutz et al., 2009; Buquet et al., 2016; Char
bonnier et al., 2013). Accordingly, it is clearly high-energy. Charbonnier 
et al. (2013) report on topography variations over almost 2 years along a 
cross-shore transect, with ground elevation sometimes varying >1 m 
between two successive campaigns only 2 weeks apart, caused by 
longshore migration of the ridge and runnel system.

In porewaters retrieved from boreholes of up to 1.2 m depth, 

Anschutz et al. (2009) found a successive enrichment of silica concen
trations along a cross-shore transect from the upper towards the lower 
beach prior to discharge. Estimated residence times are as low as 3.5 
days, similar for three sampling events. Buquet et al. (2016) conducted 
electrical resistivity tomography (ERT) from the dune base to just above 
the MWL supported by measured salinities and identified an almost 
vertical stable freshwater-saltwater transition zone at the upper beach, 
controlled by spring tide levels.

Anschutz et al. (2009) state that porewater has salinities similar to 
seawater but is reduced in dissolved oxygen and contains higher con
centrations of nitrate and inorganic phosphorous besides silica. They 
conclude that the sands act as biogeochemical reactors. Charbonnier 
et al. (2013) investigated the seasonality of aerobic respiration and 
found that the most intense oxygen depletion occurs in spring, when 
planktonic OM is most abundant as well as in summer, when denitrifi
cation also occurs. Mass fluxes calculated for the entire coast 
(Charbonnier et al., 2013) revealed that cross-shore variations are far 
more pronounced than longshore variations. Charbonnier et al. (2013)
also highlight the fact that topography variations affect porewater 
chemistry at the meter scale and that there is continuous sediment 
movement. The study by Anschutz et al. (2016) focusses on freshwater 
SGD and associated nutrient discharge along the entire Aquitanian coast 
between the beaches of Le Gurp and Tarnos. Brackish water was 
detected at all beaches, mainly at the lower beach, the seeps and the 
runnel, indicating mixing of circulating seawater with fresh terrestrial 
groundwater within the STE. Freshwater endmembers are enriched in 
nitrate, phosphate, ammonium and dissolved silica and a redox 
boundary suspected below the foredune inland of the salinity boundary. 
Anschutz et al. (2016) conclude that fresh SGD is a nutrient source, 
however only a minor one in comparison to river inputs, as the terres
trial SGD is only a minor fraction in the water budget and the local 
forested land use is not a major nutrient supplier. Charbonnier et al. 
(2022) studied carbon dynamics at Truc Vert and budgeted carbon 
fluxes via SGD for the entire Aquitaine coast. DOC is decreasing while 
DIC is increasing from upper to lower beach which is related to aerobic 
respiration of trapped marine OM within the beach (Charbonnier et al., 
2022). They also noted strong temporal variability in DIC, dissolved 
oxygen, DOC and computed CO2 pressures on tidal and seasonal time 
scales and major hydrochemical changes from the terrestrial ground
water to the beach (oxidation of reduced iron and ammonium, degassing 
of CO2). A major conclusion is that high-energy beaches deliver DIC into 
the coastal ocean together with a surplus of total alkalinity, which in
creases the buffering capacity against ocean acidification. Likewise, they 
deliver CO2 to the atmosphere and should hence be accounted for in 
carbon budgets.

Table 1 (continued )

Site 
num- 
ber 

Site (Connected) 
Sea 

Longitude Latitude Mean 
wave 
height 
[m] 

Mean 
tidal 
range 
[m] 

Energy 
regime 

Short site description Comments References

formation dominated 
by shales with 
intrusions of igneous 
rocks such as granite, 
pegmatite, 
pegmaplite and 
quartz

41 St. Lucia 
Estuary, South 
Africa

Indian Ocean 32,43 − 28,37 1,92 1,42 high several beaches along 
a stretch of land 
between Lake St. 
Lucia, Lake Sibaya 
and Kosi Bay, sandy 
beaches underlain by 
fractured bedrock

wave height from 
WW3 model, tide 
from DTU10 
Model

Moore et al. (2019)

G. Massmann et al.                                                                                                                                                                                                                             Estuarine, Coastal and Shelf Science 323 (2025) 109424 

11 



4.3. Spiekeroog, Germany

Spiekeroog is a barrier island in the southern North Sea in front of the 
North-German coastline. In the north, the island is exposed to waves 
with mean significant wave heights of 1.4 m coming mostly from the 
North-West (Herrling and Winter, 2017, 2018). The semidiurnal tides 
have a tidal range of 2.7 m (Beck et al., 2017), hence Spiekeroog’s 
northern beach is high-energy based on our classification. Regular storm 
floods add to the dynamics, with offshore waves reaching up to 11 m 
during storm conditions (Dobrynin et al., 2010). Typical beach features 
are a constantly reshaping ridge and runnel system parallel to the 
shoreline (Dobrynin et al., 2010), confirmed by repetitive LIDAR scan
ning of the intertidal zone by Grünenbaum et al. (2020a). The northern 
beach is comprised of mostly fine to medium sized quartz sands with 
finely dispersed or interlayered shells or shell debris (Beck et al., 2017). 
The beach aquifer reaches down to 44–55 m below ground surface 
(mbgs), where it is underlain by a rather continuous clay layer (Röper 
et al., 2012).

Knowledge on groundwater flow and transport patterns is based on 
numerical modelling by (Beck et al., 2017; Grünenbaum et al., 2020b), 
in combination with shallow groundwater salinity and age data from 
temporally installed wells (Grünenbaum et al., 2020b) as well as 
high-density shallow (1 m deep) porewater sampling in the intertidal 
zone with porewater lances (Waska et al., 2019b). SGD with a fresh
water component discharges both in intertidal runnels and near the 
LWL, accompanied by at least two saltwater circulation cells at the time 
(Waska et al., 2019b; Grünenbaum et al., 2020a). Multiple, 10–20 m 
deep saltwater circulation cells aligning discharge zones were visible in 
cross-shore ERT (Grünenbaum et al., 2023) and the discharging water at 
the LWL is up to 21 years old (Grünenbaum et al., 2020b). Beach 
topography clearly affects groundwater flow and transport in the STE, as 
net exfiltration only occurs at the topographic lows that are constantly 
reshaped (Grünenbaum et al., 2020a).

The porewater biogeochemistry of Spiekeroog shows a distinct cross- 
sectional redox zonation, whereby oxic conditions prevail in the 
supratidal and around the MHWL up to 2 m depth (Reckhardt et al., 
2015; Beck et al., 2017). Dissolved oxygen concentrations rapidly 
decrease towards the lower intertidal zone and are overall low to zero 
below the MWL, where sediments are mostly water-saturated (Beck 
et al., 2017; Ahrens et al., 2020). High nitrate concentrations are present 
in the supra- and upper intertidal and manganese, iron and ammonium 
concentrations increase downstream along the flowpaths in the USP. 
Sulfide was only detected at trace amounts around the LWL. Although 
pyrite occurs in sediments of the same beach stretch further east (Seibert 
et al., 2019) and sulfate-reducing microbes were reported from the site 
(Beck et al., 2017; Degenhardt et al., 2020), sulfate reduction rates seem 
to be extremely low (Beck et al., 2017; Ahrens et al., 2020).

Microbial community compositions studied within the shallow sub
surface (0–1 mbgs) are overall structured according to the prevailing 
redox regimes (Degenhardt et al., 2020). DOM in intertidal porewaters is 
mainly of marine origin, with additional terrestrial contributions from 
the local freshwater lens at the upper beach and at the LWL (Beck et al., 
2017; Waska et al., 2021). Porewater DOM compositions (Waska et al., 
2019b) are associated to metabolically different bacterial clusters which 
show distinct cross-shore and depth zonations (Degenhardt et al., 
2021b). Within shallow sediments (0.3–1 mbgs) of the upper beach, 
members of the candidate phyla radiation (CPR), ultra-small Gammap
roteobacteria, and several autotrophic bacteria are related to recalci
trant DOM compounds. SGD-impacted deeper sediments of the lower 
beach showed a correlation of small, partially terrestrial-derived DOM 
compounds and Dehalococcoides species. Furthermore, DOC distribu
tions, together with high oxygen consumption rates derived from in situ 
data and incubations, revealed a fast and efficient OM turnover in this 
system (Reckhardt et al., 2015; Beck et al., 2017; Ahrens et al., 2020; 
Waska et al., 2021). Fresh OM like algal polymers (e.g. alginate and 
carrageen) are presumably degraded within the uppermost sediments 

across the intertidal zone by Flavobacteria species (Degenhardt et al., 
2021b). Overall, the beach STE appears to be a net sink for DOM and 
redox-sensitive metals like rhenium, uranium and vanadium, and a net 
source for nutrients, iron, manganese, and rare earth elements 
(Reckhardt et al., 2017; Beck et al., 2017; Ahrens et al., 2020; Paffrath 
et al., 2020).

4.4. Panxón and Ladeira, Spain

Two different beach sites, Panxón and Ladeira, were recently re
ported on in the Ría de Vigo, a large coastal inlet at the NW Iberian 
Peninsula by (Calvo-Martin et al., 2021, 2022). According to the WW3 
and DTU10 models (Table 1), the sites are clearly high-energy. Baiona 
Bay, where the beaches are located, is wave-dominated and exposed to 
energetic waves when the wind direction is westerly and southwesterly 
in winter. Semindurnal tides have a range of 3–3.5 m during spring and 
1.5–2 m during neap tides respectively (Calvo-Martin et al., 2021 and 
references therein). The reflective Ladeira beach is more protected than 
the dissipative Panxón beach. Both beaches consist of siliciclastic sands 
with carbonates and are homogenous with the exception of a shallow 
gravel layer at Panxón beach. The beaches are surrounded by hardrock 
(metasedimentary formation dominated by shales with intrusions of 
igneous rocks) and have been altered by humans (Calvo-Martin et al., 
2021 and references therein), whereby the beach thickness is unclear. 
Beach profiles that were measured four times over a year show distinct 
topography variations.

Shallow (up to 1.8 mbgs) porewater salinities are low compared to 
seawater, confirming freshwater inflow to the beaches. Site specific 
seasonal salinity variations are likely due to differences in circulation 
patterns and freshwater supply (Calvo-Martin et al., 2021). At both sites, 
a shallow (~1 m) USP and a saltwater wedge separated by a freshwater 
tube were identified, yet the USP is somewhat distorted by the gravel 
layer at Panxón which is causing preferential flow. Size and position of 
the USP vary as a function of meteoric freshwater inflow and wave 
forcing, whereby the comparatively deeper USP at Panxón was attrib
uted to the more intense wave forcing (Calvo-Martin et al., 2021). 
Transit times estimated with 222Ra are in the order of days to weeks.

Nutrient biogeochemistry and microbial ecology of the STEs was 
studied by Calvo-Martin et al. (2021, 2022) respectively. Redox condi
tions are mostly oxic at Panxón and suboxic to anoxic at Ladeira. The 
gradients of oxygen, nitrate and ammonium are largely related to 
groundwater flow within the STE, whereby the USP continuously pumps 
oxygen and OM into the beach aquifers, causing aerobic respiration of 
OM as well as nitrification of the produced ammonium. Nutrients are 
partly provided by meteoric freshwater. POM is trapped in the shallow 
sediment during infiltration, leading to oxygen consumption, denitrifi
cation of freshwater-derived nitrate and ammonium accumulation in the 
shallow STE (Calvo-Martin et al., 2021).

The microbial community in the STE is highly diverse, even and rich 
and characterized by a mixture of cosmopolitans and rare taxa, whereby 
it differed mostly between shallow and deep sediment layers 
(Calvo-Martin et al., 2022). The microbial community structure is linked 
to the biogeochemistry, yet in contrast to the transient geochemistry 
remarkably stable over the seasons and along beach profiles 
(Calvo-Martin et al., 2022). The more oxic Panxón beach aquifer shows 
strong associations between heterotrophs and autotrophic nitrifiers, 
overall archaea, and acts as a net source of nitrogen to the coast 
(Calvo-Martin et al., 2021, 2022). In contrast, the more anoxic Ladeira 
beach aquifer is effectively a net nitrogen sink (Calvo-Martin et al., 
2021) and the microbial community dominated by anaerobic hetero
trophs (e.g. Dehalococcoidia and Desulfatiglans), giving evidence to the 
degradation of complex and aromatic compounds as well as the 
co-occurrence of methane oxidizers and methanogens (Calvo-Martin 
et al., 2022).
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4.5. St. Lucia, South Africa

The only study from the area by Moore et al. (2018) is also the only 
beach porewater study we found from the African continent, despite a 
prominence of high-energy shorelines according to our new classifica
tion scheme (Fig. 3). Various beaches along a long coastal stretch be
tween the St. Lucia Estuary and Kosi Bay were sampled using push-point 
devices up to a depth of ~2 m, at which depth often the bedrock was 
encountered. The beach locations are mostly between lakes (Lake St. 
Lucia, Lake Sibaya and Kosi Bay) and the sea, separated by a 100- to 140- 
m-high vegetated dune barrier. According to the WW3 and DTU10 
models, regional mean wave height and tidal range at the beach loca
tions are 1.92 m and 1.42 m respectively, which indicates high-energy 
conditions. In the area, an extensive unconsolidated aquifer is under
lain by consolidated Cretaceous siltstones and the coastal lakes are 
located in palaeovalleys that were excavated into the bedrock during the 
last glacial maximum (Moore et al., 2018).

Moore et al. (2018) used radium isotopes to study SGD and related 
mixing within the respective beaches to estimate SGD water and 
nutrient fluxes to the coastal sea. Porewater residence times range from 
0.3 to 2.3 days and this rapid flushing delivers nutrients to the sea. 
Extremely high activities of 224Ra relative to 228Ra were measured, far 
above those elsewhere in the world, which the authors attribute to 
different groundwater components flowing into the system. Moore et al. 
(2018) suspect that significant amounts of nutrients are supplied to the 
ocean via flow underneath the beaches in deeper paleochannels, at 
depths not reached by the beach sampling. They therefore call for more 
research and permanent infrastructure in the area.

5. Site comparison and methodological challenges encountered 
at high-energy sites

Despite some differences in wave conditions and beach shape, the 
sites Truc Vert and Spiekeroog are comparable regarding sedimen
tology, hydro- and morphodynamics, and represent thick beach aquifers 
bordered by extensive dunes. In contrast, the beach aquifers at the St. 
Barbara and St. Lucia sites are very shallow and on top of consolidated 
bedrock. The thickness of the Panxón and Ladeira beach aquifers is not 
given, yet the sites are also surrounded by hardrock. Hence fundamental 
differences in the geology underlying the sandy beaches exist, which 
likely impacts on groundwater flow and transport.

At Spiekeroog and Truc Vert, authors stated that beach morphology 
controls discharge (Anschutz et al., 2016; Grünenbaum et al., 2020a; 
Waska et al., 2019b) and also varies strongly over short time intervals 
(Charbonnier et al., 2013; Greskowiak and Massmann, 2021). For 
example, Castelle et al. (2007) reported that the beach surface elevation 
at Truc Vert can vary up to 3 m following storms within a few weeks. The 
strong beach morphodynamics observed at Truc Vert and Spiekeroog 
reflect the findings of Blossier et al. (2016, 2017), who reported that 
tidal and wave forcing shape high-energy beaches on short time scales. 
Furthermore, both sites have in common that also the width of the 
intertidal zone varies considerably as a function of topography, tidal 
range and wave regime (Charbonnier et al., 2022). Similarly, beach 
profile measured repeatedly by Calvo-Martin et al. (2021) showed var
iations in topography of > 1m between campaigns and Swarzenski and 
Izbicki (2009) also note that the beach front and seepage face move 
seasonally due to sand accumulation on the beach. Regarding the pro
posed morphology-dependent transient flow and transport with deep 
and dynamic saltwater circulation in the beach aquifer (Fig. 1), there is 
indication from geophysical imaging at Spiekeroog that the USP is deep 
and indeed consists of multiple cells discharging towards the topo
graphic lows (Grünenbaum et al., 2023). As Anschutz et al. (2016) 
detected brackish water mainly at the lower beach, the seeps and the 
runnel of beaches along the coastline, it can be speculated that this 
might also support the conceptual idea of a more transient high-energy 
STE presented in Fig. 1. However, the spatially-temporally resolved data 

to confirm such a concept is presently missing for all high-energy sites, 
as is data from greater depths.

Considerable amounts of sediment can be mobilised and deposited at 
high-energy beaches, sometimes within only a few hours (i.e. during 
tidal inundation or a storm event). As such, methodological challenges 
encountered at high-energy sites are a direct consequence of these harsh 
conditions which frequently cause the destruction of equipment. The 
fact that sediment is permanently relocated also requires high frequency 
of morphological mapping and makes the positioning of fixed in
stallations a challenge, as they observe different morphological zones, 
depending on their relative position to the beach system. For example, 
Charbonnier et al. (2013) reported that any attempts to build piezo
metric wells at Truc Vert failed because they were quickly broken, 
buried or filled with sand, according to Charbonnier et al. (2022)
sometimes even after only one tidal cycle. Therefore, authors relied on 
water collected from open holes dug to the top of the water table during 
low tide. Anschutz et al. (2016) installed 7 m deep supratidal wells 
between the spring tide line and the dunes, but ruled out the installation 
of piezometers in the intertidal zone, as did Buquet et al. (2016) and 
Charbonnier et al. (2022) because of the rough high-energy conditions 
at Truc Vert. Though problems with infrastructure are not specifically 
discussed, installations of piezometers and push-points samplers at 
beaches at Spiekeroog (Grünenbaum et al., 2020a), Panxón and Ladeira 
(Calvo-Martin et al., 2021) and St. Lucia (Moore et al., 2019) were only 
done for the duration of a campaign. Swarzenski and Izbicki (2009)
installed permanent piezometers above the high water line and a tem
poral well near the intertidal zone without reporting on any infra
structural problems. Only very recently, Massmann et al. (2023)
installed four wells of up to 24 m depth in the intertidal zone of Spie
keroog, which was, however, very costly and challenging, as the 
non-inundated time was simply too short for conventional land-based 
drilling in the intertidal zone. Drilling for the well at the low water 
line hence had to be done from a drilling barge that could operate 
throughout a tidal cycle. The ship used two pole anchors to stabilize, 
allowing it to move up and down with the tides without losing position. 
The installation was delayed several times as the ship could only reach 
the beach during calm seas when wave heights were below 0.5 m, which 
is rarely the case at this site. The intertidal wells on Spiekeroog are fully 
submersed twice a day and are still operational after ~2 years, but 
opening the lids is often difficult as they get blocked by barnacles and 
sediment and any metal bits like screws corrode quickly by saltwater. 
Also, the surface elevation in the intertidal zone changes often due to 
sediment transport, hence wells occasionally have to be extended or 
shortened. Equipment at a nearby pole that is also located in the inter
tidal zone on Spiekeroog to measure wave heights and monitor the 
beach with cameras (Massmann et al., 2023), faces harsh conditions and 
a mounted wind generator broke three times in 1 ½ years in severe gusts.

According to Anschutz et al. (2016), flux estimates are also chal
lenging under high-energy conditions subject to tidal currents and 
breaking waves and more difficult than at water bodies with limited 
circulation. Authors concluded that both the use of Ra/Rn tracers and 
the application of seepage meters are more suitable for calm conditions 
and strongly limited at high-energy beaches. Grünenbaum et al. (2020a)
applied seepage meters on Spiekeroog beach, however only at times 
when conditions were rather calm. A seepage meter that was installed at 
the site to measure SGD fluxes over several weeks was buried under sand 
from a moving ridge. It could not be recovered using by manually 
shoveling because ~0.8 m of saturated sand were sitting on top three 
weeks after installation close to the LWL. An attempt to apply a metal 
ring (~1.5 m diameter) and pumps to recover the sand on top of the 
seepage meter failed, because the sand-water mixture continuously 
flowed upwards within the ring, making it impossible to recover the 
seepage meter. Over a period of about one year, the height of the sand 
column above of the seepage meter varied between 0.6 and 1.1 m. The 
seepage meter finally reappeared in 2023 following erosion after having 
been buried for almost 3 years in the sand. A lander system was also 
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deployed at the runnel at a campaign on Spiekeroog beach. The lander 
was fixed with 80 kg of concrete weights, since the control unit was 
installed in a tube that was partially filled with air. Despite the addi
tional weight, the lander moved approx. 100–150 m in a southeasterly 
direction along shore within one tidal cycle.

Another complication at some beaches is artificial sand nourishment 
for coastal defense. Sand can be supplied below the low water line 
(leaving it to the currents to distribute the sand along the coast), on the 
beach itself or the foredunes. While not unique to high-energy beaches, 
sand nourishment tends to be more frequent and intense here as erosion 
rates are high. It forms a significant factor in shaping the beach 
morphology but also affects the sediment geochemistry (Pit et al., 2017), 
potentially adding another layer of complexity to the study of 
high-energy STEs.

According to Calvo-Martin et al. (2022), an accurate characterization 
of the spatiotemporal variability of the microbial community structure 
in STEs is hindered by the sediment heterogeneity and more STE spe
cific, the large, oscillating biogeochemical gradients in this 
environment.

As very few high-energy sites have been studied so far, the func
tioning of high-energy beaches still remains largely unknown, in 
particular where difficult to reach, i.e. at greater depths and towards the 
LWL. So far, most high-energy studies were focused on calculating mass 
fluxes of water and solutes to coastal waters (Anschutz et al., 2009; 
Swarzenski and Izbicki, 2009; Charbonnier et al., 2013; Goodridge and 
Melack, 2014; Buquet et al., 2016; Beck et al., 2017; Moore et al., 2018; 
Grünenbaum et al., 2020a), rather than on processes within the STE 
itself. It is therefore at this stage not possible to infer on spatially 
resolved reactive transport processes within high-energy beaches, as the 
spatially and temporally resolved data needed for this is mostly lacking. 
Furthermore, none of the high-energy studies carried out dedicated 
numerical modelling to resolve transient reactive transport patterns in 
the field, yet such coupling of biogeochemical processes with the un
derlying physical processes is urgently needed and the key to ultimately 
unravel the role of the STE in controlling geochemical fluxes to the sea.

6. Conclusions and limitations

In this paper, we present a new, simple classification scheme for the 
energy state of beaches that accounts for the combined effect of signif
icant mean wave height and mean tidal range and provide a global map 
on coastal energy regimes. We review and classify existing porewater 
studies from sandy beach aquifers based on their energy regime. We 
hypothesize that the energy state is relevant for the biogeochemical 
functioning of beach aquifers, yet boundary conditions are often not 
reported on. We encourage authors to account for these conditions, i.e. 
mean significant wave heights and mean tidal range, in future studies.

So far, most research involving porewater analysis of beach aquifers 
has focussed on moderate energy sites. High-energy sites, in particular at 
greater sediment depths, have hardly been investigated. Therefore, the 
understanding of the functioning of high-energy beaches is limited to 
and based on very few sites. As the research methods applied at these 
sites differed and covered mostly shallow aquifer depths, it is, at this 
stage, not possible to derive general conclusions on the functioning of 
high-energy systems from the few existing studies. Yet, the fact that the 
morphology varies strongly and dynamically at high-energy beaches is 
in fundamental contrast to the situation at lower energy sites, where 
morphological changes are far less pronounced. The proposed transient 
nature of groundwater flow and transport caused by morphodynamics 
and stormfloods based on numerical models cannot be fully confirmed 
by in situ data at this stage, although complex salinity distribution 
patterns were found in some field studies and high seawater volume flow 
caused by tidal and wave pumping is likely. The biogeochemical func
tioning and associated chemical fluxes of high-energy beach aquifers are 
presumably highly complex and demand further research efforts. 
Because of the high seawater volume flow, a high potential for OM input 

and carbon remineralization can be expected.
Methodological challenges encountered when studying high-energy 

beach aquifers are large and involve the frequent destruction of 
research equipment, while the installation of permanent infrastructure 
is costly and difficult. Despite these challenges, beach research at high- 
energy sites is nevertheless timely, as high-energy beaches are repre
sentative of a large part of global shorelines and may bring up hitherto 
unexplored characteristics.

It was beyond the scope of this study to compare beach aquifers from 
different energy states based on all porewater studies listed. Hence, 
future research efforts should aim at highlighting the similarities and/or 
differences across different energy regimes as well as elucidating their 
respective global relevance. A clear limitation of the proposed classifi
cation is that it only considers two parameters, namely mean tidal range 
and mean significant wave height. It neglects other obvious factors that 
affect the flow and transport patterns in the STE, e.g., hydraulic con
ductivity, porosity, aquifer depth, beach slope, meteoric groundwater 
discharge, or spring-neap tide characteristics. Data of these parameters 
on the global scale, however, is very limited and subject to tremendous 
uncertainty, even though a lot of progress was made in the recent years 
to generate these datasets (e.g., Zarmsky et al., 2018; Luijendijk et al., 
2020; Moosdorf et al., 2024). If and how these other parameters can be 
incorporated into a STE classification scheme requires more in-depth 
investigations and is beyond the scope of the present study. Hence, the 
classification is only a first attempt to systematically account for the 
environmental conditions in beach aquifer porewater studies. Other 
important factors such as the geological conditions should be added in 
future studies to develop the proposed classification further for a more 
holistic categorisation.
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