


however, upon encountering solutions of high ionic strength,
Ra is released from sediment particles into the dissolved phase.
This leads to brackish or saline SGD being enriched in Ra com-
pared with inputs from rivers or other sources (Moore and
Krest 2004), making Ra a useful tracer for SGD in coastal
systems.

Given the heterogeneity of Arctic coastlines, Ra isotopes
provide a way to integrate SGD inputs to a coastal system
regardless of the driving forces. These can include terrestrial
hydraulic gradients, wave setup and tidal pumping, flow-, and
topography-induced pressure gradients, wave pumping, benthic
exchange caused by bioirrigation or pressure differentials, and
density-driven convection (Moore 2010; Santos et al. 2012). In
Arctic systems with continuous permafrost and limited tidal
range, wind-driven water level changes (Guimond et al. 2023)
and the depth of the seasonally thawed active layer (Dimova
et al. 2015) have been shown to be dominating forces control-
ling SGD fluxes. Of the few Arctic supra-permafrost SGD studies
published to date, all took place during summer months and
only one utilized Ra isotopes (Lecher et al. 2015). The complex
physics and chemistry associated with this environment means
that questions remain regarding the magnitude of Arctic SGD.
To fill this knowledge gap, this study has three goals: (1) to
characterize the sources and sinks of Ra isotopes in an Arctic
lagoon system, (2) to estimate SGD fluxes to an Arctic coastal
lagoon, and (3) to explore seasonal and interannual differences
in Ra isotope distributions and SGD fluxes that result from the
unique seasonality in the Arctic.

Methods

Field site and sample collection

The study was conducted in Simpson Lagoon (Fig. 1), an
� 245 km2 estuary with minimal tidal influence (< 15 cm tidal
range) located on the Alaskan Beaufort Sea coastline, which is
fringed by similar lagoons covering over half of its length.
Simpson Lagoon’s coastline is 89 km long, including the bar-
rier island shorelines that face the interior of the lagoon. The
lagoon is shallow (average depth � 2 m) with annual shorefast
ice cover lasting 8–9 months per year (Hanna et al. 2018). The
mainland coastline of the lagoon is characterized by a narrow
sandy beach backed by peat-rich polygon tundra bluffs (1 m
high) and underlain by continuous permafrost (Hanna
et al. 2018).

The average summer active layer depth ranges from 25 to
100 cm with the top � 20 cm consisting of organic peat and
mineral soils found at deeper depths (Déry et al. 2005).
Annual precipitation is �22.5 cm yr�1 (USDA 2022). Major
river inputs come from the Kuparuk River at the lagoon’s east-
ernmost end (USGS: 15875000 Colville R AT Umiat AK 2023),
various small streams along the coastline, and the Colville
River at the lagoon’s westernmost end (USGS: Kuparuk R NR
Deadhorse AK 2023). Narrow passages between barrier islands

facilitate ocean-lagoon exchange, creating a semi-enclosed
system.

Field campaigns and sampling were conducted during five
different periods: spring (June 2022), summer (August 2021,
July 2022, and July 2023), and autumn (September/October
2022). For all summer and autumn time periods, except for
July 2023, lagoon surface samples were collected from a small
boat in a shore-perpendicular transect (0.4, 0.8, 1.2, 1.6, 3.2,
and 4.8 km from the mainland) at a depth of 0.5 m, with
near-bottom samples collected at the three stations closest to
shore and occasional extra stations sampled parallel to the
shoreline. In July 2023, a full boat survey was conducted along
the axis of the lagoon and in the surrounding Beaufort Sea
(see Supporting Information Data S2) using the R/V Proteus.
Samples were occasionally collected by hand (grab sampling)
in the intertidal zone. Lagoon surface water Ra samples had a
volume of � 60 L, collected via bilge pump and filtered
through two in-line Hytrex cartridge filters (10 and 1 μm).
Samples collected from the R/V Proteus had volumes of
� 70 L. The samples were weighed and filtered through a man-
ganese coated acrylic fiber at a rate < 1 L per min. Salinity (S),
dissolved oxygen (DO), temperature, turbidity, ORP, and pH
were also measured with an AquaTROLL Multiparameter
Sonde. Three rivers entering the lagoon were also sampled
using the same hand collection technique: the Kuparuk River,
the Putuligayuk River, and No Point Creek (see Supporting
Information Data S3).

Groundwater sampling was designed to capture the hetero-
geneity of the field site, which included sandy beaches backed
by either tundra bluffs or flat sand, tundra polygon wedges
whose surrounding troughs create flow paths for fresh ground-
water exiting the tundra, and subtidal areas with eroded peat
interspersed with sandy sediment. Several shore-perpendicular
transects of piezometers (4–12 stainless steel or PVC piezome-
ters with six-inch-long screened intervals) were installed dur-
ing each trip (Fig. 1), though not all piezometers were
sampled for Ra each time. Transects were designed to traverse
the subterranean estuary salinity gradient in all locations.
Groundwater samples (0.5–30 L) for Ra isotopes were pumped
from the piezometers directly through the Mn fiber column,
which included a plug of uncoated acrylic fiber as a filter.

Sample analysis

Ra isotopes (224Ra, 223Ra, 226Ra, and 228Ra) were measured
via the following set of procedures. After collection, fibers
were rinsed with Ra-free deionized water to remove any parti-
cles or salt residue, and then partially dried so no water could
be squeezed from the fiber. The short-lived isotopes 224Ra and
223Ra were measured within 2 d of sampling using RaDeCC
delayed coincidence alpha detectors (Moore 2008). Supported
224Ra and 223Ra activities were determined by re-analyzing the
fibers at 3 weeks and 2 months, respectively. Method efficien-
cies were determined using fiber standards spiked with known
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activities of 227Ac, 232Th, and 226Ra and analyzed using the
same method as the samples (Scholten et al. 2010).

The long-lived isotopes were measured as follows: 226Ra
was determined via the alpha scintillation technique described
by Key et al. (1979). Briefly, fibers were placed in PVC hous-
ings, purged with helium, and then sealed for 3 weeks to
ensure equilibrium between 226Ra and its daughter 222Rn. The
222Rn gas was collected by purging and cryo-trapping, and
then transferred to an alpha scintillation (Lucas) cell. The cells

were analyzed on a radon counting system (Model
AC/DC-DRC-MK 10–2). Method efficiencies were determined
using fiber standards spiked with a known activity of 226Ra
(NIST SRM#4967A) and analyzed using the same method as
the samples.

Finally, the fibers were combusted at 820�C for 8 h. The
resultant ash was transferred to a polystyrene test tube and
capped with epoxy before analysis for 228Ra on high-purity
well-type germanium detectors using peaks for 228Ac (338 and

Fig. 1. Map of Simpson Lagoon. (a) Full lagoon with location along the Alaskan Beaufort coastline shown in insert and repeated surface water sampling

stations shown in black dots. July 2023 interior lagoon sampling stations shown in black dots with white outline. See Supporting Information Data S1 for

stations outside of lagoon. (b) Locations of shoreline piezometer transects. (c) Photograph depiction of a transect.
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911 keV). In instances where 228Ra activities were too low to
be counted using 228Ac, samples were allowed to age for
6–12 months and 228Ra was then determined via 228Th

ingrowth (238 keV). Select samples were also analyzed for
226Ra using this technique via 214Pb (352 keV). Detector effi-
ciencies were determined using fiber standards that had been
spiked with 226Ra and 232Th and then prepared in the same
way as the samples.

Results

Surface water Ra activities

Surface water Ra activities are shown in Fig. 2, with aver-
ages and ranges given in Table 1. At the time of the June sam-
pling, there were still 0.5–1.5 m of ice covering much of the
lagoon. The sampled water, collected from the surface and
through auger holes in the ice, was dominated by fresh melt-
water. For a given sampling event, there was no notable sur-
face water salinity gradient in the lagoon, though salinity
varied dramatically seasonally and interannually.

Temperature and salinity measurements indicate that the
lagoon was stratified during August 2021 and July 2022, with
a fresher layer (0–1.7 m) overlying a saltier, colder bottom
layer (> 1.7 m, approx. bottom depth � 2 m). Salinity profiles
were taken at all surface water stations, with the range of
salinity values shown in Table 1. The bottom layer had higher
Ra activities, with all isotope activities being 40%–70%

higher than the top layer activities. These higher values can
be explained by diffusion inputs into the bottom layer from
Simpson Lagoon sediments (see Supporting Information
Data S4). The Ra activities in the top layer of the lagoon for
August 2021 and July 2022 were lower than those observed in
the non-stratified periods of July 2023 or October 2022
(Table 1).

Groundwater Ra activities

Groundwater activities for each season are shown in Fig. 3
and in Table 1. All sampling periods exhibited strong hetero-
geneity in Ra activities, with outliers that were two to three
standard deviations higher than the mean. The spring period
had substantially higher Ra averages than the other periods,
which had comparable activities (Table 1).

River Ra activities

Rivers can transport Ra to coastal waters in two ways: dis-
solved in river water and carried on suspended particles. The
dissolved Ra activities in the Kuparuk River and Putuligayuk
River were similar, with No Point Creek (reported as runoff)
having slightly higher values (Table 1). Most Arctic rivers have
not been sampled for short-lived isotopes; however, 226Ra
activities measured in this study ranged between 1.4 and
3.9 dpm 100 L�1, which are lower than those seen in large
Arctic rivers such as the Yenisey and Lena Rivers in Siberia

Fig. 2. Lagoon surface, river, and ocean Ra activities across seasons for (a) 224Ra, (b) 223Ra, (c) 228Ra, and (d) 226Ra.
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Table 1. Isotope activities (dpm/100 L) and salinities across sampling periods.

Sample type

Sampling

period Salinity
224Ra 223Ra 228Ra 226Ra

Avg Range Avg Range Avg Range Avg Range

Groundwater June 0.1–62 42.3 3.3–189 3.5 0.08–19 17.7 8.3–35.3 7.0 0.52–38

Aug 2021 0.6–18 8.6 0.4–72 0.5 0.0–4.8 10.8 2.7–24.3 2.9 0.4–22.9

July 2022 0.3–29 16.7 1.0–125 1.4 0.0–11.0 – – 2.6 0.7–9.6

July 2023 0.6–20 19.8 1.6–155 1.1 0.0–7.6 12.0 1.1–105 15.3 3.4–130

Oct 2022 0.5–36 13.9 0.7–72 1.1 0.03–6.4 10.8 7–15.6 4.9 0.9–13.6

Lagoon surface

water

June 2.6 4.1 3.9–4.4 0.36 0.22–0.57 – – 2.87 2.71–3.02

Aug 2021 9–22 9.1 6.5–16.9 0.77 0.25–2.47 8.8 4.6–23.5 7.4 4.5–13.1

July 2022 2–29 9.2 6.4–19.9 0.99 0.48–2.44 6.2 3.6–8.8 7.1 3.6–13.1

July 2023 11–28 19.4 9.4–44.4 1.71 0.44–3.51 16.8 9.8–26.3 17.7 11.0–24.7

Oct 2022 13–30 36.2 24.8–44.4 4.10 2.37–7.45 18.2 13.9–20.7 13.7 9.4–15.4

Rivers All periods >0.1 2.3 1.3–3.5 0.21 0.01–0.64 1.9 0.9–2.5 2.8 1.4–6.2

Runoff All periods 0.1 3.7 1.6–8.6 0.25 0–0.70 4.9 2.7–7.0 4.2 2.3–8.0

Surface water from

outside the lagoon

July 2023 13–24 4.8 0.9–10.4 0.44 0.03–1.05 9.8 5.6–14.4 11.3 6.0–15.0

25–31 3.6 2.4–5.1 0.40 0.31–0.54 11.8 10.6–12.5 12.7 11.9–13.3

Fig. 3. Groundwater Ra activities across seasons for (a) 224Ra, (b) 223Ra, (c) 228Ra, and (d) 226Ra.
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(Rutgers van der Loeff et al. 2003), or the Mackenzie and
Yukon Rivers in North America (Kipp et al. 2020), but are
comparable to activities seen in similarly sized Arctic rivers
such as the Ellice River, rivers near Anchorage, AK (Bullock
et al. 2022), and rivers in Greenland (Linhoff et al. 2020).

Riverine suspended sediments are also important, as ion-
exchange-driven desorption can dominate riverine Ra inputs to
coastal systems (Key et al. 1985). The desorption of Ra isotopes
from Kuparuk River sediments was 0.09 � 0.01, 0.006 � 0.002,
0.07 � 0.01, and 0.08 � 0.004 dpm g�1 for 224Ra, 223Ra, 228Ra,
and 226Ra, respectively. Desorption experiments on Putuligayuk
River sediment was not possible owing to loss of sample during
transport. Discussion of desorption in a greater context can be
found in the Supporting Information Data S3.

Discussion

Impact of wind direction on lagoon flushing

The lagoon water level varied by over 75 cm during our five
sampling periods despite predicted tidal amplitudes of
< 15 cm (Guimond et al. 2023). Guimond et al. (2023) show
that this variability is owing to changing wind direction, with
sustained winds from the east causing set-down periods of low
water level. Such wind patterns increase wave action and
cause the lagoon to oscillate between low and high-water
levels (Guimond et al. 2023), allowing for increased benthic
advective flow, the drainage of previously saturated, elevated
sediments, and increased, wind- and wave-driven recirculation
through lagoon sediments. Our data, as discussed in the fol-
lowing sections, support this conclusion and indicate that
strong easterly winds increase mixing between the lagoon and
the Beaufort Sea, as well as SGD-derived Ra within the lagoon.

Lagoon water Ra values are higher following wind-driven
set-down periods, as seen in July 2023 and October 2022 (see
wind visualization: Supporting Information Fig. S5). The
highest values, seen during October 2022, were sampled
immediately following a set-down period (Guimond
et al. 2023). The lower Ra values from July 2023 were sampled
several days after a set-down period (NOAA 2023), allowing
the water level to begin rising back to its median value in the
interim, which reduced the observed impact of the set-down
period on the lagoon inventory. The salinities during these
periods reflect higher mixing rates with the Beaufort Sea
(Table 1; Supporting Information Table S3). In contrast, the
sampling periods with stratification (August 2021 and July
2022) had lower surface salinities (Table 1) and lower percent-
ages of wind coming from the east in the days leading up to
sampling (see Supporting Information Fig. S5; NOAA 2023),
although August 2021 still had higher wind speeds than those
seen in July 2022 during surface water sampling. Winds from
directions other than east therefore seem to allow the forma-
tion of a surface layer on the lagoon dominated by riverine
inputs, while higher wind speeds still influence mixing
between layers.

As the activity ratios (AR) of 224Ra : 226Ra are 1.4 � 0.6 dur-
ing August 2021 (S � 12.5), July 2022 (S � 3.6), and July 2023
(S � 24.7) despite dramatically different salinities, it is unlikely
that the ocean endmember is controlling Ra isotopes in the
lagoon. In fact, the highest AR we observed was during
the October 2022 sampling period (S � 27), when the
224Ra : 226Ra AR was 2.7 � 0.3. Owing to the short half-life of
224Ra, it tends to be depleted in deeper ocean waters compared
with shallow coastal systems (Moore 1998), as seen in the sta-
tions we sampled immediately outside of the lagoon
(AR � 0.4 � 0.2). Instead, the higher AR speaks to an increase
in short term processes, such as wave pumping and advective
flow through sediments, which are not long enough to allow
ingrowth of the long-lived isotopes (Michael et al. 2011). This
points to SGD as driving high lagoon Ra inventories during
periods of set-down.

Processes driving groundwater Ra variations

During the spring sampling period, the ground was still
mostly frozen, with landfast ice along the shore. Groundwater
had thus been in contact with the surrounding soil since the
autumn period of the previous year. This longer residence
time likely enriched the groundwater in Ra (Michael
et al. 2011).

For all periods sampled, Ra activities showed minimal
dependence on salinity, which is unusual given Ra has been
shown to be enriched in brackish and saline groundwater
owing to competing cations interfering with Ra2+ adsorption
onto solids (Webster et al. 1995; Gonneea et al. 2008; Beck
and Cochran 2013). No associations with other measured
parameters (pH, DO, ORP, and temperature) were found that
might explain these deviations; however, field observations
and hydrological measurements revealed strong heterogeneity
within the coastal sediments, with erosion and storm over-
topping intermittently burying large, intact chunks of peat.
Preferential flow paths and pooling were observed, potentially
causing varied groundwater residence times within several
square meters. Samples with different residence times but the
same salinity will presumably have different Ra activities
(Michael et al. 2011).

The ice-free season (summer and autumn) Ra activities in
Simpson Lagoon groundwater exhibit lower averages com-
pared with other, more temperate sites (Charette et al. 2001),
likely owing to factors impacting the solid/solution par-
titioning coefficient (Kd) of Ra. In a comparable site along the
Beaufort Sea coastline, the carbon content of tundra soils aver-
aged 12% (Bristol et al. 2021)—sediments with high organic
matter content have a large adsorptive capacity for Ra and are
capable of adsorbing up to 10 times more Ra than clay (Simon
and Ibrahim 1990). Fe- and Mn-oxides (Gonneea et al. 2008;
Beck and Cochran 2013) also increase the Kd for Ra isotopes.
Indeed, the intertidal sediments in Simpson Lagoon have high
Fe content based on visual observations and sediment core
analyses (Schaal 2024). Finally, since Kd is inversely related to
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temperature (Rama and Moore 1996; Gonneea et al. 2008),
colder temperatures may be contributing to the low ground-
water Ra activities compared with more temperate sites.

SGD inputs into Simpson lagoon

We employed the Ra isotope mass balance box model
approach to quantify SGD (Moore 1996; Moore and
Krest 2004; Garcia-Orellana et al. 2021), using the short-lived
isotopes (224Ra and 223Ra) only owing to high background
activities for the long-lived isotopes in the Beaufort waters
immediately outside the lagoon (Fig. 2, Supporting Informa-
tion Fig. S1). The relative fraction of daily inputs of 224Ra and
223Ra for all sampling periods are shown in Fig. 4. Detailed dis-
cussion of the model and all parameters used can be found in
the Supporting Information Data S1.

Conversion of SGD in dpm d�1 to a water flux (m3 d�1)
requires a groundwater Ra endmember value in dpm m�3. The
choice of the Ra endmember value has been extensively
debated in the literature (Michael et al. 2011; Luek and Beck
2014; Cho and Kim 2016; Cerdà-Domènech et al. 2017). The
maximum Ra values are used to provide conservative, lower-
limit SGD estimates in numerous studies (e.g., Moore 1996;

Null et al. 2019); however, we chose to use the 90th percentile
Ra activities from each sampling period to lower the impact of
extreme outliers.

The SGD rates determined by 224Ra and 223Ra were aver-
aged for each period with the standard deviation taken as the
error. Inputs of Ra owing to SGD could not be resolved for
June 2022. The two periods with minimal easterly wind input
had estimated SGD fluxes of (22 � 8) � 106 m3 d�1 for August
2021 and (6 � 3) � 106 m3 d�1 for July 2022. The impact of
higher wind speeds during lagoon sampling can be seen in
the higher flux from August 2021 (Supporting Information
Fig. S5). July 2023 had a high Ra inventory in the lagoon
owing to a recent set-down period, but an SGD flux similar to
August 2021 and July 2022 at (12 � 4) � 106 m3 d�1, presum-
ably owing to the fact that water levels had begun rising at
the time of sampling. Finally, October 2022 was sampled
directly following a set-down period, before water levels ret-
urned to normal. This resulted in not only a high Ra inven-
tory in the lagoon, but also high SGD fluxes coming in at an
estimated (79 � 16) � 106 m3 d�1.

The SGD fluxes, which average (160 � 90) m3 d�1 m�1 of
shoreline during the non-easterly wind periods and

Fig. 4. Relative daily inputs of Ra isotopes by source and season for (a) 224Ra and (b) 223Ra.
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(890 � 200) m3 d�1 m�1 during the easterly wind period, are
on the high range of the few supra-permafrost SGD fluxes
reported for the Arctic. Two other sites along the Beaufort
Coast reported fluxes of 1.0, 12, and 43 m3 d�1 m�1 of shore-
line during summer months (Dimova et al. 2015, Lecher
et al. 2015, Connolly et al. 2020). Our SGD estimates are more
in line with SGD fluxes reported for southern Alaska, includ-
ing those seen at Kasitsna Bay (125 m3 d�1 m�1) and Seldovia
Slough ([170 � 240] m3 d�1 m�1) (Dimova et al. 2015; Lecher
et al. 2015). However, unlike these other sites, the SGD in
Simpson Lagoon does not seem to be isolated to margin sedi-
ments, as indicated by the high Ra activities observed
throughout the lagoon (Supporting Information Fig. S1). Ben-
thic exchange was estimated using a wave-pumping model
developed by Sawyer et al. (2013). This simplified
model shows that the shallow nature of the lagoon and
hydraulic conductivities could allow SGD to occur over the
full lagoon area (see Supporting Information Data S7). In this
case, SGD rates would be (0.06 � 0.04) m3 m�2 d�1 for the
noneasterly wind periods, and (0.3 � 0.1) m3 m�2 d�1 for the
easterly wind period.

Demir et al. (submitted) used numerical models and in situ
hydrological techniques to derive a freshwater SGD flux into
Simpson Lagoon for August 2021 of (0.12–0.14) � 106 m3 d�1;
this is equivalent to � 1% of the total SGD flux for that
period, which is in the lower range seen at more temperate
sites (Tamborski et al. 2015; Cho et al. 2018). This low per-
centage is likely owing to the inclusion of lagoon water advec-
tion through bottom sediments as a component of SGD in
our box model, as well as the limited capacity for a terrestrial
water table to form, owing to the shallow active layer depth
and minimal topographical gradient.

The observations in this study and those reported by
Guimond et al. (2023) indicate that wind direction and speed
are the dominating drivers of SGD in Simpson Lagoon during
ice-free periods, with easterly winds driving higher SGD fluxes.
Based on wind direction and strength in late-June through
October of 2021, 2022, and 2023 (NOAA 2023), easterly winds
that are sustained for a day or more occur 17%–20% of the
time. Given that ice and snow cover the land for roughly two-
thirds of the year (McClelland et al. 2014), that leaves � 120 d
(4 months) where SGD can occur. Based on set-down periods
occurring 20% of the time and a 4-month ice-free season, our
weighted annual SGD flux into Simpson Lagoon is
(3.2 � 1.2) � 109 m3 y�1, which is comparable to the annual
flux of the Kuparuk River.

Conclusions

Since Arctic groundwater has been shown to be an impor-
tant source of carbon and nutrients to an Arctic coastal zone
(Connolly et al. 2020), understanding seasonal variability and
driving processes are important for tracing its impact on these
sensitive coastal systems. This study used the four Ra isotopes

to characterize seasonal SGD inputs to an Arctic coastal lagoon
and to investigate Ra dynamics within an Arctic estuarine sys-
tem. The results showed that SGD is seasonally variable in the
Arctic, with limited inputs during spring and inputs depen-
dent on wind conditions during ice-free seasons. However,
more research needs to be done to better understand the fac-
tors influencing Ra cycling in the Arctic. The interplay
between Simpson Lagoon’s soil/sediment characteristics,
groundwater residence times, and seasonally changing salinity
create unique Ra dynamics that appear to be dominated by
short-term processes such as temporary water level changes
and wind-driven wave pumping; however, this may not hold
true along other Arctic coastlines with different topography
and sediment properties. As the ice-free season grows longer
and weather patterns change owing to Arctic warming, under-
standing the processes controlling SGD in this environment
will become increasingly important.

Data availability statement

The data that support the findings of this study are openly
available in the Arctic Data Center at http://doi.org/10.18739/
A23B5W945.
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