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Abstract 
 

Nutrients and trace metals are vital for supporting life in the ocean, but the boundary processes 
that control the distributions of these elements are poorly constrained. Radium isotopes are well 
suited to studying inputs of elements from ocean margins because they are produced in 
sediments and soluble in seawater. The half-lives of the four isotopes (223Ra, 224Ra, 228Ra, 226Ra) 
range from days to thousands of years, thus these isotopes can be used to study oceanographic 
processes occurring over a range of time scales. In this thesis I have applied the quartet of radium 
isotopes to investigate boundary inputs, including seafloor hydrothermal vents, continental 
shelves, and rivers.  
 
First, radium isotope ratios were used to constrain the age of hydrothermal plumes emanating 
from vents along the Mid-Atlantic Ridge and East Pacific Rise. These radium-derived ages were 
applied to determine the iron residence time in the Pacific plume that emanates from near 15°S, 
providing an important constraint on the hydrothermal delivery of iron to the deep ocean. Next, 
228Ra was used to show that shelf inputs to the Arctic Ocean have increased over the last decade, 
implying that the fluxes of other shelf-derived materials are also increasing and could impact 
primary production in this basin. The ratio of 228Ra and 226Ra was also applied to determine the 
ventilation time of Arctic intermediate waters with respect to shelf inputs, and the first 
measurements of 226Ra in the deep Canada Basin were used to estimate the residence time of 
deep waters with respect to benthic sediment inputs. Finally, a study of the Mackenzie River 
Estuary illustrated the importance of deltaic and estuarine processing on the ultimate delivery of 
nutrients, trace metals, dissolved organic matter, and radium to the Arctic Ocean. By applying 
radium isotopes as tracers of boundary inputs in these diverse environments, the work presented 
in this thesis improves our understanding of nutrient and trace metal inputs to the coastal and 
open ocean.  
 
Thesis supervisor: Dr. Matthew A. Charette 
Title: Senior Scientist, Woods Hole Oceanographic Institution 
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1.1 RADIOACTIVE ISOTOPES AS OCEANOGRAPHIC TRACERS 
 

The supply of macro nutrients like nitrogen and phosphorous is a well-established control 
on marine heterotrophic food webs, but in the last few decades it has been hypothesized that the 
availability of trace metals such as iron, cobalt, and zinc can also limit oceanic productivity 
(Moore et al., 2013). However, the sources and sinks that create the observed basin scale 
distributions of these elements are still poorly constrained. Identifying boundary sources and 
sinks of nutrients and trace elements and isotopes (TEIs), and the rates of input and removal 
associated with each, will not only yield insights into the current distributions of these species, 
but also into how they might	  change in response to a changing climate. The quantification of 
boundary processes, such as hydrothermal circulation and sediment inputs, is also vital to 
providing constraints on global biogeochemical models. Such models could help predict the 
impacts of climate change on the world’s oceans, as well as the ways in which the oceans may 
help moderate rising CO2 levels, but they are currently hindered by inaccurate representations of 
the cycling of important TEIs such as iron (Tagliabue et al., 2016).  

Radioactive isotopes (radionuclides) are valuable tools for studying the sources, sinks, 
and cycling of TEIs. Radionuclides decay at known rates determined by their half-lives, which 
can range from seconds to billions of years. They also exhibit a range of geochemical properties: 
some are strongly particle reactive while others are soluble, some are gases, and many have well-
known sources or sinks. Radionuclides can therefore be used to study the cycling of elements 
that have similar geochemical properties or sources and sinks, because they will exhibit the same 
behavior as the TEI of interest while decaying at a predictable rate, thus providing a time 
constraint on the process being investigated. Examples of radionuclides that have been applied to 
study oceanographic processes include thorium isotopes, which have been used to model particle 
exchange and trace carbon and trace metal export from the euphotic zone (e.g. Bacon and 
Anderson, 1982; Black, 2017; Buesseler et al., 1992; Lerner et al., 2017), beryllium-7, which has 
been applied to determine rates of nitrate upwelling and to quantify atmospheric deposition 
fluxes of trace metals (e.g. Kadko, 2017; Shelley et al., 2017), and anthropogenic radionuclides 
such as iodine-129, which have well-constrained point sources and conservative behavior that 
allow us to trace ocean circulation (e.g. Karcher et al., 2012; Smith et al., 2011). 

In this thesis I use the quartet of naturally occurring radium isotopes (223Ra: t1/2 = 11.4 d, 
224Ra: t1/2 = 3.66 d, 226Ra: t1/2 = 1600 y, 228Ra: t1/2 = 5.75 y) to identify and quantify boundary 
inputs to the coastal and open ocean. Radium isotopes are often applied as radioactive tracers of 
TEI inputs from ocean boundaries to the open ocean (e.g. Charette et al., 2007; Moore, 2000a, 
2000b; Moore et al., 1995; Sanial et al., 2018). They are produced through the decay of thorium 
(Figure 1), which has a high particle affinity and is sourced from continental crust and sediments. 
Radium is soluble in seawater and behaves largely conservatively once it is produced and 
released into overlying waters. The main controls on the distribution of Ra isotopes in the ocean 
are thus radioactive decay and physical mixing. Radium can be removed from solution through 
biological uptake and mineral precipitation of siliceous or calcareous tests (Moore and Dymond, 
1991; van Beek et al., 2007), however the removal rate is minor relative to the loss through 
decay for 223Ra, 224Ra, and 228Ra, and is only relevant for the longest-lived isotope, 226Ra. The 
range in the four half-lives allows for the quantification of both short- and long-term ocean 
processes.  
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1.2 RADIUM ISOTOPES AS TRACERS OF BOUNDARY INPUTS  
 
1.2.1 Hydrothermal vents 
 

During the circulation of seawater through the oceanic crust, fluids become heated and 
undergo reactions with the basalt causing them to become enriched in many metals, gases, and 
isotopes (Campbell et al., 1988; Edmond et al., 1982; Jenkins et al., 1978; Kadko and Moore, 
1988; Von Damm et al., 1985). Radionuclides, including Ra, become enriched in hydrothermal 
fluids through the alteration of basalt by high-temperature, low-pH fluids, in situ decay of parent 
isotopes, and recoil effects from the decay of parents in the basalt (Hammond et al., 1988; Kadko 
and Moore, 1988; Krishnaswami et al., 1982). Radioactive isotopes have been applied in 
hydrothermal systems to constrain the time scales of processes such as the circulation of fluids 
through the crust, formation of chimneys, and particle scavenging rates in hydrothermal plumes 
(see Kadko, 1996 for a review). 

Hydrothermal plumes are significant sources of TEIs to the deep ocean, and may even 
support primary productivity in surface waters through the upwelling of hydrothermally-sourced 
trace metals in the Southern Ocean (Resing et al., 2015; Tagliabue et al., 2010). However, 
scavenging and oxidation processes that occur during transport in the neutrally buoyant plume 
affect the ultimate delivery of solutes to the ocean (Edmond et al., 1979; German et al., 1991b, 
1991a, 1990). It is therefore important to study the timescales of neutrally buoyant plume 
transport and TEI removal in order to quantify the ultimate impact of hydrothermal inputs. 
Because Ra isotopes are enriched in hydrothermal fluids (Kadko, 1996; Kadko et al., 2007; 
Kadko and Moore, 1988; Moore et al., 2008; Rudnicki and Elderfield, 1992), they can be applied 
to study plume dynamics in both young (days – months; 223Ra and 224Ra) and old (years – 
decades; 228Ra) neutrally buoyant plumes. Normalizing the shorter-lived Ra isotopes to the long-
lived 226Ra or a conservative tracer (e.g. 3He) corrects for the effects of dilution, such that any 
decrease in Ra can be attributed to radioactive decay and be used to determine the age of the 
plume. 
 
1.2.2 Sediment inputs 
 
 Benthic sediments act as reservoirs of TEIs and nutrients, which can become mobilized 
by benthic boundary layer processes and influence primary productivity in overlying waters 
(Charette et al., 2007; Dulaiova et al., 2009; Wang et al., 2006). Because of their common shelf 
source, Ra isotopes have been applied as tracers of nutrient exchange across the seafloor, helping 
to quantify the fluxes of dissolved nitrogen and phosphorus in coastal zones (Moore and Shaw, 
1998; Moore et al., 2002) and the supply of trace metals from shelf sediments (Charette et al., 
2007, 2016; Sanial et al., 2018).  
 Radium isotopes are also useful for tracking shelf inputs to the open ocean (Charette et 
al., 2015; Kadko and Muench, 2005; Key et al., 1985; Rutgers van der Loeff et al., 1995). The 
shorter-lived isotopes, 223Ra and 224Ra, can be applied to determine costal mixing rates (Moore, 
2000a, 2000b), while the longer-lived 228Ra and 226Ra have been used to determine the time 
elapsed since a water mass left the shelf (Kadko and Aagaard, 2009; Kadko and Muench, 2005). 
These time constraints provide a way to estimate the residence times of other shelf-derived 
materials in the open ocean (Hansell et al., 2004; Letscher et al., 2013). 
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1.2.3 Rivers and estuaries 
 
Rivers are vital conduits of solute delivery to the oceans; they are the main sources of 

major ions and elements to the oceans (Mackenzie and Garrels, 1966; Martin and Meybeck, 
1979) and can also be important inputs of trace elements in certain environments, for example, 
rivers are a significant source of iron and manganese in the Arctic  (Klunder et al., 2012; Middag 
et al., 2011). Concentrations of riverine solutes often become modified through estuarine and 
near-shore biogeochemical processing (Boyle et al., 1974, 1982; Sharp et al., 1982; Shiller and 
Boyle, 1987; Sholkovitz et al., 1978), thus it is essential to take these coastal processes into 
account when quantifying fluvial fluxes to the ocean. 

Radium is primarily adsorbed to particles in freshwater but dissolved in seawater; this 
difference in chemistry results from a change in the adsorption coefficient of Ra in fresh and 
saline water, and the decrease in particle concentration in open ocean waters (Li et al., 1977; 
Moore et al., 1995). Due to desorption from particles in the estuary and resuspension events that 
release Ra produced in estuarine and shelf sediments, estuaries are usually a source of Ra to the 
open ocean (Elsinger and Moore, 1980; Key et al., 1985; Krest et al., 1999; Li et al., 1977; Li 
and Chan, 1979; Moore, 1992, 1981; Moore et al., 1995). The activity ratios of the short-lived to 
long-lived isotopes can be used to differentiate between different solute sources in the estuary; 
shorter-lived Ra isotopes are regenerated more quickly in sediments due to their shorter half-
lives, resulting in high short- to long-lived ratios in porewaters and groundwaters (Charette, 
2007; Moore, 1981; Moore et al., 1995; Rodellas et al., 2017). Radium-223 and 224Ra can also be 
applied to determine the water age at the mouth of a river, as they decay on timescales similar to 
that of river plume mixing (e.g. Moore and Krest, 2004). 
 
1.3 INTRODUCTION TO THIS THESIS 
 

The following chapters present an investigation of Ra isotopes as tracers of three 
different boundary sources across three ocean basins. To study TEI inputs from hydrothermal 
vents, oceanic sediments, and rivers, I utilized datasets covering both large and small spatial 
scales. The GEOTRACES program, which was designed to improve our understanding of the 
cycling and distributions of TEIs in the oceans through large-scale ocean transects 
(www.geotraces.org), provided the opportunity to map Ra distributions in the open ocean in 
unprecedented spatial resolution, while more detailed process studies of Ra activities in 
hydrothermal fluids and in the Mackenzie River helped me constrain the Ra signature of these 
sources. This work serves as an example of the versatility and utility of Ra isotopes as tracers of 
margin inputs in diverse aquatic environments, from high-temperature hydrothermal fluids to 
fresh, ice covered Arctic surface waters. 

In Chapter 2, hydrothermal inputs are studied using samples collected from neutrally 
buoyant plumes in the Atlantic and Pacific Oceans during the US GEOTRACES North Atlantic 
and East Pacific Zonal Transects, and a compilation of historical Ra measurements in 
hydrothermal fluids. The short-lived Ra isotopes are applied to determine the age of young (days 
– weeks) hydrothermal plumes emanating from sections of the Mid-Atlantic Ridge and East 
Pacific Rise (EPR), providing important time scales for quantifying TEI modifications in the 
early stages of neutrally buoyant plume spreading. The longer-lived 228Ra is also employed to 
quantify iron residence times in the hydrothermal plume emanating from the EPR near 15°S and 
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extending thousands of kilometers across the South Pacific (Resing et al., 2015), showing the 
utility of Ra isotopes for constraining trace metal residence times.  

In Chapters 3 and 4, samples collected during the US GEOTRACES Arctic transect are 
used to examine shelf inputs in the Arctic Ocean, where Ra is a particularly useful tool due to the 
large influence of land-ocean interactions on this small ocean basin. A mass balance of 228Ra in 
Arctic surface waters is used in Chapter 3 to show that shelf-derived material inputs to the Arctic 
have increased over the last decade, indicating that climate change is impacting the chemistry of 
Arctic Ocean surface waters. In Chapter 4, 228Ra is applied to determine ventilation time scales 
of intermediate waters with respect to shelf inputs, and the first profiles of 226Ra in the deep 
(>2000 m) Canadian Basin provide estimates of bottom water residence times.  

Chapter 5 presents an investigation of nutrients, dissolved organic matter, trace metals, 
and Ra isotopes in the Mackenzie River Delta, a large Arctic river draining into the Beaufort Sea. 
Although the Arctic Ocean receives 10% of global river discharge (Aagard and Carmack, 1989; 
McClelland et al., 2012), few studies have documented the impact of Arctic estuaries on the 
ultimate delivery of TEIs to this ocean. This study provides the first measurements of Ra 
isotopes in a Western Arctic river and greatly improves our understanding of TEIs in an 
important Arctic estuary. Radium isotope ratios in the estuary indicate solute additions from both 
suspended sediment and benthic inputs, which also appear to increase the concentrations of 
nutrients and trace metals. Concentration changes through the delta and estuary provide evidence 
that solute fluxes based on freshwater concentrations alone are not representative of actual solute 
delivery to the coastal Arctic Ocean. As a compliment to the river water chemistry, an appendix 
presents measurements of TEIs in the porewaters of active layer and permafrost sediments 
collected from the Mackenzie River basin. 

Finally, Chapter 6 presents a summary of the results described in this thesis, along with 
suggestions for future research directions.  
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Figure 1. Diagram of the 238U, 235U, and 232Th decay chains, modified from Bourdon et al. 
(2003). Radium isotopes are outlined in blue. Diagonal arrows represent beta (β) decay events, 
straight arrows represent alpha (α) decay events. The greyscale reflects the half-life of the 
isotope, with darker shades indicating longer half-lives. 
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Chapter 2: Radium isotopes as tracers of 
hydrothermal inputs and neutrally buoyant plume 
dynamics in the deep ocean 
 
 
 
 
 
 
 
 
ABSTRACT 
 

Radium (Ra) isotopes are enriched in hydrothermal fluids, have a wide range of half-lives 
and are minimally impacted by scavenging removal processes; therefore, they have the ability to 
provide key information on the fate of trace elements in both near- and far- field hydrothermal 
plumes. To expand our understanding of Ra isotopes and their usefulness as tracers of 
hydrothermal activity, we measured Ra isotopes in both high and low temperature vent fluids, 
and in neutrally buoyant plumes. The time scales of plume transport were derived from Ra 
isotopes in neutrally buoyant plumes emanating from 15°S on the East Pacific Rise (EPR) and 
the TAG vent field on the Mid Atlantic Ridge (MAR) relative to their source ratio in high-
temperature vent fluids. In near-field (<100 km from vent) neutrally buoyant plumes, the short-
lived Ra isotopes (223Ra: t1/2 = 11.4 d, 224Ra: t1/2 = 3.66 d) suggest plume ages of  ~1 month and 
~5 days over the EPR and MAR, respectively. Farther afield (>100 km from vent), the 
distribution of the longer-lived 228Ra (t1/2 = 5.75 y) is indicative of hydrothermal plumes with 
different points of origin along the EPR. Radium-228 derived plume ages were used to calculate 
the residence time of hydrothermal dissolved Fe, which was in the range of 9 – 20 y (with an 
upper limit of 50 y depending on model assumptions). These are shorter than typical deep ocean 
Fe residence times, a result of scavenging removal of Fe from the neutrally buoyant plume 
during transport. This study highlights the utility of Ra isotopes in providing time-scales of 
hydrothermally derived trace element cycling in the deep ocean.   
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2.1 INTRODUCTION 
 

Since their discovery in 1977, seafloor hydrothermal vents have been recognized as 
important sources and sinks for elements in the deep ocean (Corliss et al., 1978; Edmond et al., 
1979). During the hydrothermal circulation of seawater through the crust, water-rock reactions 
enrich circulating fluids in certain metals, gases, and radionuclides (Campbell et al., 1988; 
Edmond et al., 1982; Jenkins et al., 1978; Kadko and Moore, 1988; Von Damm et al., 1985). 
Radionuclide enrichment processes include the alteration of basalt by hydrothermal fluids, in-situ 
decay of parent isotopes, and recoil effects from the decay of parents in the basalt (Hammond et 
al., 1988; Kadko and Moore, 1988; Krishnaswami et al., 1982). These properties have been used 
to constrain the time scales of processes such as the circulation of fluids through the crust, 
formation of chimneys, and particle scavenging and settling rates (see Kadko, 1996 for a 
review). 

In the case of radium isotopes, elevated activities of 228Ra (t1/2 = 5.75 y) and 226Ra (t1/2 = 
1600 y) have been observed in high-temperature hydrothermal fluids of the Mid-Atlantic Ridge 
(MAR; Rudnicki and Elderfield, 1992) and the Endeavour Segment (Kadko and Moore, 1988) 
and Cleft Segment (Kadko, 1996) of the Juan de Fuca Ridge (JDFR). As high-temperature, low-
pH modified seawater interacts with basalt, Ra may be released into the circulating fluids. The 
activity observed in vented fluids is determined by fluid residence time, circulation depth in the 
crust, and composition of the host rock. 

For example, the activity ratio of 228Ra/226Ra has been used to measure fluid crustal 
residence times (e.g. Kadko and Moore, 1988; Kadko et al., 2007). Because they are solubilized 
during basalt alteration, radium isotopes are useful in constraining the time elapsed between the 
onset of high-temperature basalt-seawater interaction and venting at the seafloor. The half-life of 
228Ra makes it an appropriate tracer for this process, which has been estimated to occur on time 
scales of <5 y. Normalizing the activity of 228Ra to the long-lived 226Ra corrects for any 
secondary chemical reactions or removal processes that may occur during circulation (Kadko and 
Moore, 1988; Kadko et al., 2007). 

There have been fewer studies involving the short-lived isotopes 223Ra (t1/2 = 11.4 d) and 
224Ra (t1/2 = 3.66 d) in hydrothermal systems. Moore et al. (2008) observed activities of 223Ra 
well in excess of its parent 227Ac (t1/2 = 21.8 y) above the Puna Ridge (Hawaii, USA), a site with 
low-temperature hydrothermal activity, and used the inventory of this isotope to quantify the 
fluid flux through the ridge. They proposed that excess 223Ra may be useful in assessing the 
relative importance of low-temperature hydrothermal venting to ocean chemistry. Kadko et al. 
(2007) used the 224Ra/223Ra activity ratios in fluids in the Reykjanes hydrothermal system to 
conclude that mixing and secondary precipitation reactions during upwelling were minimal, 
which permitted a tighter constraint on the water-rock ratio in the Reykjanes system. 

Above hydrothermally active ridges, neutrally buoyant plumes are an important source of 
trace elements and isotopes (TEIs) to the deep ocean (e.g. Lilley et al., 1995). The scavenging 
and oxidation processes that occur within the plume can affect the concentrations of TEIs that 
are eventually delivered farther afield (Edmond et al., 1979; German et al., 1991a, 1991b, 1990). 
Therefore, in order to understand the ultimate impact of hydrothermal vents on deep ocean 
chemistry, it is important to constrain neutrally buoyant plume transport rates away from the 
ridge as well as the removal rates of TEIs from the plume. 

In the past, 222Rn has been used to estimate spreading rates of neutrally buoyant plumes; 
using this method Runicki and Elderfield (1992) found that plume material sampled 1 km away 
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from the TAG hydrothermal vent field was 1-10 days old. The half-lives of 223Ra and 224Ra, 
being similar to that of 222Rn, make these isotopes another possible tool for dating young (days-
months) plume material. For older plumes (years-decades), 228Ra (t1/2 = 5.75 y) can be used in a 
similar manner. In both applications, the Ra isotope is normalized to either a longer-lived Ra 
isotope (e.g. 226Ra) or a conservative tracer (e.g. 3He) in order to correct for the effects of 
dilution such that any decrease in Ra activity is primarily due to decay. Most importantly, these 
Ra ages can be applied to determine the transport rates and residence times of trace metals in the 
plume.  

Here we add to and review measurements of the Ra quartet in both high and low 
temperature vent fluids. We then combine the measurements of Ra in high-temperature 
hydrothermal vent fluids with recent measurements of the Ra quartet in neutrally buoyant plumes 
over the East Pacific Rise (EPR) and MAR to investigate the utility of Ra isotopes as tracers of 
hydrothermal plume dynamics. 
 
2.2 METHODS 
  
2.2.1 Sample collection 
 
 Samples of the Trans Atlantic Geotraverse (TAG) neutrally buoyant plume were 
collected aboard the R/V Knorr at Station 16 of the 2011 US GEOTRACES North Atlantic 
Transect (GA03; 26.136 N, 44.826 W), 0.15 km northeast from the TAG active hydrothermal 
mound (26.135 N, 44.825 W; Fig. 1a). Results of the Ra measurements conducted on this cruise 
have been previously reported in Charette et al. (2015). Samples from the EPR were collected on 
the R/V Thomas Thompson during the 2013 US GEOTRACES East Pacific Zonal Transect 
(GP16). This transect was designed to capture the large hydrothermal plume known to emanate 
from this ridge at 15°S (e.g. Lupton, 1998; Lupton and Craig, 1981) and follow its westward 
transport. The station locations of the western half of the GP16 transect are shown in Figure 1c. 
 On both GA03 and GP16, samples were collected using McLane in situ pumps (McLane 
WRT-LV) deployed on a 3/8” plastic coated Vectran line. Seawater was pumped through 1 µm 
filters to remove particles, and then passed through a MnO2 coated cellulose cartridge to collect 
dissolved Ra, Th, and Ac isotopes (see Henderson et al., 2013 for details of cartridge 
preparation). Pumps were programmed to run for 4 h, filtering 1500 – 1700 L of seawater at an 
average flow rate of 6.5 L min-1. After collection, cartridges were rinsed with Ra-free water and 
dried with filtered compressed air to remove excess moisture. To determine the cartridge 
scavenging efficiency, smaller volume samples of 226Ra (15 – 25 L) were collected using a 
Niskin bottle mounted above the pumps, and the activities of Ra measured on these samples were 
compared to those determined on the cartridges. The average cartridge collection efficiency was 
66 ± 17% (1σ, n = 347). 

Because it was not possible to sample endmember vent fluids on the GA03 and GP16 
cruises, fluids used for this study were collected from other hydrothermal systems on several 
cruises in the northeast Pacific (Fig. 1b). Specific locations include vents within the High Rise 
vent field (HRF), Main Endeavour Field (MEF), and Clam Bed site, all on the Endeavour 
Segment of the Juan de Fuca Ridge (Delaney et al., 1992; Robigou et al., 1993), from Axial 
Seamount (Embley et al., 1990), and from off-axis vents at Baby Bare Seamount and Ocean 
Drilling Program (ODP) Hole 1026B (Davis and Becker, 1998; Davis et al., 1992). All high 
temperature vent samples were collected with a 1-liter titanium syringe following the procedure 



	   30 

of Edmond et al. (1979). Low temperature, large volume samples were collected by pumping 
water into a 120 L barrel originally filled with deionized water. Radium was concentrated from 
the large volume samples by passing the sample through a column of MnO2 coated fiber at a 
flow rate <1 L min-1.  

Vent fluids were also collected during a 1991 voyage of the R/V Atlantis (AII-125, Leg 
33) using the HOV Alvin include high-temperature vent fluids from the Godzilla, Boardwalk, 
Park Place, Ventnor, and Fairycastle edifices (HRF) and samples of diffuse flow from the Clam 
Bed site, located between the Main Endeavour and High Rise fields. Additional fluid samples 
were collected during a 2002 expedition of the R/V Atlantis (ATV7L20) using the ROV Jason II. 
At the MEF, high temperature fluids were sampled at the Dudley edifice, and low temperature 
fluids were sampled from the Dudley edifice and the Easter Island area (just north of the Peanut 
edifice).  Low temperature fluids were also collected from Axial Seamount (Bag-city area), Baby 
Bare Seamount and ODP Hole 1026B, located about 6 km north of the Baby Bare Seamount. On 
the Baby Bare Seamount, basalt groundwater was sampled by driving a piston core barrel into 
the weathered basalt (Johnson, 2003). The ROV attached a hose to the end of the probe and 
allowed the water flow to flush a 120 L barrel originally filled with DI water. These samples are 
designated as Probe 3 and Probe 4 and were re-sampled in 2003 using the same procedures.  
 
2.2.2 Sample analysis 
 
2.2.2.1 Analysis of Ra isotopes on large volume water column samples 
 
 Dissolved Ra isotopes were measured using the Radium Delayed Coincidence Counter 
(RaDeCC) system (Moore and Arnold, 1996). Samples were first counted on board the ship less 
than 24 hours after collection to measure the short-lived 223Ra and 224Ra. Cartridges were then re-
analyzed after 4 weeks and again after 2 months to determine the activities of 224Ra and 223Ra 
supported by 228Th (t1/2 = 1.91 y) and 227Ac, respectively. The efficiency of the RaDeCC system 
was determined using a set of cartridge standards as described in Henderson et al. (2013). 
 After RaDeCC analysis was complete, the cartridges were ashed in a muffle furnace at 
820°C for 48 hours. The cartridge ash was then transferred to polystyrene vials, sealed with 
epoxy (to prevent 222Rn loss), and counted on high purity, well-type germanium detectors to 
measure 228Ra using the lines of 228Ac (338, 911, and 969 keV) and 226Ra using the lines of 214Pb 
(295 and 352 keV) and 214Bi (609 keV). Gamma analyses for the GP16 water column samples 
were conducted at the Laboratoire Souterrain de Modane (LSM, France). The lab is located 
within a tunnel through the French Alps, which serve to minimize detector background from 
cosmic radiation thereby reducing detection limits (Reyss et al., 1995). Three blank samples 
were analyzed twice during the course of sample analysis, and contained no measurable 228Ra 
activity within an uncertainty of 0.004 dpm (2σ). Due to limited detector time at this facility, we 
were unable to measure 228Ra on all samples. Samples were selected for analysis based on their 
proximity to the hydrothermal plume, as determined by local maxima in other tracers (3Hexs, 
Jenkins et al. 2018; 227Ac, Hammond et al., 2016). All samples collected at station 18 (nearest to 
the EPR), and 9 samples collected within the core of the neutrally buoyant plume at stations west 
of the EPR were chosen for analysis. All analyses for the GA03 water column samples were 
completed at Woods Hole Oceanographic Institution following the procedures described above 
(see Charette et al., 2015). 
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Detector efficiencies were determined by measuring ashed cartridge standards, which 
were prepared by soaking cartridges in a standard solution containing 226Ra and 232Th with 
daughters in equilibrium. Analytical uncertainties are reported as one sigma.  
 
2.2.2.2 Determination of 226Ra on small volume water column samples 
 

A small volume (15 – 25 L) of water from the Niskin bottles mounted above the McLane 
pumps was filtered through a MnO2 coated acrylic fiber, which quantitatively scavenges Ra from 
seawater. Fibers were rinsed with Ra-free water, partially dried, and sealed in a fiber housing for 
at least two weeks to allow for 222Rn ingrowth. Samples were then analyzed via 222Rn emanation 
and scintillation counting (Key et al., 1979). On average, samples were counted for 
approximately 200 minutes, resulting in an analytical error of less than 5%. Fiber standards 
containing 20 dpm 226Ra (NIST certified) were analyzed in the same way as the samples; 
standard reproducibility was ~3% for GA03 and ~4% for GP16. 

 
2.2.2.3 Measurement of 226Ra in plume particles 

 
To investigate the possible loss of Ra by precipitation with Mn-oxides in the hydrothermal 

plume, we measured 226Ra on small size (1 – 51 µm) particles collected on quartz fiber 
(Whatman QMA) filters from the McLane pumps. One sample collected at the depth of the 
maximum 226Ra activity in the neutrally buoyant plume at station 16 on GA03 (3400 m) and all 
samples from station 20 on GP16 (n = 15, collected between 2000 – 3140 m) were selected for 
analysis. Filters were dampened with Ra-free water and sealed in He-purged fiber cartridges to 
allow for 222Rn ingrowth. Samples were then analyzed following the 222Rn scintillation 
procedure outlined above and blank corrected using unused QMA filters prepared in the same 
manner as the samples. We note that this method can only detect 226Ra on particle surfaces where 
222Rn can emanate into the cartridge headspace; these particle 226Ra activities should therefore be 
considered lower limit values, as there may be additional 226Ra within the crystal lattices. 

 
2.2.2.4 Analysis of vent fluid samples 

 
For all vent fluid samples except those collected in 1991, dissolved Ra isotopes were 

measured within days of collection using the RaDeCC procedure described in section 2.2.2.1. 
Prior to processing the 2002 Dudley samples were diluted ten-fold with DI water to prevent 
possible BaSO4 precipitation. In several cases a second column followed the first; activities on 
the second column were negligible. After RaDeCC the MnO2 fiber samples were leached to 
remove Ra and then precipitated with BaSO4. The precipitate was then analyzed on well-type 
germanium gamma detectors to measure 228Ra and 226Ra.  

For samples collected on the 1991 expedition (pre RaDeCC), a known volume of water 
from the sampling syringe (0.5 to 1.1 L) was transferred to a beaker and 400 mg Ba carrier was 
added. BaSO4 was precipitated by adding an excess of H2SO4. The precipitate was allowed to 
settle and the water was decanted and reserved. The precipitate was transferred to a small vial 
and immediately measured at sea in a well-shaped germanium detector (Moore, 1984). Each 
sample was re-analyzed at least 3 times over the next several days and again at least 3 weeks 
later. The initial counts were used to calculate the activity of 224Ra in the sample through the 
measurement of its daughter, 212Pb (t1/2 = 10.2 h) (Elsinger et al., 1982). We found that the 212Pb 
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activity of the sample did not change much during the first 30 hours, indicating that 212Pb was in 
close radioactive equilibrium with 224Ra in the sample and that little fractionation of Ra and Pb 
occurred during the BaSO4 precipitation. The final count of the sample was used to calculate the 
226Ra and 228Ra activities. We estimate one sigma counting errors for 224Ra and 228Ra to be about 
8%, for 223Ra to be about 12%, and for 226Ra to be about 6%. In five cases the water reserved 
from the first precipitation was reprocessed by adding more Ba carrier. In these cases the Ra 
activity was below the detection limit, indicating complete precipitation during the initial 
measurement. 

 
2.3 RESULTS AND DISCUSSION 
 
2.3.1 Radium in vent fluids 
 
  The Ra activities observed in the vent fluids are reported in Table 1, along with all known 
published measurements of short-lived Ra activities in hydrothermal fluids (Kadko et al., 2007; 
Kadko and Butterfield, 1998; Moore et al., 2008). The new data presented herein provide a 
substantial addition to the existing catalog of short-lived Ra activities in hydrothermal fluids by 
approximately doubling the number of available 224Ra measurements and quadrupling the 
number of 223Ra measurements.  

As hydrothermal fluids circulate through the crust, particle reactive species like Th 
remain adsorbed to mineral surfaces whereas the more soluble Ra will partition into the aqueous 
phase. The partitioning of Ra between the aqueous and solid phase is controlled by the 
composition of the solid phase as well as the salinity, temperature and pH of the water. For 
example, when riverine sediments enter an estuary, partial desorption of Ra from clay particles 
occurs in the saline water (Li et al., 1977). Additional studies show that substantial desorption of 
Ra from clay occurs as temperature changes from 2°C to 70°C (Rama and Moore, 1996). We 
suspect that at temperatures >300°C and pH <4, conditions typical of hydrothermal fluids, 
virtually all of the Ra released during rock dissolution and alpha recoil will remain in the 
aqueous phase. 

In general, the activities of all four Ra isotopes increased with increasing temperature 
(Fig. 2), consistent with enhanced input of Ra in high-temperature, low-pH fluids from mid-
ocean ridge basalts (MORB; Campbell et al., 1988; Edmond et al., 1982, 1979; Kadko and 
Moore, 1988; Turekian and Cochran, 1986). The 223Ra and 224Ra activities presented in this 
study are similar to values previously observed on the North Cleft of the JDFR and the 
Reykjanes Ridge.  

There is a wide range of variability among the high-temperature samples, though here we 
only present 228Ra and 226Ra data from studies that included at least one short-lived Ra isotope. 
Radium-226 activities between 2.40 – 89.1 dpm L-1 and 12.6 – 16.6 dpm L-1 have been observed 
on the JDFR and MAR, respectively (Kadko, 1996; Kadko and Butterfield, 1998; Rudnicki and 
Elderfield, 1992), while 228Ra activities between 2.03 – 62.87 dpm L-1  have been recorded on 
the JDFR (Kadko and Butterfield, 1998; Kadko and Moore, 1988). Some of the variability in 
activities may be explained by the surrounding basalt composition; Kadko and Butterfield (1998) 
found that basalts on the southern JDFR were more enriched in 226Ra than those on the 
Endeavour segment, a reflection of the basalt age. Two samples collected 11 years apart from the 
Dudley high temperature vent contained virtually the same activities of 228Ra and 226Ra. 
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To correct for the effects of dilution and secondary precipitation reactions, we normalize 
the shorter-lived Ra isotopes to the longer-lived isotopes (Fig. 3). In high temperature fluids 
(excluding Clam Bed), the 224Ra/228Ra activity ratio was near one, while in low temperature 
fluids most of the observed 224Ra/228Ra activity ratios were elevated– up to 5.5 at the HRF of the 
Endeavour Segment (Fig. 3a). At the Clam Bed site, where diffuse flow was observed at a small 
white smoker, the activity ratio was 14. In contrast, the low temperature sample collected on the 
Puna Ridge had the lowest 224Ra/228Ra activity ratio, 0.25. 

The 223Ra/226Ra activity ratios measured on the JDFR, Puna Ridge, and Axial Seamount 
fell between 0.048 – 0.084, similar to previous measurements of 0.016 – 0.044 on the Reykjanes 
Ridge (Kadko et al., 2007). In these samples there is no clear distinction between high- and low- 
temperature fluids. In contrast, samples collected at the Baby Bare Seamount exhibit 223Ra/226Ra 
activity ratios of 0.19 – 0.41, significantly higher than the values observed in other vent fluids. 

The residence time of high temperature fluid in the crust is on the order of years (Kadko 
and Butterfield, 1998; Kadko et al., 2007), which is long enough to allow secular equilibrium 
(activity ratio = 1) to develop between 224Ra and 228Ra during transit to the surface. This assumes 
that 228Th is not significantly redistributed within the crust and that the 232Th source for 228Ra is 
proximal. In the case of 223Ra/226Ra, the expected vent fluid ratio is the MORB 231Pa/226Ra ratio, 
which is typically between 0.02 – 0.11 (Bourdon et al., 2000; Lundstrom et al., 1999; Lundstrom 
et al., 1998; Sims et al., 2002). In addition to the 231Pa already present in the basalt, it has been 
noted that 231Pa from seawater may be deposited on mineral surfaces during hydrothermal 
circulation; this would lead to circulating fluids enriched in 227Ac and 223Ra (Kipp et al., 2015; 
Moore et al., 2008). This process could explain the existence of fluid 223Ra/226Ra ratios that are 
higher than the 231Pa/226Ra ratios observed in MORB. Alternatively, if the subsurface fluid 
residence time is short compared to the half-lives of 228Ra and 226Ra, then the recoil input of the 
short-lived isotopes would exceed that of the long lived isotopes, resulting in fluid 223Ra/226Ra 
and 224Ra/228Ra ratios well above those of the solid source. If the primary radium input 
mechanism is weathering and dissolution of radium-rich phases, the activity ratios may be lower 
than the solid source ratio (Hammond et al., 1988). Because the activity ratios observed here are 
similar to those expected in the basalt, we cannot conclude which process dominates the release 
of Ra in this system. 

The distinction between the activity ratios in Baby Bare and ODP Hole 1026B fluids 
versus on-axis low-temperature fluids suggests that different processes are controlling the short-
lived isotope enrichments at these locations. At the Baby Bare and ODP sites, both the 
224Ra/228Ra and 223Ra/226Ra activity ratios are elevated, while the low-temperature samples 
collected from the Main Endeavour Field and the Axial Seamount only exhibit elevated 
224Ra/228Ra activity ratios. There are multiple mechanisms that could lead to 224Ra/228Ra activity 
ratios greater than 1. For example, if fluid residence times are short and Ra is frequently flushed 
from the system, the shorter-lived isotopes will regenerate faster than the longer-lived isotopes 
due to their shorter half-lives (Charette, 2007); in this scenario both the 224Ra/228Ra and 
223Ra/226Ra activity ratios will be elevated. Alternatively, some of the 228Ra in circulating fluids 
may become sorbed to the vent walls or precipitated along the flow path, reducing the 228Ra 
activity in solution; this sorbed 228Ra would then decay to produce 228Th, which would remain 
adsorbed, and 224Ra, which would be added back into circulating fluids through recoil. Because 
the half-life of 224Ra is short and sorption is slow, it is unlikely that 224Ra would be removed by 
sorption before decay. Thus 224Ra/228Ra ratios greater than 1 could be the result of significant 
228Ra sorption or precipitation, and efficient 224Ra recoil. The final mechanism that could 
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increase 224Ra/228Ra activity ratios is fluid transport of 228Th with high sorption in the final 
portion of the flow path. Any 228Th that is introduced to the walls of the final path would produce 
224Ra, which could be recoiled in to circulating fluids and result in fluid 224Ra activities greater 
than those that would be produced by in situ 228Ra decay alone. However, due to the high particle 
affinity of 228Th, it is unlikely that this isotope would be carried to the end of the flow path 
without being sorbed during transport. 

The Baby Bare outcrop and ODP Hole 1026b are located on 3.5 million year old crust 
100 km to the east of the Juan de Fuca Ridge. At this location, a hydrothermal siphon acts to 
move water from the Grizzly Bare outcrop through a crustal aquifer to the Baby Bare outcrop 
(Fisher et al., 2003; Wheat et al., 2000; Winslow et al., 2016; Winslow and Fisher, 2015). As 
water moves through the aquifer and accumulates soluble Ra, the 223Ra and 224Ra in the aquifer 
will regenerate faster than 228Ra and 226Ra due to their shorter half-lives (Charette, 2007). This 
leaves the circulating fluids with 223Ra/226Ra and 224Ra/228Ra activity ratios well in excess of the 
rock ratio, as described in the first scenario outlined above. The similarity of values for ODP 
Hole 1026B fluids suggests similar processes are occurring at that site. 
 The other low-temperature samples shown in Figure 3 were diffuse flows collected on the 
Puna Ridge and at the Dudley Edifice (MEF), the Easter Island area (MEF), and Bag City area 
(South Rift Zone, Axial Seamount). The Puna Ridge sample does not exhibit elevated 
224Ra/228Ra or 223Ra/226Ra activity ratios, while the Dudley, Easter Island, and Bag City samples 
have elevated 224Ra/228Ra activity ratios, but do not exhibit high 223Ra/226Ra activity ratios. We 
propose that for the latter group, elevated 224Ra/228Ra ratios are acquired through the second 
mechanism outlined above as fluids percolate through sulfates in the near sub-surface prior to 
venting. Hydrothermal sulfates are enriched in Ra through barite co-precipitation (Reyes et al., 
1995; Stakes and Moore, 1991). Circulating fluids will become preferentially enriched in 224Ra 
over 223Ra because 224Ra has a Ra parent (228Ra) that accumulates in the barite. Radium-228 
decays to produce 228Th, which is insoluble and remains adsorbed to the mineral surface, even if 
sulfates are replaced by sulfides (Stakes and Moore, 1991). The adsorbed 228Th then decays to 
produce 224Ra, which is solubilized through recoil and diffusion. Circulating fluids acquire a high 
224Ra/228Ra ratio because (1) after the mineral structures have been flushed with fluids the 
shorter-lived 224Ra will regenerate faster than 228Ra, similar to the aquifer system described 
above, and (2) mobilization of 228Ra during the replacement of sulfates with sulfides will leave 
sulfide structures enriched in 228Th (and 224Ra) over 228Ra. In contrast, we do not expect barite to 
be a source of 223Ra because the larger charge and smaller atomic radius of Ac (3+, r = 111 pm) 
make this element less likely than Ra (2+, r = 148 pm) to substitute for Ba (2+, r = 142 pm) in the 
crystal structure, although the mechanisms of REE enrichment in barite may not depend solely 
on co-precipitation (Guichard et al., 1979). We therefore assume there is no production of 223Ra 
in barite, and any initial 223Ra would have long since decayed, thus the 223Ra/226Ra ratio of 
hydrothermal fluids that circulate through sulfates will be preserved.  
 The 224Ra/228Ra activity ratio measured at Clam Bed is much higher than any of the other 
vent fluid samples (223Ra was not measured). Clam Bed is an isolated vent field located between 
the Main Endeavour and High Rise vent fields, and is characterized as a lower temperature 
(sample was 262°C) white smoker surrounded by barite-rich structures (Reyes et al., 1995). This 
sample was collected from within a bed of tubeworms immediately after the ROV broke off the 
top of a spire, allowing fluid to flow freely. In spite of the care taken to collect the fluid sample it 
contained over 40% seawater, based on the Mg2+ concentration. A second sample from the same 
spire collected a few minutes later contained virtually 100% seawater; 224Ra and 228Ra were 
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below detection. We suspect that 228Th was enriched on the surface of the tubeworms and 
surrounding barite due to continued decay of sequestered or possibly precipitated 228Ra. This 
would produce relatively high activities of 224Ra in the seawater initially surrounding the 
tubeworms. When flow was initiated by breaking the spire, the first sample collected contained a 
large fraction of seawater enriched in 224Ra; however, the second sample only contained fresh 
seawater that had not been in contact with the tubeworms or barite long enough to acquire an 
elevated 224Ra signal. Because the sample may represent secondary enrichment of 224Ra, we omit 
it from our discussion of endmembers. 
 In high-temperature hydrothermal systems, Mg is quantitatively removed from solution 
(e.g. Bischoff and Dickson, 1975; Mottl, 1983); thus, Mg concentration can be used to determine 
the high-temperature end-member trace element concentrations (Von Damm et al., 1985). By 
examining the Ra activity ratios in samples collected at high temperatures (>250°C) containing 
low Mg (<20 mM), we can establish typical 224Ra/228Ra and 223Ra/226Ra activity ratios that we 
would expect to find in high-temperature vent fluids (Fig. 4). Three of the samples collected 
along the Cleft Segment of the JDFR by Kadko and Butterfield (1998) do not have 
accompanying temperature data but are included as examples of endmember ratios because the 
low Mg concentrations in these samples indicate that they likely represent high temperature vent 
fluids. The average 224Ra/228Ra activity ratio was 1.1±0.5 (1σ, n = 14), which is consistent with 
the long residence time of circulating fluids in MORB discussed earlier. While the composition 
of the crust does differ along ridges, our assumption is that because 224Ra and 228Ra are from the 
same decay series, fluid residence time in the crust, not host rock geochemistry, should be the 
main driver of the vent fluid ratio. Mineral precipitation of phases such as barite may sequester 
some 228Ra from circulating fluids, and subsequent alpha recoil of 224Ra progeny may cause fluid 
ratios of 224Ra/228Ra greater than 1; however, this appears to be more important in low-
temperature systems, as highlighted above. 

There are fewer data for the 223Ra/226Ra activity ratio, but the observed ratios of 0.044 
and 0.073 are similar to the 231Pa/226Ra activity ratio in MORB, suggesting that the ratio of these 
two Ra isotopes in hydrothermal fluids is controlled mainly by the surrounding basalt 
composition. More measurements of the 223Ra/226Ra activity ratio at vent sites in different 
geological settings are necessary to better constrain this ratio in different rock compositions.   
 
2.3.2 Radium in neutrally buoyant plumes 
 
2.3.2.1 Particulate radium activities 
 

Particulate 226Ra in the TAG neutrally buoyant plume at station 16 on GA03 was 0.01 ± 
0.01 dpm 100L-1 at 3400 m, 0.04% of the dissolved 226Ra activity at this depth. Particulate 226Ra 
in the plume emanating from the EPR at station 20 on GP16 ranged from 0.004 ± 0.002 dpm 
100L-1 (above the neutrally buoyant plume) to 0.019 ± 0.001 dpm 100L-1 (in the core of the 
plume). We were not able to detect particulate 228Ra due to the low activities, however we expect 
that its solid-solution partitioning would be on the same order as 226Ra. These activities are 0.02 
– 0.06% of the dissolved 226Ra measured on the corresponding fiber samples (Fig. 5). Because 
particulate 226Ra was <0.1% of dissolved 226Ra for all samples measured, we consider the 
scavenging of Ra on particles in the far-field plume to be a negligible loss of Ra. However, we 
recognize that we may be underestimating the importance of this process because our analytical 
method does not detect 226Ra locked within crystal lattices.  
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 The suspended particles (1-51 µm) in the neutrally buoyant plumes sampled at these two 
stations were primarily Fe-oxyhydroxides (52% at station 16 on GA03, Lam et al., 2015; ~60% 
at station 20 on GP16, Lam et al., 2018) and were not highly enriched in Mn-oxides (no MnO2 
enrichment at station 16 on GA03, Lam et al., 2015; <10% at station 20 of GP16, Lam et al., 
2018). Radium has a high affinity for Mn-oxides (Moore and Reid, 1973; Reid et al., 1979), but 
is not scavenged to a significant degree by Fe-oxyhydroxides (Moore and Reid, 1973); hence, the 
low particulate activities of Ra are thus consistent with the composition of the plume particles at 
these two stations. 
 When hydrothermal fluids are vented, some Ra will be removed from the plume through 
co-precipitation with barite (Reyes et al., 1995; Stakes and Moore, 1991) and scavenging on to 
Mn-oxides (Moore and Reid, 1973; Reid et al., 1979). If the Ra removal is rapid compared to the 
isotope decay rate, this will lower the activities of Ra isotopes in vented hydrothermal fluids, but 
not affect the Ra isotope activity ratios because these precipitation and scavenging reactions are 
unlikely to result in isotope fractionation. 
 
2.3.2.2 Dissolved radium activities 
 

Elevated activities of Ra isotopes were measured in the neutrally buoyant plume emanating 
from the TAG hydrothermal vent field on the MAR (Fig. 6; Charette et al., 2015). The decreased 
light transmission and increased 3Hexs at 3300 – 3400 m indicate the influence of the neutrally 
buoyant hydrothermal plume at this depth (Fig. 6a; 3Hexs measured by Jenkins et al., 2014). The 
shorter-lived 223Ra and 224Ra activities (Fig. 6b) are those measured in excess of their parent 
radionuclides, 227Ac and 228Th, respectively. Hydrothermal 228Ra activities (Fig. 6c) were 
calculated by subtracting the average background 228Ra activity from nearby off-axis stations 
(0.12 ± 0.14 dpm 100L-1, 1σ, n = 45). We assumed the background 228Ra activity to be constant 
and did not propagate the standard deviation with the measurement errors on individual samples. 
Unlike 228Ra, deep ocean 226Ra activities are largely controlled by water mass mixing. Therefore, 
hydrothermal 226Ra activities (Fig. 6c) were determined by interpolating the expected 226Ra 
activity at the depth of the plume (based on samples above and below the hydrothermal 
influence) and subtracting this value from the observed activities. To account for the error in the 
interpolation, a 25% error was assigned to hydrothermal 226Ra activities. When compared to the 
transmissometry and 3Hexs profiles, the hydrothermal Ra anomalies appear about 100 m deeper 
in the water column; this may be due to cast-to-cast variability in the plume height (Rudnicki et 
al., 1994 showed that the neutrally buoyant plume at TAG can vary by as much as 150 m over a 
9 hour period) or to the lower sampling resolution of the pump casts (16 depths for pumps v. 24 
depths for other tracers). 

The Ra profiles indicate clear hydrothermal influence on 224Ra, 228Ra, and 226Ra, while a 
strong benthic source of 223Ra obscures any hydrothermal signal of this isotope. It has recently 
been shown that 227Ac, the parent of 223Ra, is enriched in hydrothermal vent fluids (Kipp et al., 
2015); scavenging of 227Ac and 231Pa onto plume particles and subsequent deposition along the 
ridge could act as a source of 223Ra and explain the unusually high benthic activity of this 
isotope.  

Hydrothermal influence is also apparent on the profiles of Ra measured over the EPR (Fig. 
7). The patterns of light transmission and 3Hexs (Fig. 7a; 3Hexs measured by Jenkins et al., 2018) 
indicate the presence of a neutrally buoyant hydrothermal plume between 2400 and 2500 m. The 
background 228Ra activity in this basin (based on stations to the east of the ridge) was 0.048 ± 
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0.029 dpm 100L-1 (1σ, n = 13). Similar to the MAR, the background corrected long-lived 228Ra 
and 226Ra were enriched in the neutrally buoyant plume (Fig. 7c), however at this station there 
was a measurable anomaly in 223Ra, while any potential hydrothermal input of 224Ra was 
obscured by (1) an apparent large benthic source of this isotope and (2) plume ages that were 
significantly longer than its mean life (Fig. 7b).  
 
2.3.3 On-axis plume dynamics 
 

Normalizing 224Raxs in the core of the TAG plume to the long-lived 228Ra to correct for 
mixing loss, combined with an estimate of the 224Ra/228Ra activity ratio in endmember vent fluid 
(from section 2.3.1), allows for the calculation of the time elapsed since venting (t), assuming the 
flow path is continuous and steady state: 
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is the activity ratio in the undiluted vent fluids, and λ224 is the 224Ra decay 

constant. Because high-temperature vent fluids become diluted with surrounding ambient 
seawater as the plume rises, the 224Ra/228Ra ratio in the plume was calculated using the excess 
activities of these isotopes. Vent fluid Ra isotope measurements were not made during the GA03 
transect so we use the values from section 2.3.1. Because 224Ra and 228Ra are from the same 
decay series and should be in secular equilibrium in vent fluids, we assumed that the 224Ra/228Ra 
activity ratio in TAG fluids is similar to fluids collected from other vents (Figure 4a, section 
2.3.1).  

Using a vent fluid 224Ra/228Ra activity ratio of 1.1±0.5, and the 224Raxs/228Ra ratio of 0.38 ± 
0.32 observed at 3400 m above TAG, the age of the plume at the time of sampling was estimated 
to be 2.7 – 7.5 days old (Fig. 8a). The range in this value reflects the uncertainty in the starting 
vent fluid activity ratio, but the measurement error on the ratio observed in the neutrally buoyant 
plume could also lead to slightly younger or older ages. This relatively young age is consistent 
with the location of our sampling station, which was 0.15 km northeast of the TAG active 
mound. On the MAR, the high axial valley walls can restrict the lateral movement of the 
neutrally buoyant plume (German and Von Damm, 2006; German et al., 1998); as a result, some 
aged hydrothermal material can be recycled in the plume and mixed with new, young 
hydrothermal fluids (German and Sparks, 1993). If older material were recycled in the plume it 
would have a low 224Raxs/228Ra ratio and therefore an older apparent age. This process does not 
appear to have been important for the TAG samples. Unfortunately a large benthic source of 
223Raxs (Kipp et al., 2015) obscured the hydrothermal signal of this isotope to the point that the 
plume 223Raxs/226Ra was higher than the initial vent fluid ratio. Hence, this Ra isotope pair may 
not be used as a further constraint on the TAG plume age.  

For the EPR plume, we applied the 223Raxs/226Ra activity ratio because there was no 
discernable hydrothermal 224Raxs anomaly. The few measurements of the 223Ra/226Ra ratio in 
high-temperature fluids were made on the Reykjanes Ridge and JDFR, but the similarity of these 
ratios to 231Pa/226Ra ratios observed on the EPR (~0.04; Bourdon et al., 2000; Lundstrom et al., 
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1999; Sims et al., 2002) suggest that these values represent a reasonable range of initial 
223Ra/226Ra ratios for EPR vent fluid. Using these two values (0.044 and 0.073), and the 
223Raxs:226Ra activity ratio of 0.010 ± 0.009 observed at 2400 m over the EPR, the age of the 
plume was estimated to be 24 – 32 days old (Fig. 8b). This is consistent with the lack of 224Raxs, 
which would have decayed below background by ~5 half-lives or ~18 days. Further, unlike the 
MAR, EPR plumes are not confined to the axial valley (Fitzsimmons et al., 2014; German and 
Von Damm, 2006; Klinkhammer and Hudson, 1986; Resing et al., 2015; Wu et al., 2011) such 
that age calculations are less likely to be biased by the presence of younger material. If the 
neutrally buoyant plume was moving laterally at a rate of 0.2 – 0.5 cm s-1 (Hautala and Riser, 
1993), then an age of 24 – 32 days indicates that the plume was sampled 4 – 14 km from the site 
of venting.  

 
2.3.4 Off-axis plume dynamics 
 
2.3.4.1 Spreading rate of the neutrally buoyant plume originating on the EPR 
 

The longer half-life of 228Ra makes this isotope an appropriate tracer of off-axis plume 
dynamics. The 228Ra activities between 2450 – 2550 m in the GP16 plume were used to 
determine the rate at which the neutrally buoyant plume was transported away from the ridge 
(Fig. 9). To correct for the effects of dilution and mixing, the activities of 228Ra were normalized 
to 3Hexs (measured by Jenkins et al., 2018) and each was corrected for its respective background 
concentration in the deep Pacific.  The spreading rate of the neutrally buoyant plume was then 
determined from the slope of the exponential curve of the 228Ra/3Hexs ratio, as shown in Equation 
2:  
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background-corrected ratio at a distance, x, from the ridge, and the slope, b, represents the 228Ra 
decay constant (λ228) divided by the velocity of the spreading plume (ν), as shown in Equation 3: 
 

  b = !!!"
!

       (3) 
 

The curve fits were weighted by the measurement error on the individual 228Ra activities. 
The GP16 transect was designed to follow the hydrothermal signal emanating from the 

EPR, so it is difficult to determine the background concentrations of these species based on data 
from this transect alone. Further, to the west of the ridge, 228Ra was only measured within the 
core of the plume. As a test of the model’s sensitivity to the background correction, we examined 
model results under a range of background assumptions for both 228Ra and 3Hexs. Given the net 
westward transport of the plume in this region (Lupton, 1998), the 3Hexs concentrations to the 
west of GP16 may be considered the minimum 3Hexs background. Station 245 (18.58°N, 
167.58°E) on the World Ocean Circulation Experiment section P21 (1994) was located 
approximately 4400 km west of GP16 station 36; the 3Hexs concentration at this station was 
0.677 ± 0.009 fM (Millero et al., 1994). To our knowledge there are no available measurements 
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of 228Ra in the deep western Pacific, however 228Ra should not vary much in the deep ocean 
interior away from benthic and coastal inputs. Consequently, the minimum 228Ra activity 
observed between 1000 – 3000 m to the east of the ridge (GP16 stations 11-17) was used as the 
minimum background 228Ra activity (0.023 ± 0.023 dpm 100L-1; observed at 2250 m at station 
11). As there was no measurable analysis blank (see Section 2.2.1), this background 228Ra is 
likely derived from benthic inputs that have been transported vertically through mixing or 
laterally from topographic highs to the north and south of the transect. The background 228Ra 
supported by water column 232Th decay alone is negligible since deep ocean 232Th activities are 
10-4 dpm 100L-1 (Roy-Barman et al., 1996). The maximum possible background concentrations 
of 3Hexs and 228Ra are the lowest concentrations observed in the plume; the 3Hexs concentration at 
2500 m at station 36 was 1.040 ± 0.005 fM, and the lowest 228Ra activity in the measured plume 
samples was 0.066 ± 0.024 dpm 100L-1 at station 23. Finally, as an estimate of the local 
background, we used the average values to the east of the ridge that do not appear to have been 
hydrothermally influenced:  3Hexs and 228Ra between 1000 – 3000 m at stations 11- 17 (0.91 ± 
0.08 fM and 0.048 ± 0.029 dpm 100L-1 (1σ), respectively). 

The 228Ra/3Hexs ratio after making each of the three background corrections (referred to 
hereafter as “min”, “max”, and “east”) was highest over the ridge crest at station 18, and 
decreased away from the ridge due to decay of 228Ra (Fig. 10). However, approximately 1300 km 
from the EPR, there was an increase in 228Ra/3Hexs, Fe and Mn (Resing et al., 2015), suggesting 
an additional input of younger hydrothermal material at this location. This finding is supported 
by the abundance of hydrothermal vents on this ridge crest and the prevailing westward currents 
at this latitude (Hautala and Riser, 1993; Lupton, 1998; Talley and Johnson, 1994). Further, the 
multitude of hydrothermal plumes near 15°S are known to be focused by the deep circulation 
patterns into one westward moving jet (Lupton, 1998). The 231Pa/230Th activity ratio was also 
elevated at stations 25 and 26 compared to adjacent stations, indicating an input of younger 
plume material (Pavia et al., 2016). The apparent younger tracer signals at station 25 indicate that 
a 1-D steady-state approach may not be applicable for the entire section west of the ridge crest. 
We therefore use only the stations <1000 km from the ridge to calculate the spreading rate of the 
neutrally buoyant plume.  

When the minimum background concentrations of 3Hexs and 228Ra were assumed, the 
plume spreading rate was 0.40 cm s-1 (r2 = 0.50); using background concentrations to the east of 
the ridge yielded a similar rate (0.25 cm s-1, r2 = 0.63). When the maximum background 
concentrations were used in the model, the spreading rate was slower, 0.08 cm s-1 (r2 = 0.88). 
These values are in reasonable agreement with RAFOS floats, which recorded westward 
transport of 0.3 cm s-1 (Lupton and Jenkins, 2017), and numerical physical models that predict 
current speeds of 0.2 – 0.5 cm s-1 at this depth and latitude (Hautala and Riser, 1993). In 
addition, these results agree well with a spreading rate of 0.37 cm s-1 reported by Hammond et al. 
(2016) using 227Ac measurements from GP16. Although the coarse resolution of our sampling 
does not allow the calculation of definitive spreading rates along the entire transect, the 228Ra 
distributions clearly indicate the presence of multiple hydrothermal plumes along the GP16 
track. 

 
2.3.4.2 Residence time of Fe in the off- axis plume originating on the EPR 
 

We examined the relationship between Fe and 228Ra in samples collected in the neutrally 
buoyant plume up to 2200 km away from the EPR during GP16 (Fig. 11; Fe from Resing et al., 
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2015). The data coalesce into two groupings: (1) high Fe concentrations and 228Ra activities 
within 100 km of the ridge crest and (2) lower concentrations over 100 km from the ridge. The 
concentrations of Fe and activities of Ra in the near-field plume are significantly greater than 
those in the far-field plume at the 95% confidence level (p < 0.05).  

To assign a time-scale to Fe removal from the plume, the apparent 228Ra-derived age of the 
plume at a given distance from the ridge crest can be calculated using the same approach as for 
224Ra in Equation 1, where the 228Ra/3Hexs ratio in the neutrally buoyant plume over the ridge is 
taken as the initial ratio. Because the 228Ra tracer operates on time scales of years, decay during 
transport along the ridge is unlikely to appreciably affect the initial 228Ra/3Hexs ratio, but 
variation in the 228Ra/3Hexs ratio between vents would impact the calculated rate. To our 
knowledge, no studies have examined the variation in this ratio along a ridge. Kadko and 
Butterfield (1998) examined the 228Ra/226Ra activity ratio of vent fluids along the JDFR and 
found that the activity ratio was similar in samples separated by <1.5° of latitude, but was more 
variable over greater distances. We also assume that the 228Ra/3Hexs ratio in vent fluids is 
constant through time; previous measurements of 228Ra on the JDFR and Reykjanes Ridge 
provide evidence that the 228Ra activity of the same vent is consistent on time scales <10 years 
(Table 1; Kadko and Butterfield, 1998; Kadko et al., 2007), although longer time series and 
accompanying 3Hexs concentrations are not available.  

The 228Ra-derived ages for GP16 stations west of the EPR under the three background 
assumption scenarios are reported in Table 2. Because the 228Ra/3Hexs ratio at station 18 is being 
used as the initial ratio, the age of station 18 in all cases is assumed to be zero. At station 20, the 
plume is estimated to be 2.4 – 5.5 years old, and at station 21 the plume age is 5.2 – 11.1 y. In 
the max background case, the 228Ra activity at station 23 was used as the background activity, 
thus the hydrothermal 228Ra at this station is zero and an age cannot be calculated (but must be 
greater than ~25-30 years). However, the min and east background assumptions suggest that the 
age at this station may be as young as 5.5 – 9.0 years.  

The age of the plume at stations 25 and 28 is surprisingly young given the distance of these 
stations from the ridge crest. For example, at station 25, located ~1350 km from station 18, the 
plume is estimated to be 2.7 – 5.4 years old; if this material was transported directly from station 
18, current speeds of 0.8 – 1.6 cm s-1 would be required. While currents along the JDFR and the 
southern EPR (>25°S) may reach speeds greater than 1 cm s-1 (Cannon et al., 1991; Fujio and 
Imasato, 1991), those near 15°S are not expected to be above 0.5 cm s-1 (Faure and Speer, 2012; 
Hautala and Riser, 1993; Johnson and Talley, 1997). It is therefore likely that some of the 
hydrothermal material was sourced from a different vent; further, we cannot rule out that such a 
vent had a different initial 228Ra/3Hexs ratio. Because the age of the plume at these stations is 
likely an underestimate, we exclude stations 25 and 28 from our discussion of the far-field Fe 
removal trends below. 

Rapid near-field removal is most apparent when Fe (normalized to 3Hexs) is plotted against 
the 228Ra-derived plume age (Fig. 12). The dichotomy between the steep slope of the Fe-age 
relationship in the young plume and the shallower slope in the older plume suggests that there 
are different removal processes with contrasting removal rates acting on Fe in the near- and far- 
field plumes. The Fe concentrations used in the Fe/3Hexs ratios have been corrected for the 
background concentration of Fe in the deep Pacific using the same approaches as those described 
above for 228Ra and 3Hexs. The minimum background concentration was assumed to be 0.42 ± 
0.04 nM; this is the lowest concentration of Fe observed between 1000 – 3000 m to the east of 
the EPR (measured at 2400 m at station 11), and is similar to the minimum Fe concentrations 
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observed in the deep North Pacific (Boyle et al., 2005; Bruland et al., 1994). The maximum 
possible background concentration is assumed to be the concentration observed at 2500 m at 
station 36: 0.61 ± 0.06 fM. The average concentration to the east of the ridge was 0.70 ± 0.13 fM 
(1σ), but because this concentration is higher than at station 36, 0.61 fM was used in both the 
max and east background corrections.  

If Fe behaved conservatively in the plume, both Fe and 3Hexs would be lost at the same rate 
and the Fe/3Hexs ratio would remain constant through time. Alternatively, if Fe was lost to 
scavenging as well as dilution, the Fe/3Hexs ratio would decrease with time (Saito et al., 2013). 
Though Resing et al. (2015) suggested that the basin-scale hydrothermal plume Fe was being 
transported in a conservative manner, even the far-field samples show a trend of decreasing 
Fe/3Hexs with age, indicative of a slow Fe removal process from the large-scale plume. The time 
scales provided by Ra isotopes allow us to discern Fe loss that was not evident based on 
concentration data alone, because slow removal may not cause a significant deviation from the 
apparent linear relationship between Fe and 3Hexs. Assuming first order kinetics, the removal rate 
of Fe from the neutrally buoyant plume may be calculated using the relationship between the 
natural logarithm of the Fe/3Hexs ratio and plume age: 
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is the ratio at year t, and k is the removal rate. The trendline for this linear relationship 

was calculated using a weighted total least squares technique that considers the errors in both 
coordinates (Krystek and Anton, 2008). This technique considers equal weights in the positive 
and negative directions, however the errors on the natural log of the 228Ra/3Hexs relationship are 
slightly larger in the positive direction, so equally weighted errors were determined for this 
calculation using the approximation δln(x) = δx/x. The removal rate can then be used to 
determine the Fe residence time (τ) using Equation 5: 
 

τ = 1/k        (5) 
 
Using this approach, the removal rate of Fe from the far-field plume (>100 km from ridge) was 
determined to be 0.12 y-1, 0.021 y-1, and 0.044 y-1, under the min, max, and east background 
conditions, respectively. These removal rates correspond to Fe residence times of 9 y, 50 y, and 
20 y, which are lower than typical deep ocean residence times for Fe (70 – 270 y; Bruland et al., 
1994; Bergquist and Boyle, 2006). In the max background condition, we assume that the species 
in the plume will not be diluted below the concentrations we observed on GP16; this is likely an 
overestimate of the actual background concentrations, so we consider the residence time of 50 y 
to be an upper limit. Thus our best estimate of the Fe residence time in the far-field plume is 9 – 
20 y. 

The removal rates in the near-field plume were also determined using the relationship 
between the Fe concentrations at stations 18 and 20, and were found to be 0.42 y-1, 0.28 y-1, and 
0.34 y-1, under the max, min, and east background conditions, respectively. The resulting 
residence times of 2 y, 4 y, and 3 y carry significant uncertainty due to the large decrease in Fe 
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concentration between adjacent stations and should therefore be considered upper limits; 
however, these results are similar to estimates for scavenging removal of Fe in the surface ocean 
(2 – 13 y, Landing and Bruland, 1987). 
 Possible mechanisms for Fe removal from the neutrally buoyant plume include 
scavenging removal of dissolved Fe and sinking of colloidal Fe. In the deep Pacific, Fe may 
continue to be oxidized and scavenged well after the plume reaches neutral buoyancy (Field and 
Sherrell, 2000; Fitzsimmons et al., 2014). Recent studies have also shown that Fe may be 
stabilized in neutrally buoyant plumes by ligands and colloids (Bennett et al., 2008; Fitzsimmons 
et al., 2015; Fitzsimmons et al., 2014; Gartman et al., 2014; Hawkes et al., 2013; Sander and 
Koschinsky, 2011; Yücel et al., 2011); the slow sinking and/or aggregation of these colloids 
would remove dissolved Fe from the plume but not necessarily the water column over the scale 
of our study, depending on mean sinking velocities.  

The speciation of colloidal Fe in the GP16 plume was dominated by Fe-oxyhydroxides 
near the ridge axis and organic complexes in the far- field plume (Fitzsimmons et al., 2017). 
Assuming Stokesian settling, over the 15 year time scale considered here, the largest Fe-
oxyhydroxide colloids (0.2 µm, ρ = 4.25 g/cm3) would only sink ~20 m; for the lighter 
organically-complexed colloids sinking would be negligible over this time scale. Fitzsimmons et 
al. (2017) have suggested that organically- complexed colloidal Fe in the off-axis plume 
reversibly exchanges with slowly sinking particulate Fe species; this is more likely to be the 
process that drives the slow removal of dissolved Fe from the core of the plume.  
 A better understanding of the mechanisms controlling Fe removal from neutrally buoyant 
plumes is essential in constraining the hydrothermal Fe source to the deep ocean. Assuming 
conservative behavior of Fe in the far-field plume, Resing et al. (2015) estimated that 
hydrothermally sourced Fe may support between 15 – 30% of primary production in the 
Southern Ocean. Rates derived from Ra isotope distributions here indicate that this may be an 
overestimate, which should be considered in future iterations of Fe transport models in the deep 
ocean. 
 
2.4 CONCLUSIONS 
  
 Radium enrichments in hydrothermal fluids make these isotopes valuable tracers of 
hydrothermal processes on time scales of days to decades. Short- to long- lived Ra activity ratios 
in neutrally buoyant plumes, combined with the activity ratios measured in low-Mg high-
temperature vent fluids, have been applied to determine the time elapsed since hydrothermal 
fluids were vented.  

In high temperature vent fluids (>250°C), the 224Ra/228Ra activity ratio was close to 1, 
suggesting that the residence time of fluids in the crust is long enough (on the order of years) to 
allow these isotopes to reach secular equilibrium. The 223Ra/226Ra in high temperature fluids was 
similar to the expected 231Pa/226Ra activity ratios in MORB, however the scarcity of data 
highlights the need for additional measurements of this ratio. Using the average 224Ra/228Ra vent 
fluid ratios as an initial value, the age of the near field plume at the TAG vent field on the MAR 
was found to be approximately 5 days, reflecting the proximity of the sampling location to the 
active mound. Over the EPR, 223Ra/226Ra activity ratios were used to determine that the age of 
the neutrally buoyant plume was on the order of a month, indicating that the sampling occurred 
4-14 km away from the location of venting. Combined with measurements of trace metals in 
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endmember vent fluids and the plume, this method has the potential to be a powerful tool for 
determining the removal rates of metals in the near-field plume.  
 Using the 228Ra-derived age of a basin-scale, off-axis plume emanating from 15°S on the 
EPR, the residence time of hydrothermal Fe was estimated to be 9 – 20 y (with an upper limit = 
50 y). The relationship between Fe and the 228Ra-derived ages indicates removal of Fe from the 
plume, contrary to a recent study that suggested Fe behaves conservatively during plume 
advection (Resing et al., 2015). Knowledge of the residence time of metals in hydrothermal 
plumes is vital to constraining the impact of hydrothermal inputs on global ocean trace element 
budgets as well as the ocean carbon cycle for essential micronutrients like Fe.  
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Figure 1. (a) The location of the TAG, Reykjanes, Svartsengi, and Puna Ridge vents; boxes 
labeled JDFR and EPR indicate the locations of the areas shown in detail in (b) and (c), 
respectively. (b) Vent fields on the Juan de Fuca Ridge (JDFR) that are referenced in this study. 
(c) Locations of the U.S. GEOTRACES GP16 stations (blue squares) and active hydrothermal 
vents on the Southern East Pacific Rise (EPR; red triangles). Vent locations were compiled from 
the Ridge 2000 database (www.ridge2000.org). 
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Figure 2. Activities of the four Ra isotopes in hydrothermal fluids as a function of temperature. 
1Kadko and Butterfield, 1998. 2Kadko et al., 2007. 3Moore et al., 2008. 
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Figure 3. The (a) 224Ra/228Ra and (b) 223Ra/226Ra activity ratios in hydrothermal fluids as a 
function of temperature. The dashed line in (a) is set at a 224Ra/228Ra equal to one, representing 
secular equilibrium between the two isotopes. Samples collected from Clam Bed are not shown 
because they were compromised due to seawater entrainment during sampling. 1Kadko and 
Butterfield, 1998. 2Kadko et al., 2007. 3Moore et al., 2008. 
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Figure 4. (a) The 224Ra/228Ra activity ratios observed in high temperature vent fluids as a 
function of Mg concentration. The dashed and dotted lines represent the average ratio and 
standard deviation (1.1±0.5, n = 14). (b) The 223Ra/226Ra activity ratios observed in high 
temperature vent fluids as a function of Mg. Also shown is the average basalt 231Pa/226Ra activity 
ratio observed on the EPR (dashed line). 1Lundstrom et al. (1999), Bourdon et al. (2000), and 
Sims et al. (2002). 2Kadko et al. (2007). 3Kadko and Butterfield, 1998. 
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Figure 5.  (a) Light transmission and 3Hexs, and (b) particulate and dissolved 226Ra measured at 
station 20 of GP16. 3Hexs concentrations are taken from Jenkins et al. (2018). The hatched lines 
represent the depth of the seafloor.  
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Figure 6. (a) Light transmission and 3Hexs, (b) 223Raxs and 224Raxs, and (c) 226Raht and 228Raht 
measured over TAG at station 16 of GA03. The slight increase in 226Ra, 224Raxs, and 3Hexs 
around 2000 m may be due to the stronger influence of Labrador Sea Water at this depth (see 
Jenkins et al., 2014), or possibly to influence from shallower hydrothermal inputs elsewhere on 
the ridge. 3Hexs concentrations were reported in Jenkins et al. (2014). The hatched lines represent 
the depth of the seafloor. Radium data from this station were previously published by Charette et 
al. (2015). 
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Figure 7. (a) Light transmission and 3Hexs, (b) 223Raxs and 224Raxs, and (c) 226Raht and 228Raht 
measured over the EPR at station 18 of GP16. See text for explanation of how excess and 
hydrothermal activities were calculated. The excess 226Ra observed at 2000 m is due to the 
presence of a different water mass (Peters et al., 2018), not hydrothermal influence. 3Hexs 
concentrations are reported in Jenkins et al. (2018). The hatched lines represent the depth of the 
seafloor. 
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Figure 8. Models of Ra activity ratios as a function of plume age. The age of the neutrally 
buoyant plume is calculated using endmember vent fluid activity ratios (dotted lines) and the 
observed activity ratios in the neutrally buoyant plume (solid grey lines). (a) Based on the 
224Raxs/228Raht activity ratio, the age of the plume over TAG is estimated to be 2.7 – 7.5 days. (b) 
Using the 223Raxs/226Raht activity ratio, the plume emanating from the EPR is estimated to be 24 – 
32 days old at the time of sampling. 
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Figure 9. Radium-228 activities measured in the neutrally buoyant plume on the GP16 transect. 
Because multiple samples were collected within the plume (approx. 2450 – 2550 m), the average 
activity measured at each station is shown. GP16 stations where samples were not analyzed for 
228Ra at the depth of the plume are shown as open squares and active hydrothermal vents on the 
East Pacific Rise are indicated with red triangles. Vent locations were compiled from the Ridge 
2000 database (www.ridge2000.org). 
  

   5oS 

  10oS 

  15oS 

  20oS 

  25oS 
 100oW  110oW  120oW  130oW  140oW  150oW 

0

0.05

0.1

0.15

22
8 R

a 
(d

pm
 1

00
L-1

)



	   62 

 
 
Figure 10. 228Ra/3Hexs in the neutrally buoyant plume (2450 – 2550 m) as a function of distance 
from Station 18, located over the EPR. Exponential curves fit to the 228Ra/3Hexs data are used to 
calculate current speeds, shown in the legend. The 228Ra/3Hexs ratios have been corrected for 
background concentrations of 3Hexs and 228Ra; the labels on each of the panels designate the 
method by which background concentrations were calculated (see text). Station numbers are 
shown along the top axis in grey. Samples from stations 25 and 28, shown as open symbols, were 
not included in the trendline fit. 3Hexs concentrations are taken from Jenkins et al. (2018). 
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Figure 11. Concentrations of total Fe and 228Ra in the neutrally buoyant hydrothermal plume 
from the ridge axis station to 2200 km west of the EPR. Open triangles indicate samples 
collected in the near-field plume (<100 km from the ridge crest) while solid triangles indicate 
samples in the far-field plume (>100 km from the ridge crest). Fe concentrations were taken from 
Resing et al. (2015).	  
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Figure 12. Fe/3Hexs as a function of the 228Ra-derived age. The equation of the trendline for the 
far-field samples is shown. Samples from stations 25 and 28 are not shown and were not 
included in the trendline fit. The Fe/3Hexs ratios have been corrected for background 
concentrations of 3Hexs and Fe; the labels on each of the panels designate the method by which 
background concentrations were calculated (see text). 3Hexs concentrations were measured by 
Jenkins et al. (2018), and Fe concentrations were measured by Resing et al. (2015). 
 
	  
 
 
 
 
 
 
 
 
 
 
 
 
  

0 5 10
Ra derived age (y)

0

5

10

15
Fe

 (n
M

)/ 
3 H

e xs
 (f

M
)

y = -0.24*x + 3.16

0 5 10 15 20
Ra derived age (y)

0

5

10

15

20

25

Fe
 (n

M
)/ 

3 H
e xs

 (f
M

)

y = -0.068*x + 3.86

0 5 10 15
Ra derived age (y)

0

5

10

15

20

Fe
 (n

M
)/ 

3 H
e xs

 (f
M

)

y = -0.12*x + 3.42

min max east

0 5 10
Ra derived age (y)

0.4

0.7

1

ln
( F

e/
 3 H

e xs
)

y = -0.12*x + 1.23

0 5 10 15 20
Ra derived age (y)

1

1.2

1.4

ln
( F

e/
 3 H

e xs
)

y = -0.021*x + 1.36

0 5 10 15
Ra derived age (y)

0.8

1

1.2

ln
( F

e/
 3 H

e xs
) y = -0.044*x + 1.25

min max east



	   65 

Chapter 3: Increased fluxes of shelf-derived 
materials to the central Arctic Ocean 
 
 
 
 
 
 
 
 
 
 
Abstract 
 

Rising temperatures in the Arctic Ocean region are responsible for changes such as 
reduced ice cover, permafrost thawing, and increased river discharge, which together are altering 
nutrient and carbon cycles over the vast Arctic continental shelf. Here we show that the 
concentration of radium-228, sourced to seawater through sediment-water exchange processes, 
has increased substantially in surface waters of the central Arctic Ocean over the past decade. A 
mass balance model for 228Ra suggests that this increase is due to an intensification of shelf-
derived material inputs to the central basin, a source that would also carry elevated 
concentrations of dissolved organic carbon and nutrients. We therefore suggest that significant 
changes in the nutrient, carbon, and trace metal balances of the Arctic Ocean are underway, with 
the potential to affect biological productivity and species assemblages in Arctic surface waters.  
 
 
 
 
 
 
 
 
 
 
 
 
______________________________________________________________________________ 
 
This chapter was originally published in Science Advances by AAAS in 2018 and is reproduced 
here with their permission. 

Kipp, L.E., Charette, M.A., Moore, W.S., Henderson, P.B., Rigor, I.G., 2018. Increased fluxes of 
shelf-derived materials to the central Arctic Ocean. Sci. Adv. 4. doi:10.1126/sciadv.aao1302 
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3.1 INTRODUCTION 
 

The Arctic Ocean is heavily influenced by margin sources, in part due to the wide 
continental shelves that make up over 50% of its area (Jakobsson, 2002). Rising temperatures are 
causing shifts in the Arctic system, notably permafrost thawing on land and on continental 
shelves (Luo et al., 2016), increased river discharge (Rawlins et al., 2010), and reduced ice cover 
(Serreze et al., 2007); these changes serve to increase the communication between the shelves 
and the central basin. Permafrost thaw can release solutes from previously frozen mineral soils 
into groundwater and river waters–evidence of permafrost-derived carbon has recently been 
observed in river basins of the Eurasian Arctic (Feng et al., 2013). Rivers deliver terrestrial 
material including carbon and trace metals to the coastal ocean, some of which is exported to the 
central Arctic through the Transpolar Drift (TPD) (Klunder et al., 2012; Wheeler et al., 1997). 
The loss of sea ice will enhance the influence of wind stress on river plumes and coastal waters, 
which may increase offshore transport (Williams and Carmack, 2015) and lead to upwelling 
(Carmack and Chapman, 2003) and increased turbulence over shelves. Because the transport of 
shelf-derived nutrients and trace metals to the open ocean is vital in supporting primary 
productivity, it is important to understand how shelf inputs are changing in response to these 
drivers.  

Radium isotopes are produced through the decay of naturally-occurring thorium isotopes 
in sediments. Unlike thorium, radium is relatively soluble in seawater (Key et al., 1985), hence 
short-lived radium concentrations in ocean surface waters are a first order indicator of shelf and 
margin-derived sediment-water exchange processes. Since thorium isotopes remain largely 
bound in sediments, ocean margin sediments provide a continuous source of radium, with each 
radium isotope being regenerated on a time scale determined by its half-life, such that shorter-
lived isotopes are renewed more quickly than longer-lived isotopes. Radium-228 (228Ra; t1/2 = 
5.75 y) is well suited for monitoring changes in the shelf inputs, as it can integrate over large 
spatial scales and respond to changes on sub-decadal time periods. As such, this isotope has been 
applied as a flux gauge for sedimentary trace element inputs (Charette et al., 2016), and used to 
examine the relative importance of coastal inputs to the Atlantic, Pacific, and Indian Ocean 
basins (Kwon et al., 2014). Here we use 228Ra to show that the flux of materials from shelves to 
the central Arctic has increased substantially over the last decade, indicating changes in surface 
water chemistry that could impact primary productivity in this basin.  

 
3.2 RESULTS AND DISCUSSION 
 
3.2.1 Radium-228 distribution in surface waters and comparison to historical 
studies 
 

We measured the distribution of Ra isotopes in the Arctic Ocean from the Chukchi Shelf 
to the North Pole during the 2015 U.S. GEOTRACES Arctic Transect (GN01). Surface water 
samples (2 m) were collected at 69 stations (Fig. 1), while full water column profiles were 
obtained from 20 stations (Fig. S1). The 228Ra activities measured on the Chukchi Shelf were 
similar to activities measured in 2002 (Kadko and Muench, 2005; Trimble et al., 2004); however, 
in the upper 100 m of the central basin (n = 30), 228Ra activities were higher than those observed 
in 1994 (n = 7) (Smith et al., 2003) and 2007 (n = 11) (Rutgers van der Loeff et al., 2012) (Figs. 
2, S2, S3). A period of abnormally strong and consistent cyclonic circulation conditions preceded 
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sampling in 1994 (McLaughlin et al., 1996), causing the maximum 228Ra activities to be 
observed farther south (80°N) than in 2007 and 2015 (Fig. S4). The 2015 data presented here and 
the 2007 study completed by Rutgers van der Loeff et al. (2012) are the two most extensive 
datasets of 228Ra in the central Arctic, thus we will focus on the comparison between these two 
years. 

Ice drift back-trajectories, used here as a proxy for mixed layer water mass transport 
(Alkire et al., 2007), suggest that water above 85°N originated from the East Siberian Arctic 
Shelf seas (Laptev and East Siberian Seas; ESAS) via the TPD (Figs. 1, S5) (see section 3.3). 
Radium-228 likely accumulated during the transport of water across the wide and shallow ESAS 
(Rutgers van der Loeff et al., 2003, 1995). Ice drift in 2007 followed a similar trajectory (Fig. 
S6), thus changing source waters cannot explain the difference in activities. Additionally, 
changes due to decay during transit can be ruled out since the transport time from the shelf to the 
central Arctic was similar in both years: ice back-trajectories suggest transport times of 4 – 16 
months and 8 – 18 months for 2007 and 2015, respectively, and surface water ages based on the 
ingrowth of thorium-228 (t1/2 = 1.91 y) with 228Ra suggest similar timescales of 6 – 12 months 
for 2015 and 1 - ≥3 y for 2007 (see section 3.3; Rutgers van der Loeff et al., 2012) (Fig. S7).  

A Eurasian shelf source is supported by the relationship of 228Ra with the longer-lived 
radium-226 (226Ra, t1/2 = 1600 y); this shelf endmember has a high 228Ra/226Ra ratio similar to 
that measured in the TPD (Fig. 3). A strong indication of shelf origin is also evident in the 
correlation between 228Ra and the meteoric water fraction (Fig. 2). However, this indicator of 
terrestrial freshwater input was in the same range for 2007 and 2015, thus increased river 
discharge cannot fully account for the increase in 228Ra. Therefore, the change must be due to an 
increase in the input of 228Ra from Arctic shelves.  

 
3.2.2 Sources and sinks of 228Ra in surface waters 

 
Most 228Ra present in the upper 500 m of the ocean is due to shelf inputs (Sarmiento et 

al., 1982); the 2015 Arctic Ocean 228Ra inventory for this layer is (6.8 ± 1.4) × 1023 atoms. This 
inventory was determined by multiplying the average of the individual station inventories ((7.1 ± 
1.4) × 1010 atoms m-2; Fig. S8) by the area of the Arctic as defined by Jakobsson (2002) (9.54 × 
1012 m2; see section 3.3) (Fig. S8). Because this study provides an extensive dataset of 228Ra in 
the upper water column, this inventory estimate is fairly robust. However, it is biased towards 
Western Arctic activities and could be improved with inventory measurements in the Eastern 
Arctic. 

Arctic Ocean removal processes (sinks) for 228Ra include loss via radioactive decay and 
transport from the Arctic basin. Applying the decay rate (0.12 y-1) to the 228Ra inventory yields a 
loss of 8.2 × 1022 atoms y-1 (estimated range of 6.6 × 1022 – 9.9 × 1022 atoms y-1; see section 3.3). 
The transport loss of 228Ra is estimated by dividing the inventory of 228Ra by the residence time 
of surface water, approximately 3 – 10 years (Schlosser et al., 1999). For a conservative estimate 
we use 10 years, resulting in a sink of 6.8 × 1022 atoms y-1 (5.4 × 1022 – 1.6 × 1023 atoms y-1). 
Thus the total loss of 228Ra from the surface ocean is 1.5 × 1023 atoms y-1 (1.2 × 1023 – 2.6 × 1023 
atoms y-1).  

At steady-state, the 228Ra sinks are balanced by upper ocean sources. Sediments 
transported by ice to the central Arctic basin are a potential source of 228Ra to the surface layer. 
Samples of ice containing visible sediment were collected on the GN01 transect and 228Ra 
activities were measured in the melted ice and sediment fractions (see section 3.3). The highest 
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sediment activity measured was 3.1 ± 0.3 dpm g-1 ((1.3 ± 0.1) × 107 atoms g-1) (Table S2), and 
21% of the 228Ra desorbed upon ice melting, though this percentage could vary depending on 
salinity and sediment properties. This sediment activity is similar to that measured on suspended 
and bottom sediments of the Amazon River (2 - 3 dpm g-1; Moore et al., 1995) and suspended 
sediments collected from the Mackenzie River (2.9 dpm g-1; see section 3.3). The concentration 
of ice rafted debris in the central Arctic is thought to vary between 8 – 84 t km-2 (Tucker et al., 
1999), and seasonal ice melt equals ~1.0 × 107 km2 (the average difference in September-March 
ice extent for 2010 – 2015; NOAA Sea Ice Index, Version 2). Using an average ice sediment 
concentration of 32 t km-2, and assuming 21% of the 228Ra desorbed from the sediments upon 
melting, we estimate the flux of 228Ra from ice rafted sediments to be 8.9 × 1020 atoms y-1 (1.2 × 
1020 – 4.0 × 1021 atoms y-1). Though there is significant spatial and temporal variability 
associated with this source, this input is <1% of the flux of 228Ra to the surface layer.  

Rivers supply 228Ra to the ocean through the freshwater dissolved load and desorption of 
228Ra from suspended particles in the river estuaries (Moore et al., 1995). To investigate the 
dissolved river flux of 228Ra to the Arctic, we collected bi-monthly water samples from the 
Mackenzie River in Tsiigehtchic, Northwest Territories, Canada, from April 2015 to June 2016 
(Fig. S9). The average measured 228Ra activity, 16.8 ± 3.7 dpm 100 L-1, is similar to activities 
measured in the Lena River in September 1999 (11.1 – 24.9 dpm 100 L-1) but significantly lower 
than the activity measured in the Ob River in September 1999 (40.9 ± 3.7 dpm 100 L-1) (Rutgers 
van der Loeff et al., 2003). The weighted average dissolved 228Ra in major Arctic Rivers was 
determined to be 24 ± 13 dpm 100 L-1 based on the activities and discharge of these three rivers 
(see section 3.3). Scaling this activity by total Arctic river runoff ((4.2 ± 0.42) × 1012 m3 y-1; 
Haine et al., 2015) yields a dissolved 228Ra flux of 4.4 × 1021 atoms y-1 (1.8 × 1021 – 7.4 × 1021 
atoms y-1). However, this may be an overestimate because Ra removal through flocculation 
during estuarine mixing has been observed in the Lena and Ob Rivers (Rutgers van der Loeff et 
al., 2003), in contrast to the excess 228Ra observed in the Mackenzie River estuary (Fig. S10).  

The flux of 228Ra due to desorption from riverine particles was examined through 
sampling across the salinity gradient of the Mackenzie River Estuary in June 2016. The activity 
of 228Ra measured in suspended riverine particles in the Mackenzie River was 2.9 ± 0.3 dpm g-1, 
and approximately 32% desorbed during estuarine mixing (see section 3.3) (Fig. S10). Scaling 
these values by the total sediment delivery from 13 of the largest Arctic rivers (2.8 × 1014 g y-1; 

Holmes et al., 2013) yields a river particle desorption flux of 1.1 × 1021 atoms y-1 (2.5 × 1020 – 
2.5 × 1021 atoms y-1). Thus, the total riverine source is 5.5 × 1021 atoms y-1 (2.0 × 1021 – 9.9 × 
1021 atoms y-1), or about 4% of the total surface loss terms. There are significant seasonal 
variations in 228Ra (Fig. S9) as well as river sediment and water discharge (Holmes et al., 2013), 
though they are unlikely to make Arctic rivers a major contributor to the surface 228Ra inventory. 

Inflowing Pacific and Atlantic Ocean waters supply 228Ra to the surface Arctic Ocean. 
The Pacific inflow was estimated by multiplying the 228Ra activity measured in the Bering Strait 
on the GN01 transect (7.05 ± 0.02 dpm 100 L-1; 1σ, n = 2) by the volume transport, (3.5 ± 0.3) × 
1013 m3 y-1; Woodgate et al., 2012). While the Bering Strait inflow is well constrained, 228Ra 
activities in the Bering Sea may vary seasonally as a result of physical processes over the shelf 
such as deep winter mixing. The Atlantic inflow is more difficult to constrain, but because the 
228Ra activities are relatively low, variations in this source will not significantly change its 
contribution to the surface 228Ra inventory. The addition of 228Ra from Atlantic inflow was 
determined using historical 228Ra measurements in the Greenland and Norwegian Seas (Key et 
al., 1992) (1.35 ± 0.72 dpm 100 L-1; 1σ, n =14) and a transport rate of 2.0 × 1014 m3 y-1 
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(estimated range of 1.4 × 1014 – 2.1 × 1014 m3 y-1) through the Fram Strait and Barents Sea 
(Rudels et al., 2015). Thus the total input of 228Ra through advection is 2.2 × 1022 atoms y-1 (1.4 
× 1022 – 3.1 × 1022 atoms y-1), accounting for 15% of the total 228Ra input to the surface layer.  

The combination of sources above leaves approximately 80% of the total 228Ra input 
unaccounted for (1.2 × 1023 atoms y-1, estimated range of 7.5 × 1022 – 2.5 × 1023 atoms y-1; Table 
1). The only other source with a 228Ra inventory large enough to close the 228Ra budget is 
continental margin sediments. The sharp increase in 228Ra activities observed between 2007 and 
2015 indicates that the inputs of 228Ra to Arctic surface waters are not currently in steady state; if 
shelf sediments are the major source of 228Ra to surface waters this implies radical changes in 
near-shore sediment-water exchange processes. 

 
3.2.3 Changing shelf inputs 
 

Shelf processes that could supply significant amounts of 228Ra to the water column 
include coastal erosion, permafrost thaw, and increased exchange between shelf sediments and 
overlying waters. Coastline erosion rates on the ESAS are some of the highest in the Arctic 
(Lantuit et al., 2012), and are rising due to increased storm frequency and higher air and sea 
temperatures (Günther et al., 2013). The amount of sediment added to the Arctic Ocean due to 
erosion is estimated to be 4.3 × 108 t y-1 (Stein and MacDonald, 2004). Assuming the 228Ra 
activity of coastal sediments is the same as that of the suspended sediments measured in the 
Mackenzie River (2.9 ± 0.3 dpm g-1), and that the same percentage desorbs when sediments are 
added to the ocean (32%), the amount of 228Ra added to the coastal ocean via erosion is on the 
order of 1.7 × 1021 atoms y-1. The addition of 228Ra from this process alone appears to be too 
small to close the 228Ra budget.  

Permafrost contains a reservoir of Ra that may be liberated as a consequence of 
deepening active layers (Luo et al., 2016) and a higher frequency and magnitude of coastal and 
inland thermokarst processes (Jorgenson et al., 2006; Lantz and Kokelj, 2008). The transport of 
solutes liberated through permafrost thaw has been observed on catchment wide scales (Kokelj et 
al., 2013) and could result in an increase in solute fluxes, including 228Ra, to Arctic shelf seas 
(Feng et al., 2013). Measurements of 228Ra in permafrost collected from Inuvik and Tuktoyaktuk, 
Northwest Territories, Canada, show that 228Ra activities in permafrost sediments (2.5 ± 0.4 dpm 
g-1; 1σ, n = 4) are higher than those in the active (seasonally thawed) layer (1.5 ± 0.5 dpm g-1; 
1σ, n = 6) (see section 3.3). To our knowledge, these are the first Ra measurements in 
permafrost. Further studies on the spatial variability and desorption of radium isotopes from 
permafrost sediments are needed in order to estimate the magnitude of this source in the Arctic 
Ocean Ra budget under changing climate conditions. In addition to mobilization in runoff and 
river discharge, solutes can be transported to the coast through submarine groundwater 
discharge, which has been observed on the Laptev Shelf (Charkin et al., 2017) and may increase 
in the future as permafrost coverage is reduced (Walvoord et al., 2012), though the spatial 
variability of this source is poorly constrained.  

Because of the large reservoir of Ra in shelf sediments, enhanced wind-driven vertical 
mixing over the shelves, a result of sea ice loss and a longer open water season (Rainville and 
Woodgate, 2009), has perhaps the greatest potential to impact the 228Ra budget. Over the inner 
ESAS, this process has the potential to increase sediment-water exchange over an extensive area. 
During the five year period preceding the 2015 survey, parts of the Laptev Sea experienced twice 
as many ice free days as the five year period preceding the 2007 study (Fig. S11), supporting the 
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possibility for increased vertical mixing over the shelf between 2011 and 2015. The loss of ice 
cover and the presence of more mobile ice causes more surface stress, leading to increased 
vertical mixing as well as upwelling and/or downwelling over the shelf (Williams and Carmack, 
2015); these vertical exchange processes bring 228Ra sourced from shelf sediments to surface 
waters. Additionally, the retreat of the ice edge beyond the shelf break allows for wind-driven 
upwelling of deeper slope waters on to the shelf (Carmack and Chapman, 2003), which could 
transport additional 228Ra released from slope sediments (such as the 228Ra plumes observed off 
the Chukchi Slope; Fig. S1) to the surface. This mechanism of enrichment may also explain why 
activities over the Chukchi Shelf have not increased between 2002 (Kadko and Muench, 2005) 
and 2015, as there has not been a significant change in the number of ice free days over this shelf 
in the past decade (Fig. S11). 

Shelf inputs are also supported by the 226Ra activities measured in 2007 and 2015 (Figs. 
S12 and S13). Because of the longer half-life of 226Ra, this isotope has a larger inventory in 
surface waters, and a substantial change in inputs is required to shift the observed activities. 
Radium-226 is also regenerated more slowly in shelf sediments such that a 228Ra/226Ra flux ratio 
greater than 1 is typical of a shelf sediment porewater source; ratios as high as 3.9 have been 
observed over the Laptev Shelf (Rutgers van der Loeff et al., 2003). Ratios between 0.9 and 2.1 
were observed in the TPD in 2015 (Fig. 3), while the maximum ratio recorded in 2007 was 1.3 
(Rutgers van der Loeff et al., 2012). The smaller increase in 226Ra over this time period 
compared to 228Ra is consistent with shelves being a relatively larger source of 228Ra; thus the 
major change in 228Ra cannot be fully explained by a process that would affect both Ra isotopes 
in the same way (such as changes in biological uptake, remineralization, or coastal erosion). A 
longer residence time over the shelf could also increase the activities of both Ra isotopes in 
surface waters, but a doubling of the 228Ra inventory over the shelf would require a similar 
increase in the shelf water residence time. This is unlikely given the rising freshwater fluxes to 
the shelves (Rawlins et al., 2010), and increasing wind stress resulting from longer open water 
seasons (Williams and Carmack, 2015).  

Based on these two datasets alone, we cannot conclusively determine the mechanism 
driving increased shelf inputs. Measurements of 228Ra over the shelves and in the central Arctic 
must be collected over multiple years and seasons in order to elucidate the temporal variability of 
this tracer, and more data from the endmember shelf seas are needed to constrain the spatial 
variability of the shelf source. 

This study provides the first direct estimate of the Arctic shelf flux of 228Ra, which will 
act as an important baseline with which future changes in Arctic shelf-basin exchange can be 
monitored. While the current flux is similar to that in other ocean basins (Kwon et al., 2014) 
(Fig. 4A), when normalized to basin area it is apparent that shelf inputs have a disproportionately 
large impact in the Arctic (Fig. 4B). The increase in the supply of 228Ra to the central Arctic 
implies that the fluxes of other shelf-derived species, including carbon, nutrients, and trace 
metals, must also be rising, with the potential for significant changes to the biogeochemistry of 
the central basin, as shelf waters are eventually transported to the central Arctic via the TPD. 
Indeed, historical observations of dissolved organic carbon and dissolved iron concentrations in 
the central Arctic show that these species are elevated in the TPD (Klunder et al., 2012; Wheeler 
et al., 1997). Varying nutrient and trace metal concentrations in the TPD will have a direct 
impact on primary productivity because this pathway delivers nutrients directly to the surface 
layer; if concentrations increase significantly, this intensified source may minimize the 
importance of the vertical mixing supply of nutrients from deep water. At present, productivity is 
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low in the central Arctic due to both light and nutrient limitation (Codispoti et al., 2013). 
However, decreasing sea ice coverage will increase primary productivity and allow for a longer 
growing season (Arrigo et al., 2008); growth will also be supported by rising nutrient fluxes. 
Changing light and nutrient conditions may cause shifts in the dominant plankton species in 
surface waters, which in turn could impact higher trophic levels including fish species and 
marine mammals (Bluhm and Gradinger, 2008; McFarlane and Beamish, 1992). Continued 
monitoring of shelf inputs to Arctic surface waters is therefore vital to understanding how the 
changing climate will affect the chemistry, biology, and economic resources of the Arctic Ocean. 
 
3.3 MATERIALS AND METHODS 
 
3.3.1 Surface sample collection and processing 
 

Surface water Ra samples (280 L) were collected from ~2 m using a submersible surface 
pump and filtered through a MnO2 coated acrylic fiber, which quantitatively scavenges Ra from 
the seawater. Fiber samples were then ashed in a muffle furnace at 820°C for 24 hours and the 
fiber ash was transferred to polystyrene vials, sealed with epoxy (to prevent 222Rn loss), aged for 
at least 3 weeks, and counted on a high purity, well-type germanium detector to measure 228Ra, 
using the lines of 228Ac (338 KeV and 911 KeV), and 226Ra, using the line for 214Pb (352 KeV). 
Detector efficiency was determined by measuring ashed fiber standards prepared with a standard 
solution containing 226Ra and 232Th with daughters in equilibrium. Analytical uncertainties are 
reported as 1σ. 
 
3.3.2 Water column sample collection and processing 

 
Water column Ra samples were collected using McLane in situ pumps (McLane WTS-

LV) deployed on a 3/8” plastic coated Vectran line. Seawater was filtered through 1 µm filters to 
remove particles, and then pumped through a MnO2 coated cellulose cartridge to collect 
dissolved Ra, Th, and Ac isotopes (see Henderson et al., 2013) for details of cartridge 
preparation). Pumps were programmed to run for 4 h, typically filtering 1200 – 1600 L of 
seawater at an average flow rate of 5.6 L min-1. After collection, cartridges were rinsed with Ra-
free fresh water and dried with filtered compressed air to remove excess moisture. To determine 
the cartridge scavenging efficiencies, small volume samples of 226Ra (15 – 25 L) were collected 
using a Niskin bottle mounted either on the CTD rosette (shallow casts) or above the pumps 
(deep casts), and the activities of Ra measured on these samples were compared to those 
determined on the cartridges. 

Cartridges were ashed and analyzed by gamma spectrometry using the same method as 
the surface samples. Detector efficiencies were determined using ashed cartridge standards, and 
analytical uncertainties are reported as 1σ. 

The small volume 226Ra samples were filtered through MnO2 coated acrylic fibers. Fibers 
were then rinsed with Ra-free fresh water, partially dried, and sealed in a fiber housing for at 
least two weeks to allow for 222Rn ingrowth. Samples were analyzed for 226Ra via 222Ra 
emanation and scintillation counting (Key et al., 1979). On average, samples were counted for 
approximately 230 minutes, resulting in an analytical error of less than 5%. Fiber standards 
containing 20 dpm 226Ra (NIST certified) were analyzed in the same way as the samples at least 
once every two weeks; standard reproducibility was ~3%. 
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Comparisons between the unfiltered surface samples and the filtered near-surface 
samples revealed no consistent differences between filtered and unfiltered samples. 

The Charette and Moore (GN01) and Rutgers van der Loeff (GIPY11) laboratories 
participated in the 2008 GEOTRACES intercalibration exercise and good agreement was found 
among the 228Ra activities measured by all three labs (Charette et al., 2012). 

 
3.3.3 Ice back-trajectories 
 
 The origin of the ice at each of the stations in the central Arctic was determined using 
back-trajectories of buoys deployed on sea ice and the open ocean as part of the International 
Arctic Buoy Program (IABP; http://iabp.apl.washington.edu/). The average lifetime of a buoy is 
~2 years, and there are typically 20 – 30 buoys drifting on pack ice at any given time. The 
location of each buoy is transmitted to the Argos or Iridium satellite system, which can 
determine the geographic position of the buoy with an accuracy of ≤300 m (Rigor et al., 2002). 
Sea ice motion was determined using monthly displacements as described in Rigor et al. (2002), 
and was projected back in time 36 months or until the buoy reached the coast. The estimated 
error on the back-trajectories is ~100 km y-1 (Pfirman et al., 1997). 
 We assume that the trajectories of ice drift are representative of large-scale circulation 
features of surface waters, such as the Transpolar Drift and Beaufort Gyre (Alkire et al., 2007). 
Ekman transport may also impact the movement of surface waters; at 7 m (the depth of sample 
collection in 2007) this may cause a ~35° offset between the ice and water movement (Cole et 
al., 2014).  
 
3.3.4 Surface water age 
 
 Surface water transport times from the shelf to the location of sampling were estimated 
using ice back-trajectories by determining the number of months elapsed since the ice was over 
the shelf (<200 m). For the 2007 data this yielded a transport time of 4 – 16 months; the 
estimated transport time in 2015 was 8 – 18 months. 
 Surface water ages were also determined through the ingrowth of thorium-228 (228Th, t1/2 
= 1.91 y), using the model derived by Rutgers van der Loeff et al. (2012) and briefly described 
here. Radium-228 decays to 228Th, which is particle reactive and efficiently scavenged in coastal 
waters; this results in low 228Th/228Ra activity ratios over continental shelves. Once water is 
advected off the shelf, decreased scavenging rates allow 228Th to grow toward equilibrium with 
its parent, 228Ra. Thus, the 228Th activity away from the shelf (228Tht) can be determined using 
Equation S1:  
 

Th!!!" =    Th!!!" e! !!"!!! !   +    !!"
!!"!!!!!!"

Ra!!!" e!!!"! − e! !!"!!! !  (S1) 
 
where λs is the scavenging rate constant once the water parcel leaves the shelf, 228Th0 and 228Ra0 
are the initial 228Th and 228Ra activities over the shelf, λTh and λRa are the 228Th and 228Ra decay 
constants, and t is the time since the water parcel has left the shelf. 

The activities of 228Ra and 228Th over the shelf were determined by finding the average 
activity of the surface samples collected at stations over the Chukchi Sea shelf (bottom depth 
<50 m; n = 4). The average 228Ra activity was 7.17 ± 0.52 dpm 100 L-1 and the average 228Th 
activity was 0.26 ± 0.28 dpm 100 L-1, corresponding to a 228Th/228Ra activity ratio of 0.04 ± 0.04 
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(1σ). This value is in agreement with previous studies: Kaufman et al. (1981) noted that the ratio 
is typically <0.05 in coastal waters, Kadko and Muench (2005) observed a ratio of <0.06 in 
Bering Strait inflow, and Lepore and Moran (2007) observed ratios of 0.2 ± 0.2 and 0.1 ± 0.1 
over the Chukchi shelf break in the summers of 2002 and 2004, respectively. Rutgers van der 
Loeff et al. (2012) used a slightly higher shelf ratio of 0.15 ± 0.05 to calculate the age of waters 
originating over the Eastern Arctic shelves, but also noted that the model is not very sensitive to 
the initial ratio. A higher initial ratio would result in shorter transport times. 

The scavenging rate constant is estimated using the 234Th-238U parent-daughter pair, with 
the assumption that the scavenging rate is the same for both Th isotopes. Equation S2 was used 
to determine the scavenging rate based on the 234Th/238U ratio observed in the shallowest samples 
from each station (5 m depth).   

 

 λ! =   
!!"#$% !!

!"!"#

!!"#

!"!"#

!!"#

     (S2) 

 
where λs is the scavenging rate constant, λ234Th is the 234Th decay constant, and 234Th and 238U are 
the activities of total 234Th and dissolved 238U, respectively.  

Because the 234Th/238U ratio varied along the GN01 transect, we used the range in the 
observed ratios to determine the range of possible scavenging rates. Above 85°N, the average 
scavenging rate was 0.43 ± 0.46 y-1 (1σ); for the rest of the stations north of the shelf (stations 
14-57) the minimum scavenging rate was 0 y-1, and the maximum rate was 1.07 y-1. Using these 
rates, the age of the water above 85°N was determined to be in the range of 0.52 – 0.95 y (6 – 12 
months) (Fig. S7). The ages derived from the 228Th/228Ra model are in good agreement with 
those determined from the ice back-trajectories (8 – 18 months). 

Using the 228Th/228Ra ingrowth model, Rutgers van der Loeff et al. (2012) estimated the 
age of the surface waters in the TPD in 2007 to be 1 - ≥3 y. This is slightly longer than the 
transport time based on ice drift. Both the ice back-trajectories and 228Th/228Ra ingrowth model 
require assumptions, but the generally good agreement between both methods and both years 
suggests that the surface water transport times in 2007 and 2015 were not drastically different. 
Because the difference in 228Ra activities measured in these two years is about a factor of two, it 
would require a difference in transport time equal to one half-life, or 5.75 y, to explain the offset; 
based on the transport times derived here, we do not think this is likely. 

 
3.3.5 Meteoric water fraction 
 
 Assuming the four main water masses present in the Arctic (Pacific, Atlantic, meteoric, 
and sea ice melt waters) have consistent and distinct properties, the contribution of each to the 
water sampled on the GN01 transect was determined using a system of linear equations. The 
properties of salinity, δ18O, and nutrient concentrations were used to differentiate the 
contributions using the endmember compositions and “Arctic N-P” tracer method of Newton et 
al. (2013). The meteoric water fractions for the GIPY11 cruise in 2007 were determined by 
Bauch et al. (2011) using the same approach but slightly different endmember nutrient 
concentrations. Using the GN01 endmembers for the GIPY11 dataset would result in a difference 
of <1.2% in the calculated meteoric water fraction. 
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3.3.6 Surface water inventory of 228Ra 
 
 The 228Ra inventory in surface waters was calculated using 10 stations in the central basin 
(bottom depth >1,000 m) where water column data for the upper 500 m were available (Table 
S1). Two stations with bottom depths >1,000 m were excluded from the inventory calculation 
due to poor sampling resolution. A depth threshold of 500 m was chosen because 228Ra released 
from deep sea sediments is unlikely to reach the top 500 m (Sarmiento et al., 1982), thus any 
228Ra present in this layer must be from one of the margin sources included in the mass balance 
(rivers, ice rafted sediments, advection, continental shelves). Depth-integrated inventories were 
calculated for each station by summing the products of the average activity of two consecutive 
samples and the depth interval between those samples.  
  
3.3.7 Mass balance model: sinks 
 
3.3.7.1 Decay  
 

The decay rate of 228Ra is 0.12 y-1; multiplying this rate by the surface inventory of 228Ra, 
(6.8 ± 1.4) × 1023 atoms, results in a loss of 8.2 × 1022 atoms y-1. As the decay rate of this isotope 
is well characterized, the uncertainty in this sink is a function of the error in the inventory 
estimate alone. The variability in the decay estimate was assessed using the standard deviation in 
the 228Ra inventory, resulting in a range of 6.6 × 1022 – 9.9 × 1022 atoms y-1.  
 
3.3.7.2 Transport  
 

The range in the 228Ra transport sink (5.4 × 1022 – 1.6 × 1023 atoms y-1) was determined 
by subtracting the standard deviation from the inventory and using a residence time of 10 years 
to find the minimum loss, and adding the standard deviation to the inventory and using a 
residence time of 5 years to find the maximum loss. We use a lower limit of 5 years for the 
residence time because the 228Ra inventory was determined for the upper 500 m of the water 
column, which includes both the surface mixed layer (residence time of 3 – 5 years) and part of 
the halocline (residence time of ~10 years; Schlosser et al., 1999). Additionally, the tritium-
helium age method used to determine the residence time likely underestimates the age of the 
surface layer, where some gaseous 3He may have escaped to the atmosphere. Because of the 
range in possible residence times, the transport sink estimate is less robust than the decay term. 
For a conservative shelf flux estimate we use a residence time of 10 years in the model; using a 
shorter residence time would result in a larger sink and require a greater flux of 228Ra from the 
shelves to close the mass balance.  
 
3.3.8 Mass balance model: sources 
 
3.3.8.1 Ice rafted sediment 
 

Two samples of ice containing visible sediment were collected near 88°N during the 
GN01 transect. Ice was allowed to melt and samples were stored for approximately one year to 
allow for 228Ra equilibration between the sediment and water phases. The melted ice and 
sediment fractions were separated by decanting the water and drying the sediments. The water 
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was filtered through a small amount of MnO2 coated fiber, and the fiber was packed and epoxied 
in a small vial for direct measurement on a gamma detector. The activities of 228Ra and 226Ra 
were measured in both the melted ice and sediment fractions, using the lines of 228Ac (911 KeV) 
and 214Pb (352 KeV) for 228Ra and 226Ra, respectively. Detector efficiencies were determined 
with a fiber standard spiked with a solution of known 228Ra and 226Ra and prepared in the same 
geometry as the sample. The activity of 228Ra in the sediments was determined to be 3.1 ± 0.3 
dpm g-1 and 2.0 ± 0.1 dpm g-1 and the activities in the corresponding melted ice samples were 
0.55 ± 0.17 dpm L-1 and below our detection limits, respectively (Table S2). To determine the 
amount of 228Ra that desorbed from ice rafted sediments, the melted ice activity was converted to 
units of dpm g-1 by dividing by the volume of water filtered and multiplying by the amount of 
sediment present, and then this activity was divided by the activity measured in the sediments. 
The 226Ra activities of the sediments were 1.4 ± 0.1 dpm g -1 and 2.3 ± 0.1 dpm g-1, and the 
respective melted ice activities were 0.38 ± 0.15 dpm L-1 and 0.41 ± 0.09 dpm L-1 (Table S2). 
Baskaran (2005) observed similar 226Ra activities in ice rafted sediments collected in the Canada 
Basin in 2000 (1.76 – 2.17 dpm g-1). 

A sample of surface sediments was also collected from the Chukchi Shelf on the GN01 
transect (68.0900°N, -168.1055°E) using a multicorer device, and 228Ra and 226Ra activities were 
measured on the dried sediments. Six aliquots of sediment (~5 g each) were analyzed using high-
purity, well-type germanium gamma detectors, and the average activity of the six samples was 
1.1 ± 0.2 dpm 228Ra g-1 and 1.2 ± 0.1 dpm 226Ra g-1. The suspended sediments collected in the 
Mackenzie River in 2016 had 228Ra and 226Ra activities of 2.9 ± 0.3 dpm g-1 and 3.2 ± 0.1 dpm g-

1, respectively. Based on these other measurements of 228Ra and 226Ra in Arctic sediments, we 
conclude that the 228Ra activities measured in the ice rafted sediment samples are reasonable, and 
possibly even on the upper limit of what we would expect for Arctic sediments. 

For the mass balance calculation we use the higher activity (3.1 ± 0.3 dpm 228Ra g-1) and 
propagate the errors on the melted ice and sediment fractions with the standard deviation in the 
amount of ice melt ((1.02 ± 0.08) × 107 km2 y; NOAA Sea Ice Index, Version 2) and the range in 
possible ice rafted sediment concentrations (8 – 71 t km-2; Tucker et al., 1999) to determine a 
final range of 1.2 × 1020 – 4.0 × 1021 atoms y-1. This range of ice rafted sediment concentration 
was determined from samples collected during a transect from the Chukchi Sea to the central 
Arctic (similar to the path of the GN01 expedition). Based on the patterns of ice drift in 2015 
(Fig. 1) it is possible that the ice sampled on the GN01 transect may have formed in the Laptev 
or East Siberian Seas; ice rafted sediment concentrations in the Laptev Sea have been found to 
vary between 9 – 45 t km-2 (average of 16 t km-2; Eicken et al., 1997), which is within the range 
used here. 
 
3.3.8.2 Rivers 
 
 Bi-monthly river water samples were collected from the Mackenzie River in Tsiigehtchic, 
Northwest Territories, Canada between April 2015 and June 2016. A 20 L sample of surface 
water was collected and suspended sediments were allowed to settle overnight. Approximately 1 
L of water was drained to remove most of the suspended sediments, then the remaining water 
was filtered through a raw acrylic fiber to remove most remaining sediment and through a MnO2 
coated acrylic fiber to collect Ra. Fiber samples were then processed as described above. The 
annual weighted average 228Ra activity of the Mackenzie River was determined to be 16.8 ± 3.7 
dpm 100 L-1 (1σ) (Fig. S9). Rutgers van der Loeff et al. (2003) measured similar activities in the 
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Lena River (11.1 – 24.9 dpm 100 L-1) but a significantly higher activity in the Ob River (40.9 ± 
3.7 dpm 100 L-1). The weighted average 226Ra activity of the Mackenzie River was 17.2 ± 4.0 
dpm 100 L-1 (1σ), which falls between the activities previously observed in the Ob (27.3 ± 0.6 
dpm 100 L-1) and the Lena (8.5 – 13.1 dpm 100 L-1) (Rutgers van der Loeff et al., 2003). 

A weighted average of the 228Ra activities from these three rivers was calculated based on 
the amount of discharge from each river (Holmes et al., 2013). This average (24 ± 13 dpm 100 L-

1) was scaled by the runoff estimate of Haine et al. (2015), (4.2 ± 0.42) × 1012 m3 y-1, to yield a 
dissolved 228Ra flux of 4.4 × 1021 atoms y-1. The error on this flux was calculated by propagating 
the standard deviations on each of the individual river activities with the error in the discharge 
estimate, resulting in a range of possible flux values between 1.8 × 1021 – 7.4 × 1021 atoms y-1.  

In June 2016, samples were collected across the salinity gradient in Kugmallit Bay, part 
of the East Channel of the Mackenzie River Delta. For salinities up to 15, surface water was 
collected using a surface submersible pump. For salinities 20 and 25, a Niskin bottle was used to 
collect water from 5 m and 9 m, respectively. Each 20 L sample was pre-filtered through 10 µm 
and 1 µM Hytrex cartridges to remove suspended sediments before being filtered through an 
acrylic fiber coated with MnO2 to scavenge Ra isotopes. Fibers were then rinsed with Ra-free 
fresh water to remove salt and any remaining sediment, and ashed in a muffle furnace at 820°C 
for 24 hours. Fiber ash was transferred to polystyrene vials, sealed with epoxy (to prevent 222Rn 
loss), and counted on high purity, well-type germanium detectors to measure 228Ra, using the line 
of 228Ac (911 KeV), and 226Ra, using the line for 214Pb (352 KeV). Detector efficiencies were 
determined by measuring ashed fiber standards prepared with a standard solution containing 
226Ra and 232Th with daughters in equilibrium. 

The amount of 228Ra released from suspended particles was determined to be 0.94 ± 0.25 
dpm g-1 by dividing the difference between the highest 228Ra activities observed in the estuarine 
mixing zone (salinity = 3 – 9; 35 ± 4 dpm 100 L-1, 1σ, n = 3) and the average 228Ra activity in 
freshwater samples (salinity < 0.5; 19 ± 4, 1σ, n = 7) by the concentration of suspended particles 
in fresh Mackenzie River water (0.17 ± 0.02 g L-1). This suspended sediment loading was 
determined by filtering a known amount of river water through a 0.22 µm polyethersulfone 
membrane filter and dividing the weight of the dried sediments captured on the filter by the 
amount of water filtered. Due to the variability in the 228Ra activity of the freshwater endmember 
(Figs. S9, S10), this estimate of desorbed 228Ra could be improved by further sampling in the 
Mackenzie River and in Eurasian Rivers.  

The activity of 228Ra measured in suspended particles was 2.9 ± 0.3 dpm g-1, thus 
approximately 32% of the particulate 228Ra desorbed during estuarine mixing; this is similar to 
previous estimates of 228Ra desorption from riverine particles (Moore et al., 1995). However, this 
estimate is higher than the percentage of 226Ra released from suspended sediments, which was 
determined to be 15% based on a difference in freshwater and estuarine activities of 8.2 ± 0.7 
dpm 226Ra 100 L-1 and a particulate activity of 3.2 ± 0.1 dpm 226Ra g-1. Because the desorption of 
both Ra isotopes is expected to be similar, the larger release of 228Ra in the estuarine mixing zone 
suggests that there is an additional input of 228Ra from bottom sediments (Moore et al., 1995). 
Here we do not separate the addition of 228Ra due to desorption from fresh riverine particles and 
the 228Ra sourced from diffusion from benthic sediments or submarine groundwater discharge; 
this may overestimate the riverine source of 228Ra and result in a more conservative estimate of 
the shelf source. 

The activity of 228Ra desorbed from suspended particles was scaled by the amount of 
sediment delivery from Arctic Rivers, 2.8 × 1014 g y-1 (Holmes et al., 2013), yielding a 
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desorption flux of 1.1 × 1021 atoms y-1. Holmes et al. (2013) did not provide an error estimate for 
sediment delivery, but the range in compiled literature values is ±70%. By propagating this 
variability with the errors on the 228Ra measurements, we conclude that the range in the derived 
desorption flux is 2.5 × 1020 – 2.5 × 1021 atoms y-1. Adding the dissolved 228Ra flux and the flux 
of 228Ra from desorption yields a best estimate of the total riverine flux of 228Ra of 5.5 × 1021 
atoms y-1, with a possible range of 2.0 × 1021 – 9.9 × 1021 atoms y-1. 
 
3.3.8.3 Permafrost  
 
 Samples of active layer and permafrost sediments were collected from Inuvik and 
Tuktoyaktuk in the Northwest Territories, Canada, in June 2016. Sediments were dried and 
homogenized, and three 3 g aliquots from each sample were placed in polystyrene vials for 
analysis on high-purity well-type germanium gamma detectors. For the Tuktoyaktuk permafrost, 
only one 5 g aliquot of sediment was analyzed due to a scarcity of sediment. The activity of 
228Ra in the sediments was measured using the line of 228Ac (911 KeV) and 226Ra was measured 
using the line for 214Pb (352 KeV). 

Similar to the pattern observed for 228Ra, activities of 226Ra were higher in permafrost 
compared to active layer sediments: average activities of 2.2 ± 0.3 dpm g-1 (1σ, n = 4) and 1.8 ± 
0.3 dpm g-1 (1σ, n = 6) were observed in permafrost and active layer sediments, respectively.  
 
3.3.9 Open water days 
 
 The number of open water days was determined using daily bootstrap sea ice 
concentrations from Nimbus-7 SMMR and DMSP SSM/I-SSMIS data provided by the National 
Snow & Ice Data Center (Comiso, 2015). An open water day was defined as any day during 
which the sea ice concentration was less than 15%. 
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Table 1. Radium-228 sources and sinks (all in 1022 atoms y-1) in the Arctic surface ocean. The 
shelf flux was determined by difference, assuming that at steady state, the sources of 228Ra to the 
surface layer must be balanced by sinks. The best estimate for each term was used in the mass 
balance calculation; see section 3.3 for details on how the minimum and maximum flux 
estimates were determined. 
 
 

 
 

 
 
  

Sinks Best Estimate Flux 
(1022 atoms y-1) 

Minimum Flux 
(1022 atoms y-1) 

Maximum Flux 
(1022 atoms y-1) 

% of total sinks 

Decay 8.2  6.6  9.9  55% 
Advection 6.8  5.4  16  45% 

Sources Best Estimate Flux 
(1022 atoms y-1) 

Minimum Flux 
(1022 atoms y-1) 

Maximum Flux 
(1022 atoms y-1) 

% of total sources 

Ice rafted sediment 0.089 0.012 0.40 <1% 
Advection 2.2 1.4 3.1 15% 
Rivers 0.55 0.20 0.99 4% 
Shelf 12 7.5 25 81% 
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Figure 1. Radium-228 activities in surface waters (2 m) of the Arctic Ocean. Ice back-
trajectories determined for each of the sampling stations are shown in black. The red, green, and 
magenta symbols indicate the position of the ice 6, 12, and 18 months before each sample was 
collected, respectively. The 200 m isobath is highlighted in bold. 
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Figure 2. Radium-228 activities in surface waters (<50 m) above 85°N as a function of percent 
meteoric water. Open symbols represent samples collected in 2015 on the GN01 transect, and 
closed symbols represent samples collected in 2007 on the GIPY11 transect (Rutgers van der 
Loeff et al., 2012). Error bars for the data collected in 2007 are smaller than the symbols.   
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Figure 3. Activities of 228Ra and 226Ra measured in surface waters in 2015 (circles), shown with 
historical measurements of shelf and river endmembers. Error bars for the 2015 data are smaller 
than the symbols. ††This study; +Rutgers van der Loeff et al. (2003), *Smith et al. (2003). 
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Figure 4. The coastal flux of 228Ra to each ocean basin (A) in atoms y-1 and (B) normalized to 
the area of each basin in atoms km-2 y-1. The fluxes from basins other than the Arctic are from 
Kwon et al. (2014), and areas are from the ETOPO1 surface relief model (Eakins and Sharman, 
2010). The area of the Arctic basin is from Jakobsson (2002).  
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Table S1. Locations of stations used to determine the surface water 228Ra inventory. 
 
Station Latitude (°N) Longitude (°E) 
19 79.9860 -174.9760 
26 83.7550 174.8170 
30 87.5300 -180.0000 
32 89.9888 37.8428 
38 87.8257 -149.5010 
43 85.1348 -149.9952 
46 82.4835 -149.9952 
48 80.3837 -149.7666 
52 77.5122 -148.0137 
57 73.4039 -156.7731 
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Table S2. Activities of 228Ra and 226Ra measured in ice rafted sediments and melted ice. ‘bdl’ 
indicates that activities were below the detection limit. 
 
Sample 
location 

Sample 
volume (L) 

Weight of 
sediment (g) 

228Ra in 
melted ice 
(dpm L-1) 

228Ra in 
sediment 
(dpm g-1) 

226Ra in 
melted ice 
(dpm L-1) 

226Ra in 
sediment 
(dpm g-1) 

88.973°N 
150.413°W 

0.96 8.0 0.55 ± 0.17 3.1 ± 0.3 0.41 ± 0.09 2.3 ± 0.1 

87.752°N 
179.724°W 

0.92 0.79 bdl 2.0 ± 0.1 0.38 ± 0.15 1.4 ± 0.1 
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Figure S1. Activities of 228Ra in the upper 500 m of the water column with contours indicating 
the fraction of meteoric water.  
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Figure S2. Surface water (<15 m) activities of 228Ra from GN01 (circles) shown with activities 
of 228Ra measured on historical expeditions in the Arctic. All activities shown are less than 25 
dpm 100 L-1 with the exception of one sample collected in the Ob River (73.68°N, 68.99°N) that 
had an activity of 40.9 ± 3.7 dpm 100 L-1 (Rutgers van der Loeff et al., 2003) and a sample 
collected in the Buor-Khaya Gulf (71.78°N, 130.09°E) in 2013 that had an extremely high 
activity of 77 ± 4 dpm 100 L-1 (Charkin et al., 2017). The 200 m isobath is highlighted in bold. 
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Figure S3. Profiles of 228Ra on the GN01 cruise (2015) compared to the surface samples 
collected on the GIPY11 cruise (2007) (Rutgers van der Loeff et al., 2012). (A) GN01 station 30, 
GIPY11 stations 326 and 328; (B) GN01 station 38, GIPY11 stations 328 and 338; (C) GN01 
station 43, GIPY11 station 346.  The dashed line indicates the approximate depth of the mixed 
layer at each station in 2015. Surface samples were collected from 2 m and 7 m depth in 2015 
and 2007, respectively, which are both located within the surface mixed layer. 
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Figure S4. Radium-228 activities in surface waters in (A) 1994 (Smith et al., 2003; 10 – 30 m), 
(B) 2007 (Rutgers van der Loeff et al, 2012; 7 m), and (C) 2015 (this study; 2 m). Open arrows 
show the approximate location of the Transpolar Drift in each year, based on figures in Smith et 
al. (2003) and Rutgers van der Loeff et al. (2012), and ice back-trajectories determined for 2007 
and 2015 (see section 3.3). In 1994, the Transpolar Drift was positioned over the Mendeleyev 
Ridge instead of the Lomonosov Ridge (McLaughlin et al., 1996), and the highest 228Ra 
activities were observed farther south (80°N). Due to this shifted circulation regime, surface 
waters likely spent a longer time over the East Siberian Sea before being advected to the central 
Arctic; this would result in different (likely higher) 228Ra activities in the water leaving the shelf.  
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Figure S5. Radium-228 activities in surface waters (2 m depth) sampled on the GN01 transect 
in 2015. Ice back-trajectories determined for each of the sampling locations (A) above 85°N and 
(B) below 85°N are shown in black. The red, green, and magenta symbols indicate the position 
of the ice 6, 12, and 18 months before each sample was collected, respectively. The 200 m 
isobath is highlighted in bold. 
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Figure S6. Radium-228 activities in surface waters (7 m depth) on the GIPY11 transect in 
2007, measured by Rutgers van der Loeff et al. (2012). Ice back-trajectories determined for each 
of the sampling locations are shown in black. The red, green, and magenta symbols indicate the 
position of the ice 6, 12, and 18 months before each sample was collected, respectively. The 200 
m isobath is highlighted in bold. 
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Figure S7. The activities of (A) 228Ra and 228Th and (B) the 228Th/228Ra activity ratio as a 
function of time since leaving the shelf. The average, minimum, and maximum scavenging rates 
observed on the GN01 transect are shown with the yellow, red, and blue lines, respectively. The 
average 228Th/228Ra activity ratio observed above 85°N is shown with a dashed line in panel B. 
The intersection of the 228Th ingrowth (lines with different scavenging rates) with the measured 
228Th/228Ra activity ratio yields the apparent age since the water mass left the shelf (0.5 - 1 y for 
>85°N).  
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Figure S8. Inventory of 228Ra in the top 500 m at each of the stations where water column 
samples were collected and the bottom depth was ≥ 1,000 m. The dashed line indicates the 
average Arctic surface inventory. 
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Figure S9. Dissolved 228Ra activities measured in the Mackenzie River.  
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Figure S10. Dissolved 228Ra activities in the Mackenzie River Estuary (East Channel). The 
peak in 228Ra around salinity 5 – 10 is due to desorption from suspended particles.  
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Figure S11. Number of open water days averaged over the five year periods prior to the 
GIPY11 (September 2007; A) and GN01 (September 2015; B) expeditions, and the difference in 
the number of open water days between the two periods (C). An ice concentration of less than 
15% was considered open water. The red contour indicates the 200 m isobath. The gap in the 
center of figures A and B results from a lack of satellite coverage due to the orbit and view angle 
of the satellite. 
  

Average open water days per year, 
2011 – 2015 

>100

50

0

Average open water days per year, 
2003 – 2007 

Difference in average open water days,   
(2011 – 2015) minus (2003 – 2007) >100

50

0

>50

25

0

A C

<15%%ice%threshold%

A CB



	   103 

 
 
Figure S12. Dissolved 226Ra activities in surface water (<50 m) above 85°N as a function of the 
fraction of meteoric water in each sample. Open symbols represent samples collected in 2015 on 
the GN01 transect, and closed symbols represent samples collected in 2007 on the GIPY11 
transect (Rutgers van der Loeff et al., 2012). 
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Figure S13. Surface water (<15 m) activities of 226Ra from GN01 (circles) shown along with 
activities of 226Ra measured on historical expeditions in the Arctic. All activities shown are less 
than 15 dpm 100 L-1 with the exception of one sample collected in the Ob River (73.68°E, 
68.99°N) that had an activity of 27.3 ± 0.6 dpm 100 L-1 (Rutgers van der Loeff et al., 2003), and 
the average Mackenzie River activity of 15.6 ± 3.7 dpm 100 L-1 (133.75°E, 67.46°N; this study). 
The 200 m isobath is highlighted in bold. 
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Chapter 4: Shelf-basin interactions and water mass 
residence times in the Western Arctic Ocean 

 
 
 
 
 
 
 
 
 
 
Abstract 
 

Radium isotopes are produced through the decay of thorium in sediments and are soluble 
in seawater, thus they are useful for tracing ocean boundary-derived inputs to the ocean. Here we 
apply radium isotopes to study continental inputs and water residence times in the Arctic Ocean, 
where land-ocean interactions are currently changing in response to rising air and sea 
temperatures. We present the distributions of radium-228 and radium-226 measured on the 2015 
US GEOTRACES transect in the Western Arctic Ocean, and combine this dataset with historical 
radium observations and a regional model of the Chukchi Sea. The highest activities of radium-
228 were observed in the Transpolar Drift and the Chukchi shelfbreak jet, signaling that these 
currents are heavily influenced by interactions with shelf sediments. Observations and modeling 
results indicate that the Chukchi shelf inputs of radium are strongest in the fall. The ventilation 
of the halocline with respect to inputs from the shelfbreak jet was estimated to occur on 
timescales ≤14 – 17 y. Intermediate water ventilation time scales for the Makarov and Canada 
Basins were determined to be ~20 y and >30 y, respectively, while deep water residence times in 
these basins were on the order of centuries. The radium distributions and residence times 
described in this study serve as a baseline for future studies investigating the impacts of climate 
change on the Arctic Ocean.  
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4.1 INTRODUCTION 
 
 The Arctic is strongly influenced by continental inputs. Over 50% of the area of this 
ocean is dominated by continental shelves (Jakobsson, 2002), and although it contains only 1% 
of the ocean volume, the Arctic basin receives over 10% of global river discharge (Aagaard and 
Carmack, 1989; McClelland et al., 2012). Currently, terrestrial influences on the Arctic are 
increasing as a result of climate change. The loss of sea ice over continental shelves allows 
increased coastal erosion (Günther et al., 2013) and vertical mixing (Carmack and Chapman, 
2003; Rainville and Woodgate, 2009; Williams and Carmack, 2015), which may be contributing 
to intensified shelf-derived material fluxes to the central Arctic (Kipp et al., 2018; Rutgers van 
der Loeff et al., 2018). Rising temperatures are also leading to increased river discharge (Rawlins 
et al., 2010) and permafrost degradation (Luo et al., 2016). As permafrost has historically been 
considered a barrier to submarine groundwater discharge (SGD) in the Arctic, this degradation 
may result in larger SGD inputs to the coastal ocean (Walvoord et al., 2012). It is vital to 
understand the modern Arctic Ocean so that we may predict how it will be impacted by these 
changing continental inputs. 
 River runoff and ice melt contribute to a fresh, cold surface water layer (typically 10 – 50 
m thick) extending over the Arctic basin. In the Western Arctic, this layer is underlain by Pacific 
inflow through the Bering Strait, which becomes modified by interactions with sediments during 
transit over the Chukchi Shelf (e.g. Carmack and Wassmann, 2006; Pickart et al., 2016). 
Seasonal warming and cooling, brine formation, and changing flow paths result in distinct 
temperature and salinity characteristics that can be used to distinguish the modified water masses 
in the Chukchi Sea. Chukchi winter water (WW) forms as a result of brine rejection during the 
fall and winter (Muench et al., 1988; Weingartner et al., 1998; Woodgate et al., 2005a). This 
water mass is cold, saline, and becomes enriched in sediment-derived materials, including 
regenerated nutrients, through water column convection induced by brine rejection (Arrigo et al., 
2017; Lowry et al., 2015; Pickart et al., 2016; Pacini et al., submitted). In the summer, solar 
heating of this water mass transforms it into remnant winter water (RWW) (Gong and Pickart, 
2016). Alaskan Coastal Water (ACW) is the warmest water in the Chukchi Sea (Paquette and 
Bourke, 1974; Woodgate et al., 2005a); this water mass originates south of the Bering Strait and 
follows the coast of Alaska (Figure 1), thus it is influenced by Yukon River outflow and possibly 
groundwater inputs. Bering Summer Water (BSW) also originates in the Bering Sea, but is 
typically colder and saltier than the ACW (Shimada et al., 2001).  

Observational and modeling studies suggest that these Chukchi water masses typically 
transit the shelf through one of three pathways: the eastern pathway follows the coast of Alaska 
and flows through Barrow Canyon, the central pathway moves north between Herald and Hanna 
Shoals, and the western pathway flows through Herald Canyon (Pickart et al., 2016; Spall, 2007; 
Weingartner et al., 2005, 1998). Some of the water that flows through Herald Canyon travels 
along the Chukchi shelfbreak from west to east, forming a shelfbreak jet (Corlett and Pickart, 
2017; Mathis et al., 2007; Pickart et al., 2010, 2005). Recently, it was discovered that much of 
the outflow from Barrow Canyon can be steered to the left and form a slope current moving from 
east to west, offshore of the shelfbreak jet (Corlett and Pickart, 2017). Eddies transporting shelf-
influenced waters into the Canada Basin are also common (Mathis et al., 2007; Muench et al., 
2000; Pickart et al., 2005; Timmermans et al., 2008).  

Beneath the halocline, intermediate waters are ventilated by Atlantic inflows from the 
Eurasian Basin. Brine rejection on the shelves contributes to deep water formation (Aagaard et 
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al., 1981; Rudels et al., 1994), transporting continentally-influenced Atlantic water to 
intermediate depths. The movement of deep waters is restricted by bathymetry. The Lomonosov 
Ridge splits the Arctic into the Canadian (also referred to as Amerasian) and Eurasian Basins. 
The Fram Strait connects the Eurasian Basin and the North Atlantic and provides the sole deep 
water exchange pathway in the Arctic, thus deep waters in the Canadian Basin are generally 
isolated below the sill depth of the Lomonosov Ridge (~1700 m) and have longer residence 
times than those in the Eurasian Basin (Schlosser et al., 1997; Tanhua et al., 2009). The Alpha - 
Mendeleyev Ridge further divides the Canadian Basin into the Canada and Makarov Basins, 
while the Gakkel Ridge acts as a barrier between the Amundsen and Nansen Basins in the 
Eurasian Basin.  
 Radium isotopes are constantly produced through the decay of thorium in sediments and 
are soluble in seawater, so they act as tracers of continental and benthic inputs to the open ocean 
and are particularly useful in the shelf-dominated Arctic Ocean. Once removed from their 
sediment source, radium isotopes decay with characteristic half-lives, thus they can be used to 
determine time scales of water transport and residence times. The two longer-lived isotopes of 
radium, 228Ra (t1/2 = 5.75 y) and 226Ra (t1/2 = 1600 y), have appropriate half-lives for tracing shelf 
inputs to the water column and for determining the residence times of deep waters, respectively 
(Kadko and Aagaard, 2009; Rutgers van der Loeff et al., 2018, 2012, 1995; Smith et al., 2003). 
 Radium-228 was first established as a tracer of shelf inputs in the Arctic by Rutgers van 
der Loeff et al. (1995). These authors observed elevated 228Ra activities in surface waters over 
the Lomonosov Ridge and concluded that the Ra-enriched water had been transported from the 
Eurasian shelves via the Transpolar Drift. High 228Ra activities in the Transpolar Drift have since 
been observed during other expeditions (Rutgers van der Loeff et al., 2012; Smith et al., 2003), 
and have risen in recent years, signaling increased shelf-basin interaction (Kipp et al., 2018; 
Rutgers van der Loeff et al., 2018). 
 Radium-228 enrichments have also been used to identify recently ventilated intermediate 
waters in the Arctic (Kadko and Aagaard, 2009; Rutgers van der Loeff et al., 1995). Due to its 
sediment source, Rutgers van der Loeff et al. (1995) noted the usefulness of using 228Ra as a 
tracer of intermediate waters formed via brine rejection and shelf outflows. Based on 228Ra/226Ra 
activity ratios, Kadko and Aagaard (2009) recorded inputs from both the Eurasian and Chukchi 
shelves in the Canada Basin halocline, and estimated a transit time of 5 – 7 y for Pacific inflow 
to reach the interior Canada Basin. Most recently, elevated 228Ra activities between 1000 – 1500 
m in the Amundsen Basin were used to determine a ventilation time scale of 15 – 18 y (Rutgers 
van der Loeff et al., 2018).  
 Radium-226 accumulates in deep water masses as a result of the remineralization of 
sinking particles and diffusion from benthic sediments (Broecker et al., 1976; Chan et al., 1976; 
Chung and Craig, 1980). These two sources can theoretically be separated by employing another 
remineralization tracer, such as silica (Si) or barium (Ba), and the accumulation of 226Ra from 
benthic inputs can then be used to determine water mass residence times. Relatively small 
sediment enrichments (Broecker et al., 1976) and variability of the Ra-Ba-Si relationships over 
basin-wide scales (Chung, 1980) preclude the use of this method in most ocean basins. However, 
the long water residence times in the small, enclosed Arctic Canadian Basin result in significant 
accumulation of benthic-sourced 226Ra, and this tracer was recently applied to estimate a deep 
water residence time of ~550 y in the Makarov Basin (Rutgers van der Loeff et al., 2018).  
 Here we present the most extensive dataset of 228Ra and 226Ra in the Western Arctic to 
date. We apply these tracers to identify significant shelf inputs to the water column and 
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determine time scales of intermediate and deep water ventilation in the Makarov and Canada 
Basins. 
 
4.2 METHODS 
 
4.2.1 Sample collection  
 
 Samples were collected between Dutch Harbor, Alaska, and the North Pole during the US 
GEOTRACES Arctic expedition on the USCGC Healy from August 6 to October 10, 2015 
(HLY1502, GN01). The northbound transect (stations 1 – 32; Figure 2, Table 1) sampled the 
Bering Sea, Bering Strait, and Chukchi Shelf, and then crossed the Mendeleyev Ridge into the 
Makarov Basin, following the 180°W meridian. The southbound transect (stations 32 – 66; 
Figure 2, Table 1) crossed the Alpha Ridge into the Canada Basin, generally following the 
150°W meridian between 75°N and 90°N, before crossing back over the Chukchi Shelf near 
Barrow Canyon. In this chapter I include only the data collected north of the Bering Strait 
(stations 4 – 66); the results of the Bering Sea sampling will be discussed elsewhere. 
 Surface water samples were collected with a deck-mounted pump with an intake hose 
deployed at 2 m below the sea surface. Approximately 280 L of water was pumped into plastic 
barrels then filtered at <1 L min-1 through an acrylic fiber coated with manganese oxide (MnO2) 
to quantitatively scavenge Ra isotopes. For shelf stations, the water was first filtered through a 1 
µm Hytrex cartridge filter to remove particles that would otherwise clog the Mn fiber and reduce 
sample processing times. 
 Water column samples were collected using McLane in-situ pumps deployed on a plastic 
coated Vectran line. Pumps were programmed to operate for 4 hours at the target depths, 
typically filtering 1200 – 1600 L for each sample at an average flow rate of 5.6 L min-1. Water 
was first passed through a series of filters to collect small and large particles, and then through 
cellulose cartridges coated with MnO2 to collect Ra, Th, and Ac isotopes (Henderson et al., 
2013). 
 Small volume (15 - 20 L) samples of water were also collected to determine the cartridge 
collection efficiencies. These samples were collected from Niskin bottles either mounted on the 
CTD rosette (shallow casts, typically <1000 m) or above the in-situ pumps (deep casts, typically 
>1000 m), and were filtered through Mn fiber.  
 
4.2.2 Sample analysis  
 
 After collection, filters and cartridges were rinsed with Ra-free deionized water to 
remove any particles and partially dried with filtered, compressed air. Fibers and cartridges were 
then ashed in a muffle furnace at 820°C for 12 h and 48 h, respectively. The ash was packed into 
polystyrene vials, sealed with epoxy to prevent 222Rn loss, and aged for at least 3 weeks to allow 
daughter isotopes to reach equilibrium. Samples were analyzed on high-purity well-type 
germanium detectors; surface samples were analyzed in the Moore lab at the University of South 
Carolina and water column samples were analyzed in the Charette lab at the Woods Hole 
Oceanographic Institution. Radium-228 was measured using the lines of 228Ac (338 keV and 911 
keV) and 226Ra was measured using the line for 214Pb (352 keV). Detector efficiencies were 
determined using a set of ashed standards spiked with 226Ra and 232Th with daughters in 
equilibrium and prepared in the same way as the samples.  
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 The 226Ra activities of the small volume samples were analyzed using an alpha 
scintillation technique described by Key et al. (1979). Briefly, fibers were sealed in 125 mL PVC 
housings for a minimum of three weeks to allow 222Rn to reach equilibrium with its parent 226Ra. 
The 222Rn was then purged from the housing with helium at a flow rate of 250 mL min-1 and 
trapped in a cryo-loop cooled with liquid nitrogen. After purging for 15 min, the cryo-loop was 
isolated and heated, and the trapped 222Rn was transferred to an alpha scintillation cell to be 
analyzed on a radon counting system (Model AC/DC-DRC-MK 10-2). Samples were analyzed 
for ~230 min, resulting in counting uncertainties of <8%. The 226Ra measurement efficiency was 
determined using fiber standards containing 20 dpm 226Ra (NIST-certified SRM#4967A) that 
were analyzed the same way as the samples.  

The 226Ra activities measured on the small volume samples were compared to those on 
the cartridges collected from the corresponding depths in order to determine the Ra collection 
efficiencies. The collection efficiency of individual cartridges ranged from 19% to 99%, with an 
average of 70 ± 19% (1σ). The errors on the determined cartridge collection efficiencies were 
propagated with counting errors to produce the errors on the reported activities. 

 
4.2.3 Sampling procedures for historical datasets 
 

In addition to the samples collected on the 2015 HLY1502 transect, we also present 
previously unpublished Ra data collected by David Kadko during the Shelf-Basin Interactions 
(SBI) expeditions in 2002 and 2004 on the USCGC Healy (HLY0201, HLY0203, HLY0402, 
HLY0403, HLY0404), the Arctic West Summer (AWS) 2000 expedition on the USCGC Polar 
Star (hereafter referred to as AWS-2000), and the 1998 Surface Heat Budget of the Arctic Ocean 
(SHEBA) ice camp. Some of the SBI data have been previously published, and a detailed 
description of sampling and analytical methods for these expeditions can be found in Kadko et 
al. (2008) and Kadko and Muench (2005). Sampling on the other expeditions was conducted in 
the same manner. 
 
4.2.4 Chukchi sea model  
 

A regional circulation model was used to aid in the interpretation of the 228Ra distribution 
on the Chukchi Sea shelf and slope. The model has been used previously by Spall (2007) and 
Spall et al. (manuscript in revision for JGR-Oceans) and is briefly summarized here. The 
regional version of the MIT general circulation model (Marshall et al., 1997) was coupled to a 
sea ice model and forced with surface fluxes of surface heat, freshwater, and momentum from 
the daily North American Regional Reanalysis product (www.esrl.noaa.gov/psd/data/gridded/ 
data.narr.html). The model was also forced by volume fluxes and the temperature and salinity 
characteristics of inflowing water through Bering Strait, which are seasonally variable and based 
on long-term measurement records from this region (Weingartner et al., 2005; Woodgate et al., 
2005b). The model was run for four years and forced with daily climatology from January 2002 
to December 2005 to facilitate comparison with the seasonal trends captured by the SBI cruises.   

The model domain was set on an f-plane with the Coriolis parameter set to 1.2 × 10-4 s-1. 
The domain begins at 63°N and 180°W and extends 1440 km to the east and 2160 km to the 
north (Figure 3). The horizontal grid spacing was 10 km, and the vertical grid was as follows: 5 
m spacing in the upper 80 m, 10 m spacing between 80 – 110 m, 20 m spacing between 110 – 
150 m, 30 m spacing between 150 – 210 m, and grid points at 250 m, 300 m, 375 m, 475 m, 625 
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m, 800 m, and 1000 m. Bottom topography was interpolated from the ETOPOv2 two-minute 
gridded bathymetry (www.ngdc.noaa.gov/mgg/global/etopo2.html). 

A generic tracer designed to represent benthic 228Ra inputs was injected from sediments 
north of Bering Strait, with a flux proportional to the amount of mixing at the bottom, as defined 
by Equation 1: 

 
F = 1− e!! !!"#     (1) 

 
where F is the tracer flux, κ is the vertical diffusion coefficient, and κmax = 0.1 m2 s-1. A 
minimum background mixing coefficient of 10-5 m-2 s-1 was specified, which represents diffusion 
of the tracer through the water column. The vertical mixing coefficient was determined by the 
KPP parameterization (Large et al., 1994). The tracer is represented in arbitrary units.  
 
4.3. RESULTS 
 
4.3.1 Radium-228 
 
 Radium-228 activities in Arctic surface waters are some of the highest in the open ocean 
due to the strong continental influence in this basin. The 228Ra activities measured at the surface 
on the HLY1502 transect ranged from 3 to 23 dpm 100L-1 (Figure 4, Figure S1); comparatively, 
the highest activities in Atlantic and Pacific surface waters are typically below 5 dpm 100L-1 and 
1 dpm 100L-1, respectively (Charette et al., 2015; Sanial et al., 2018). The highest 228Ra activities 
on the HLY1502 transect (~23 dpm 100L-1) were observed between 85°and 90°N from the 
surface to approximately 50 m (Figure 4, Figure S1). Minimum values in surface water (~ 3 – 4 
dpm 100L-1) were observed near 77°N on the northbound transect and 75°N on the southbound 
transect. 

Activities were generally 5 – 15 dpm 100L-1 in the shelf-modified Pacific layer and were 
elevated (up to 20 dpm 100L-1) near the Chukchi shelfbreak, particularly on the southbound 
transect. The apparent difference between the two shelf crossings may simply be due to the 
higher sampling resolution on the southbound transect, which allowed samples to be collected 
closer to the shelfbreak and slope. Below the halocline, activities were below 5 dpm 100L-1, 
reflecting the isolation of deeper waters from the shelf source of 228Ra (Figure 5, Figure S1). 
There was a mid-water column maximum in 228Ra (up to 2 dpm 100L-1) between 500 – 1500 m 
evident in the Makarov Basin, particularly at station 19 over the Mendeleyev Ridge, and at 
station 32 in the Amundsen Basin (Figures 6 and 7). A similar pattern was not observed in 
Canada Basin intermediate waters. Some samples were below detection, particularly in the deep 
Canada Basin (black symbols in Figure 5). A few stations showed influence of benthic inputs, 
with activities near the bottom increasing up to ~1 dpm 100L-1. These inputs were particularly 
evident at stations 14 (in the Chukchi Abyssal Plain), 30 (in the Makarov Basin), and 43 and 46 
(above the Alpha Ridge). Bottom water values at the other stations were ~0.5 dpm 100L-1. 
Benthic 228Ra activities in the Arctic were similar to those observed in the Atlantic (0.5 – 1.0 
dpm 100L-1; Charette et al., 2015), but higher than those in the Pacific (< 0.6 dpm 100L-1), where 
activities are low due to dilution and decay in the large Pacific basin (Sanial et al., 2018). 

To examine the 228Ra signature of various Arctic water masses, the 228Ra activities 
measured during the SBI transects and the HLY1502 transect were used to create a mean T-S 
diagram, where the symbol color represents the average 228Ra activity for each 0.1°C x 0.1°C 



	   111 

cell (Figure 8a; Figure 8c indicates the number of samples used to compute the average for each 
corresponding cell). Here we define the water masses according to the T-S characteristics 
outlined in Pickart et al. (submitted), but note that these boundaries serve as guidelines and can 
be variable. The highest 228Ra activities were observed in a handful of samples collected in the 
melt water, around -1.5°C and salinity 28; these samples were collected in the Transpolar Drift 
(see section 4.4.2.1). Apart from these Transpolar Drift samples, the highest 228Ra activities were 
associated with the WW and RWW. The lowest activities were found in AW, while MW, BSW, 
and ACW displayed variable 228Ra activities.  
 
4.3.2 Radium-226 
 
 Radium-226 activities were lowest in the fresh surface layer, ranging between 7 – 10 dpm 
100L-1 (Figure 9, Figure S2). Activities were higher (up to 14 dpm 100L-1) in the shelf-modified 
Pacific inflow; these activities are similar to those observed in the upper 1000 m of the North 
Pacific (Chung and Craig, 1980). Activities were below 10 dpm 100L-1 in the Atlantic layer 
between approximately 500 – 1500 m, and then increased with depth. The deep Makarov and 
Canada Basins had the highest 226Ra activities, reaching up to 17 dpm 100L-1 (Figures 9 and 10). 
To the best of our knowledge, this study presents the first measurements of 226Ra below 2000 m 
in the Canada Basin. The activities measured at the sole Eurasian Basin station (station 32) were 
lower, with a maximum of 12 dpm 100L-1 (Figure 9, Figure S2). These deep water values fall 
between those observed in the North Atlantic (~9 – 12 dpm 100L-1; Broecker et al., 1976) and 
North Pacific (~30 – 36 dpm 100L-1; Chung and Craig, 1980). 
 Similar to 228Ra, 226Ra activities were elevated in the WW, RWW, and cold MW around 
salinity 28. There were variable activities in the BSW, ACW, and the other MW samples (Figure 
8b; data density shown in Figure 8c). Radium-226 activities were also elevated in the deep AW, 
with the highest activities associated with Canada Basin Deep Waters. 
 
4.3.3 Chukchi Sea model 
 
 The numerical model was able to reproduce the main circulation features and seasonal 
variability in temperature, salinity, and ice coverage in the Chukchi Sea (Spall, 2007). The 
seasonal change in the modeled temperature was similar to the trend observed in the data for 
spring, summer, and fall transects, with the coldest temperatures (< -1.5°C) in the spring and 
maximum values (~1°C) in the upper water column in the fall (Figure 11; see section 4.4.2.2). 
The modeled salinity re-created the observed mean salinity, with values ~32 below 20 m and 
fresher waters at the surface (Figure 11; see section 4.4.2.2). Similarly, the modeled velocity of 
the shelfbreak jet matched the observed mean velocity, ~5 – 10 cm s-1 (Figures 11 and 12; see 
section 4.4.2.2).  

The concentration of the tracer at the bottom of the water column is shown in Figure 13; 
the concentration at 37.5 m and depth-integrated concentrations exhibited similar trends, though 
the depth integrated tracer concentrations were not as variable and were highest over the mid-
shelf between Herald and Hanna Shoals in early spring (Figures S3 and S4). The concentration 
of the sediment tracer generally increased with distance from Bering Strait and was highest in the 
fall (Figure 13). The highest concentrations were observed in Kotzebue Sound, Alaska, which 
has very shallow bathymetry (<20 m), and near Hanna Shoal. Elevated concentrations were also 
observed near the coast of Russia in the fall (Figure 13d).  
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To facilitate a comparison with the available data, a cross-section of the model near the 
SBI and GEOTRACES southbound shelf crossings was examined (white box in Figure 3). This 
shows that the shelfbreak jet carries elevated tracer concentrations (Figure 12, Figure S5). 
Seasonal variability in the tracer was apparent in this location, with the highest concentrations 
observed in the fall, coincident with warmer temperatures and higher velocities in the shelfbreak 
jet (Figure 11).  
 
4.4 DISCUSSION 
 
4.4.1 Seasonal variability in 228Ra and 226Ra in the Chukchi Sea 
 

Our 2015 observations were compared to previous studies of 228Ra and 226Ra in the 
Chukchi Sea to investigate seasonal trends. HLY1502 station 6 (68.09°N, 168.11°W) was 
located north of the Bering Strait near Point Hope, Alaska, in close proximity to a station 
repeatedly occupied during the SBI cruises (~67.5°N, 168.9°W), and a station sampled during 
the 2014 CHINARE expedition (69.60°N, 169.01°W; Li et al., 2017) (Figure 14). The 228Ra 
activities measured at this location in fall 2015 were approximately double those observed during 
the spring 2002, summer 2002, and summer 2004 cruises (HLY0201, HLY0203, HLY0403), but 
similar to the activities recorded during spring 2004 and late summer 2014 (HLY0402, 
CHINARE) (Figure 14a). Radium-228 activities in Bering Sea surface water are typically 1 – 3 
dpm 100L-1 (Charette and Moore, 2017; Li et al., 2017), similar to the low end of the historical 
data. The higher 228Ra activities could be due to an increased 228Ra flux from sediments as a 
result of water column mixing, or to the influence of ACW. This water mass is transported into 
the Eastern Chukchi via the Alaskan Coastal Current in summer and early fall, and is influenced 
by the Yukon River outflow (Woodgate et al., 2005a); 228Ra activities in the Yukon can be as 
high as 20 dpm 100L-1 during these seasons (see Figure S1 in Chapter 5), thus an increased river 
influence could contribute to higher 228Ra activities in the Chukchi Sea later in the year. The high 
228Ra activities observed in the fall of 2015 are near the T-S space occupied by ACW (Figure 
8a), indicating possible influence from this water mass. An enhanced presence of ACW during 
spring 2004 compared to spring 2002 might also have contributed to the higher Ra activities 
observed during this season (Codispoti et al., 2009). However, based on the activities in the river 
and Bering Sea endmembers, a mixture of ~30% river water and ~70% Bering Sea water is 
required to achieve 228Ra activities of ~8 dpm 100L-1 over the shelf. This amount of river input is 
improbable given the salinity of the water at this station (~32), thus river input is unlikely to be 
the sole driver of the increased 228Ra activities.  

Water column mixing may be a more important control on the Ra activities; the cooling 
and brine rejection that occurs during ice formation (Muench et al., 1988; Weingartner et al., 
1998) leads to convective overturning that can transport Ra, nutrients, and other sediment-
derived materials into the water column (Arrigo et al., 2017; Lowry et al., 2015; Pickart et al., 
2016; Pacini et al., submitted). Sediment inputs are strongest in the late fall when ice formation 
occurs (Figure 11), thus the high activities observed during the CHINARE (July – September) 
and HLY1502 (August) expeditions could be supported by convective overturning and mixing 
resulting from brine formation or storms passing through the Chukchi Sea during the open water 
season. The HLY0402 transect took place in the spring (May – June), when the Chukchi is still 
extensively ice covered, but Pacini et al. (submitted) have recently shown that refreezing leads in 
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late-May can drive convection and stir sediment-derived solutes into the overlying water column; 
this could explain the elevated 228Ra activities observed during this expedition.  

Radium-226 activities were highest in the fall of 2015 (HLY1502), and lowest in the 
surface during the 2002 and 2004 summer transects (HLY0203, HLY0403) (Figure 14b). The 
226Ra activities of Bering Sea surface water are approximately 7 – 10 dpm 100L-1 (Charette and 
Moore, 2017; Chung and Craig, 1980; Li et al., 2017), therefore the Chukchi Sea activities below 
7 dpm 100L-1 are likely due to removal of 226Ra. Radium can be depleted in surface waters due 
to co-precipitation with barite or uptake in calcareous or siliceous tests (Moore and Dymond, 
1991; van Beek et al., 2007), thus the low summer activities may be the result of biological 
uptake and subsequent particle export. Low concentrations of Ba, a chemical analog of Ra, have 
been previously observed in the Bering Strait and were attributed to biological uptake (Kenison 
Falkner et al., 2013). However, these authors observed only a 20% depletion of Ba, while the 
summer 226Ra activities of ~3 dpm 100L-1 observed in this study would require ~60% 226Ra 
decrease from typical Bering Sea surface water values. This is a surprisingly large depletion, 
given that particulate 226Ra is typically <1% of dissolved values (van Beek et al., 2007). 
However, strong biological uptake (48% depletion) of 226Ra has also been observed on the 
Laptev and Barents Seas (Rutgers van der Loeff et al., 2012). The elevated 226Ra activities in fall 
2015 could be influenced by ACW carrying Yukon River outflow; summer and fall 226Ra 
activities in this river are between 10 – 17 dpm 100L-1 (see Figure S1 in Chapter 5). However, as 
with 228Ra above, this would require an unlikely contribution of ~30% river water, so sources 
such as sediment inputs or groundwater may also have played a role in creating the fall 2015 
226Ra profile. 
 
4.4.2 Shelf inputs at the surface and in the halocline  
 

The strong 228Ra enrichments in the surface and halocline waters are due to shelf inputs 
that have accumulated in this layer. Kadko and Aagaard (2009) suggested that heterogeneity in 
the halocline distribution of 228Ra may arise from a combination of episodic shelf inputs, eddies, 
and downwelling. Based on the extensive dataset provided by the HLY1502 and SBI 
expeditions, some specific shelf influences in the Western Arctic can be identified.  
 
4.4.2.1 Distinct surface water sources indicated by 228Ra  
 

Radium-228 activities were highest in surface waters near the North Pole; this 228Ra-
enriched water was transported from the East Siberian and Laptev Shelf Seas via the Transpolar 
Drift. These wide and shallow Eurasian Seas are a large source of 228Ra to the overlying waters, 
and are transported on time scales of 6 – 12 months to the central Arctic (Kipp et al., 2018). The 
activities observed in the Transpolar Drift in 2015 were approximately double those observed in 
2007; because the shelves are the largest source of 228Ra to the surface ocean, this indicates a 
substantial increase of shelf-derived materials to the Arctic over the last decade (Kipp et al., 
2018; Rutgers van der Loeff et al., 2018) (see Chapter 2). 

The relatively low 228Ra activities observed in surface waters near 77°N on the 
northbound transect and 75°N on the southbound transect are associated with low salinity (<27) 
and high fractions of meteoric water (>0.15; Pasqualini et al., 2017). This water is part of the 
southern arm of the Beaufort Gyre, which accumulates and stores river runoff (Carmack et al., 
2016). The low 228Ra activities result from decay during circulation in the gyre. Back trajectories 
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determined for the ice at these sample locations supports transport in the gyre, and surface water 
ages based on the ingrowth of 228Th with its parent 228Ra indicate that this water mass has been 
removed from the shelf for at least 3 years (Kipp et al., 2018). 

 
4.4.2.2 Influence of the shelfbreak jet 
 
 The HLY1502 southbound transect and the SBI spring and summer 2002 and 2004 
transects (HLY0201, HLY0203, HLY0402, HLY0403) crossed the Chukchi shelfbreak in similar 
locations, west of Barrow Canyon (Figure 15). These 8 transects were used to compute 
composite mean sections of the Ra activities, absolute geostrophic velocity, temperature, and 
salinity across the Chukchi shelfbreak using the MATLAB approach described in Corlett and 
Pickart (2017) (Figure 16). These mean plots illustrate that the high 228Ra activities observed 
near the shelfbreak are associated with cold water moving from west to east. This suggests that 
228Ra-enriched WW is being transported from the Chukchi Shelf via the Chukchi shelfbreak jet 
(Corlett and Pickart, 2017; Pickart et al., 2005; Li et al., submitted). The WW advected by the 
shelfbreak jet likely becomes enriched in 228Ra during its residence time over the Chukchi Shelf. 
As mentioned in section 4.4.1, convective overturning as a result of brine rejection during ice 
formation and lead refreezing can transport sediment-derived materials such as 228Ra into the 
overlying water column (Arrigo et al., 2017; Lowry et al., 2015; Pickart et al., 2016; Pacini et al., 
submitted). The modeled tracer concentrations were elevated in the shelfbreak jet, similar to the 
trend observed in the data, and were highest over the northern part of the shelf (Figure 12). The 
data and the model demonstrate that the advection of WW in the shelfbreak jet plays a key role 
in transporting sediment-derived materials off the Chukchi Shelf.  

When the data are separated by season, 228Ra activities near the shelfbreak increase from 
spring to summer to fall (Figure 17). Interestingly, this is opposite to the trend in WW presence, 
which is most prevalent in the spring (but present throughout the year). The rise in 228Ra during 
the year could be due to a longer WW residence time over the shelf: assuming that ice formation 
(and thus WW formation) occurs at approximately the same time across the shelf, and that the 
flushing rate is similar throughout the year, WW formed farther south will take longer to reach 
the northern part of the shelf and/or be carried to the sampling location via the shelfbreak jet. The 
water reaching the shelfbreak in the fall would therefore have a longer residence time over the 
shelf, during which time it could become more enriched in Ra, than the water reaching the 
shelfbreak in the spring. Because these seasonal mean sections are based on fewer data than the 
annually averaged plot – in the case of fall, the section is based only on HLY1502 data – we 
cannot rule out variability due to interannual differences or sampling resolution. However, the 
seasonal variability in the sediment tracer model matches the seasonal changes observed in the 
data; specifically, the highest concentrations are observed on the northern part of the shelf during 
the fall and were associated with warmer water temperatures (Figures 11 – 13). The model 
therefore supports the idea that there is an accumulation of Ra in WW over the course of the 
year, and indicates that there is a seasonal cycle in the export of sediment-derived materials from 
the Arctic shelves. 
 Similar to 228Ra, activities of 226Ra are highest in the shelfbreak jet, and increase through 
the year (Figure 17). Because of its long half-life, this isotope of Ra can be noticeably impacted 
by biological uptake and mineral precipitation of siliceous or calcareous tests (Moore and 
Dymond, 1991; van Beek et al., 2007); these processes decrease 226Ra activities in the water 
column but would increase activities in the sediments if biological production was followed by 



	   115 

particle export. Biological uptake and particle cycling could therefore impact the 226Ra activities 
over the Chukchi Shelf in addition to the sediment inputs of Ra. The elevated 226Ra activities 
extend into the halocline in fall, while the off-shelf 228Ra activities are fairly similar in all 
sampling periods. This may reflect the longer half-life of 226Ra. Residence times in the halocline 
have been estimated to be ~3 – 10 y (Schlosser et al., 1999), which would allow a significant 
amount of 228Ra to decay but would not measurably affect the 226Ra activities. However, this 
explanation contrasts with the seasonal variability observed in the 226Ra activities; if 226Ra is not 
appreciably affected by decay in the halocline, then the 226Ra activities should be similar in all 
seasons. More data in the fall time period are needed to elucidate the controls on this isotope in 
the halocline and determine whether the high 226Ra activities observed in 2015 are due to a 
seasonal trend or interannual changes.  

Because both isotopes increase seasonally in the shelfbreak jet, the 228Ra/226Ra activity 
ratio of this water mass remains fairly constant, at approximately 0.9 – 1.1 (Figure 17). This 
ratio, along with the T-S characteristics of the WW, can therefore be used to identify a shelfbreak 
jet endmember (see section 4.4.2.3). 
  
4.4.2.3 228Ra/226Ra signatures in the halocline  
 
 The combination of strong shelf influences and decay of 228Ra on subdecadal timescales 
leads to variability in the 228Ra/226Ra activity ratios observed in Western Arctic surface and 
halocline waters; this variability can be used to identify specific shelf inputs to the upper water 
column and determine the time elapsed since water was in contact with the shelf. Because of the 
shorter half-life of 228Ra, this isotope regenerates more quickly than 226Ra in sediments. This can 
result in 228Ra/226Ra activity ratios greater than 1 over continental shelves; ratios as high as 3.9 
have been observed over the Laptev Shelf (Rutgers van der Loeff et al., 2003). After water 
leaves the shelf, residence times in the surface and halocline are long enough (~3 – 10 years; 
Schlosser et al., 1999) that the 228Ra/226Ra activity ratio will decrease due to 228Ra decay. The 
change in the 228Ra/226Ra activity ratio can therefore be used to determine the time elapsed since 
the water mass advected off the shelf.  

However, the 228Ra/226Ra ratio can also change due to mixing between water masses in 
Western Arctic surface and halocline waters. The upper water column in the Western Arctic 
contains multiple endmembers: water recently in contact with the shelf (including ACW, BSW, 
RWW, and WW), fresh surface MW, and saline AW beneath the halocline. Shelf water has high 
228Ra/226Ra activity ratios, and is typically associated with low salinities due to rivers inputs over 
shelves (Rutgers van der Loeff et al., 2003; Smith et al., 2003). The MW endmember has low 
228Ra/226Ra ratios due to 228Ra decay during circulation in the Beaufort Gyre, and low salinities 
due to ice melt and river discharge. The 228Ra/226Ra activity ratio of 0.29 measured at the T3 ice 
station in the Canada Basin in 1968 (Kaufman et al., 1973) is often used to represent the MW 
endmember (Kadko and Muench, 2005; Rutgers van der Loeff et al., 1995; Smith et al., 2003). 
The AW endmember represents saline water deeper in the halocline that has low 228Ra/226Ra 
activity ratios (<0.2) due to decay. 
 The 228Ra/226Ra activity ratios measured in Western Arctic surface waters (≤200 m) over 
the last two decades range between ~0 – 2.1 and generally fall within salinities of 23 – 35 
(Figure 18a). This compilation of datasets allows for a more robust analysis of the endmembers 
described above than was possible in previous studies. The HLY1502 transect included many 
measurements in the Canada Basin, capturing the MW endmember. A handful of samples 
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collected between stations 53 – 57 (73.4° – 77.0°N) displayed 228Ra/226Ra activity ratios of 0.30 
– 0.46 at salinities of 25.30 – 26.34; several samples from the AWS2000 and SBI expeditions 
fell within this range as well. We identify this cluster of samples as the MW endmember, 
representing low-salinity, aged surface waters (dashed circle on Figure 18). The activity ratio of 
this newly defined PSL endmember is similar to that of the T3 ice station, but with a lower 
salinity. This is likely due to freshening of Arctic surface waters over the last few decades (Swift 
et al., 2016). The HLY1502 transect also provided high-resolution water column measurements 
that can be used to determine the AW endmember. This endmember was determined by taking 
the mean of HLY1502 samples with temperatures <1°C and salinities >34 (n = 143); this 
resulted in an average 228Ra/226Ra activity ratio of 0.064 and an average salinity of 34.86 (black 
square in Figure 18). 
 As mentioned above, previous studies have identified the shelf endmember through high 
228Ra/226Ra activity ratios and low salinities (Rutgers van der Loeff et al., 1995; Smith et al., 
2003). The lack of a direct freshwater input to the Chukchi precludes the use of this approach 
here, and we cannot define a general Chukchi Shelf endmember. The range of 228Ra/226Ra 
activity ratios measured over the Chukchi Shelf (defined as stations with bottom depths ≤200 m) 
during HLY1502 was 0.51 – 1.23 at salinities of 22.8 – 32.8. The cluster of HLY1502 samples 
with 228Ra/226Ra activity ratios around 2 were collected in the Transpolar Drift (>85°N), which 
carries the high 228Ra/226Ra – low salinity shelf signal from the Kara and Laptev Seas (Rutgers 
van der Loeff et al., 2003, 1995). Despite the variability over the Chukchi shelf, the shelfbreak 
jet exhibits a fairly consistent 228Ra/226Ra activity ratio of 0.9 – 1.2, which is associated with 
salinities of ~32.4 – 32.8 (see section 4.4.2.2); we use these values to denote a shelfbreak jet 
endmember in lieu of a general Chukchi shelf endmember (black rectangle on Figure 18). 
Because the shelfbreak jet carries WW and RWW, this can also be considered a WW 
endmember. 
 Lines drawn between endmembers represent rapid mixing between them, with little 228Ra 
decay. Water carried in the shelfbreak jet contributes to the ventilation of the halocline (Aagaard 
et al., 1981; Pickart et al., 2005; Weingartner et al., 1998), and mixing with MW and AW in the 
halocline will modify the 228Ra/226Ra activity ratio and salinity of this water mass. The 
228Ra/226Ra activity ratio of the shelfbreak jet endmember will also decrease due to decay during 
its residence time in the halocline. The modified ratios should fall within the envelope defined by 
the mixing curves shown in Figure 18b. Although ratios do not mix linearly, we assume that 
mixing biases do not introduce a significant amount of error because the range of 226Ra activities 
is small compared to the range of 228Ra activities in surface waters (Kadko and Muench, 2005; 
Rutgers van der Loeff et al., 1995). The mixing line drawn between the MW and AW 
endmembers identifies the lower limit of 228Ra/226Ra activity ratios expected in the halocline, as 
this denotes mixing between two aged water masses. The difference between the 228Ra/226Ra 
activity ratio in the shelfbreak jet and the ratio at the corresponding salinity on this MW-AW line 
therefore represents the maximum amount of 228Ra decay expected in the halocline for water 
originating in this water mass. This decay can be used to determine the halocline ventilation 
timescale with respect to inputs from the shelfbreak jet (Equation 2): 
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In Equation 2, !"!!"
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is the activity ratio of 228Ra/226Ra on the MW-AW endmember mixing 

line determined at a given salinity, !"!!"
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is the ratio of the shelfbreak jet endmember, λ228 is 

the decay constant for 228Ra, and t is the time elapsed. Using the range of 228Ra/226Ra activity 
ratios in the shelfbreak jet (0.9 – 1.2) as the initial ratios, and the ratios on the MW-AW line at 
salinities 32.4 – 32.8 as the minimum expected ratios in the halocline (0.16 – 0.14), the halocline 
ventilation timescale was determined to be 14 – 17 y. Because the MW-AW mixing line 
represents the lower limit of expected 228Ra/226Ra ratios in the halocline, this estimate is an upper 
limit of the halocline ventilation timescale with respect to inputs from the shelfbreak jet. Many 
samples fall above the MW-AW mixing line, indicating that less 228Ra has decayed and less time 
has elapsed. This ventilation timescale is specifically for water that has originated over the 
Chukchi Shelf and was transported to the basin via the shelfbreak jet (WW and RWW), however 
Figure 18 shows that many samples fall outside the mixing lines constrained by this endmember. 
This reflects the variability in the 228Ra/226Ra activity ratios of Chukchi shelf waters, which may 
reach the Canada Basin through different pathways (e.g. the slope current, eddies) and ventilate 
the halocline over different timescales. 

The five datasets compiled for this analysis span two decades and exhibit similar 
relationships between 228Ra/226Ra activity ratios, salinity, and depth. The ventilation timescale of 
≤14 – 17 years is thus likely to be representative for shelfbreak jet inputs to the Canada Basin 
halocline between 1995 – 2015. However, rising 228Ra activities in the Transpolar Drift indicate 
that climate change has impacted Ra inputs from the Eastern Arctic shelves over the last decade 
(Kipp et al., 2018; Rutgers van der Loeff et al., 2018). This change is likely driven by intensified 
wind-driven vertical mixing as a result of an increased number of open water days over the 
Laptev and East Siberian Seas. A similar change in the number of open water days was not 
observed over the Chukchi Shelf (Chapter 3 Figure S11), and the 228Ra activities observed over 
the Chukchi Shelf during our 2015 transect are similar to those measured on previous 
expeditions (Figure 14, Chapter 3 Figure S2). Changing shelf inputs are therefore unlikely to bias 
our estimate of the ventilation timescale.  
 
4.4.3 Radium variability in the Canada Basin 
 
 While multiple studies have examined the Ra activities over the Chukchi shelf, only a 
few historical profiles of Ra in the Canada Basin exist. Both 228Ra and 226Ra were measured over 
the Alpha Ridge (85.83°N, 108.83°W) during the Canadian Expedition to Study the Alpha Ridge 
(CESAR) in the spring of 1983 (Bacon et al., 1989; Moore and Smith, 1986). HLY1502 station 
43 (85.13°N, 150.00°W) was located ~362 km west of the CESAR floating ice camp but was 
also positioned over the Alpha Ridge. The 228Ra and 226Ra profiles from HLY1502 station 43 are 
generally similar to those from CESAR, but display higher 228Ra activities in the surface and 
lower 226Ra activities in the halocline (Figure 19). The elevated 228Ra surface activities in 2015 
are due to increased shelf inputs of this isotope, which were transported to the central Arctic via 
the Transpolar Drift (Kipp et al., 2018). The offset in 226Ra activities between spring 1983 and 
fall 2015 must result from differences in the shelf-modified Pacific layer. The nutrient maximum 
was slightly shallower in 2015 (~100 m in 2015, ~130 m in 1983), and Si concentrations were 
also lower in 2015 (~32 µM in 2015, ~40 µM in 1983) (Kadko et al., 2016; Moore and Smith, 
1986). As these stations were separate in both space and time, there may have a been a stronger 
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influence of Pacific waters on the CESAR station in 1983 due to seasonal or interannual 
differences in circulation (e.g. the strength of the Arctic Oscillation). Alternatively, the 226Ra 
activities and Si concentrations may have been higher in the 1983 profile due to a longer 
residence time of Pacific water over the Chukchi shelf, or to differences in biological 
productivity. A particularly productive season would decrease the 226Ra activities and Si 
concentrations in the water transiting the shelf via biological uptake and subsequent particle 
export, while an unproductive biological season would remove less 226Ra and Si from the water 
column. 

  A profile of 228Ra was also measured in the Canada Basin as part of the AWS-2000 
expedition (Trimble et al., 2004). This AWS-2000 station (75.22°N, 149.90°W) was located ~21 
km from HLY1502 station 56 (75.06°N, 150.32°W). The 228Ra activities measured below 100 m 
at both stations are similar; the peak 228Ra activity in the cold Pacific winter water (~130-230 m) 
was 4.53 ± 0.09 dpm 100L-1 in 2015 and 4.82 ± 0.10 dpm 100L-1 in 2000, and in both years the 
activities decreased to <1 dpm 100L-1 in the underlying Atlantic layer (Figures 20 and S6). 
However, in 2000, high 228Ra activities were observed in Pacific summer water, reaching ~7 
dpm 100L-1 between 50 – 100 m, coincident with a temperature maximum. A similar 228Ra peak 
was not observed at HLY1502 station 56, or at any other HLY1502 stations (Figures S1 and S6). 
There were elevated 228Ra activities associated with local temperature maxima at HLY1502 
stations 52 and 60, however these were located at shallower depths (36 m and 22 m, 
respectively) and lower salinities than the peak observed on AWS-2000 (Figure S6). These local 
maxima may therefore be related to the ACW, while the deeper, saltier water mass associated 
with the 228Ra peak observed on AWS-2000 is more likely BSW (Steele et al., 2004). The 
warmer temperatures observed at HLY1502 station 60 support the presence of ACW at this 
station, but a similar temperature maximum is not observed at station 52 (Figure S6). A wide 
range of 228Ra activities have been measured in BSW over the shelf (Figure 8a), so the difference 
between the 2015 and 2000 profiles could also reflect the variability of 228Ra in this water mass. 
It is also possible that the BSW measured in 2015 had a longer transit time, and thus more 228Ra 
decayed before reaching this location. Alternatively, the high 228Ra activities observed in 2000 
could have been influenced by eddies, which are prevalent in the Western Arctic (Mathis et al., 
2007; Muench et al., 2000; Pickart et al., 2005; Timmermans et al., 2008). 
 
4.4.4 Recent ventilation of the Makarov Basin 
 
 The enrichment of 228Ra between 500 – 1500 m on the northbound transect is evidence of 
recent shelf contact (Figures 6 and 7). Elevated 228Ra activities and 228Ra/226Ra activity ratios 
have been used to identify recently ventilated waters as they move along isopycnals (Kim et al., 
2003; Rutgers van der Loeff et al., 1995), and 228Ra/226Ra activity ratios have been applied in the 
Arctic to determine the time elapsed since intermediate waters were last in contact with the shelf 
(Kadko and Aagaard, 2009; Rutgers van der Loeff et al., 2018). If the shelf endmember is 
known, the time elapsed since the water mass was ventilated can be estimated using equation 2. 

In this case, !"!!"

!"!!"
!
is the activity ratio of 228Ra/226Ra observed in the intermediate water, and 

!"!!"

!"!!"
!
is the ratio of the shelf endmember. The ratio of 228Ra/226Ra is used instead of the 

absolute 228Ra activity in order to correct for any dilution or mixing during transit, assuming 
deep water has a negligible 228Ra activity. This approach assumes that there are no additional 
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inputs of Ra from the slope after the water leaves the shelf. The 228Ra/226Ra activity ratios 
measured between 500 – 1500 m at the HLY1502 stations closest to the slope (14, 57, 60) ranged 
from 0.02 – 0.09 but were all within error of 0 (excluding one sample with a ratio of 0.58 ± 0.30 
that is questionable due a pump malfunction), indicating that inputs from the slope are unlikely 
to bias this calculation. Elevated oxygen and SF6 concentrations between 500 – 1500 m in the 
Makarov Basin also indicate recent ventilation (Smethie and Swift, 2018), and the atmospheric 
source of these tracers support recent contact with the shelf. 

The 228Ra/226Ra activity ratios observed in the recently ventilated water at station 19 
(above the Mendeleyev Ridge in the Canadian Basin) and station 32 (in the Amundsen Basin) 
were 0.15 ± 0.02 and 0.16 ± 0.01, respectively (Figures 6c and 7c). This intermediate water was 
likely formed during brine rejection over the shelf and subducted through the St. Anna Trough in 
the Kara Sea (Rudels et al., 1994). We therefore use historical observations of the 228Ra/226Ra 
activity ratio from the Kara Sea as the shelf endmember. Using the average Kara shelf ratio of 
2.1 ± 0.6 (Rutgers van der Loeff et al., 2003), the intermediate water age at stations 19 and 32 is 
22 ± 2 y and 21 ± 2 y, respectively. Because similar mid-water column enrichments were not 
observed in the Canada Basin, the intermediate water in this basin must be ventilated on time 
scales greater than 30 years, after which time any 228Ra enrichment would not be detectable. This 
is consistent with the current understanding of intermediate water circulation, which indicates 
that water flows through the Makarov Basin before reaching the Canada Basin (Rudels et al., 
1994). 

Rising shelf inputs of Ra as a result of climate change could bias this calculation towards 
older ages (Kipp et al., 2018; Rutgers van der Loeff et al., 2018), but because the Kara and 
Laptev Sea measurements were made ~20 y before the HLY1502 transect, they are likely 
representative of endmember ratios at the time the intermediate water was subducted. These ages 
also agree well with water mass ages estimated from SF6 concentrations measured on the 
HLY1502 expedition: Smethie and Swift (2018) determined ventilation time scales of 15-18 y 
for Makarov Basin intermediate waters and 27+ y for Canada Basin intermediate waters. 
Amundsen Basin intermediate water ventilation times have been estimated to be approximately 
18 y, based on SF6 concentrations and 228Ra activities (Rutgers van der Loeff et al., 2018).  

These basin-specific constraints on intermediate water ventilation time scales provide 
important baselines against which future changes can be monitored. Climate change is causing 
shifts in freshwater storage that may affect brine formation: increased runoff may inhibit brine 
creation during periods of ice growth, but longer open water seasons allow storms to increase 
mixing and reduce stratification (McClelland et al., 2012). Additionally, the amplitude of the 
annual ice formation and melt cycle is increasing, and ice is being transported farther during its 
lifetime (Newton et al., 2017). Continued monitoring of 228Ra activities in Arctic intermediate 
waters may help determine whether these freshwater changes will impact intermediate water 
formation and transport times. 
 
4.4.5 226Ra-Si correlations 
 

Radium-226 shows a positive correlation with Si, but the slope of the relationship varies 
with depth (Figure 21) (Si concentrations from Kadko et al., 2016). In the Pacific-influenced 
upper water column (~50-400 m), the slope of the 226Ra-Si correlation (in units of 103 dpm mol-

1) is 0.15±0.02 (Figure 21a). The 226Ra-Si relationship in the upper 1000 m of the North Pacific 
and Bering Sea was determined to be 0.10±0.01 based on data collected during the GEOSECS 
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expedition in 1969 (Stations 217-219; Chung, 1980) and HLY1502 Station 1 (Charette and 
Moore, 2017; Kadko et al., 2016). The increase in the 226Ra-Si slope between the Bering Sea and 
the Arctic halocline must therefore occur during the transit of water through the Bering Strait and 
across the Chukchi Shelf. This may result from 226Ra addition via shelf sediments; at a Si 
concentration of ~30 – 40 µmol L-1, the 226Ra activity of North Pacific waters was ~10 dpm 
100L-1 compared with 226Ra activities in the Arctic basin of ~ 12 – 14 dpm 100L-1 over the same 
range of Si values (Figure S7). A change in the biological uptake ratio of 226Ra and Si could also 
contribute to differences between the two basins. It is unlikely that the shift in the 226Ra-Si slope 
resulted from river influence, as this would increase both the 226Ra activities and Si 
concentrations. The slope of the 226Ra-Si relationship in Arctic water is also influenced by low-
226Ra, low-Si waters between ~250 – 400 m. These low concentrations could result from mixing 
with the underlying Atlantic layer, or from biological uptake. 

In the Atlantic layer between 400 – 1500 m, the slope of the 226Ra-Si correlation is 
0.20±0.11 (Figure 21b). This water enters the Arctic partly through the Fram Strait and partly 
through the Barents and Kara Seas (Rudels et al., 1994) such that the 226Ra-Si relationship should 
be similar to that observed in the Greenland and Norwegian Seas. Based on measurements from 
the Transient Tracers in the Ocean (TTO) and GEOSECS programs, the 226Ra-Si correlation in 
the Greenland Sea is 0.20±0.02 (TTO stations 144 – 159 and GEOSECS station 17, excluding 
five samples with 226Ra < 6 dpm 100L-1 due to likely biological influence) (Broecker et al., 1976; 
Key et al., 1992). Thus, the 226Ra-Si relationship determined for the Arctic intermediate waters 
matches that of the source waters, and is not noticeably changed during transit over the Barents 
and Kara Seas  

Below 1500 m, the slope of the 226Ra-Si relationship increases significantly, indicating an 
addition of 226Ra without an accompanying increase in Si (Figure 21b). The 226Ra-Ba 
relationships were similar to the 226Ra-Si correlations (L. Whitmore, pers. comm.). The increase 
in 226Ra without a concomitant increase in Ba or Si indicates that the increase is not due to 
sinking particle remineralization, which would also impact these other tracers, but rather to 
benthic sediment inputs of 226Ra. Similar excess 226Ra values have been observed in deep waters 
in other ocean basins (Broecker et al., 1976; Chung, 1980), and were first recorded in the Arctic 
over the Alpha Ridge in 1983 (Moore and Smith, 1986). Deviations from a linear 226Ra-Ba 
relationship have also been recently documented in the Makarov Basin, but similar 226Ra 
enrichments have not been observed in the Amundsen Basin (Rutgers van der Loeff et al., 2018). 
Our measurements of relatively low 226Ra activities at station 32 in the Amundsen Basin are 
similar to these previously documented low 226Ra activities.   
 
4.4.6 Deep water residence times 
 

Radium-226 is constantly produced through the decay of 230Th in sediments and is 
released into overlying bottom waters through diffusion, bioturbation, and sediment resuspension 
(Cochran and Krishnaswami, 1980). In the deep ocean, 226Ra is removed from the water column 
through decay and mixing. To our knowledge, there are no hydrothermal vents in the Canadian 
Basin that could act as a source of 226Ra to deep waters; although the Gakkel Ridge in the 
Eurasian Basin is hydrothermally active (Edmonds et al., 2003), it is unlikely that inputs from 
this ridge will be transported across the Lomonosov Ridge. The accumulation of 226Ra in the 
deep Canadian Basin can therefore be used to estimate the residence time (τres) of the deep 
waters, using equation 3 (modified from Rutgers van der Loeff et al., 2018): 
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      (3) 
 
where I is the difference between the observed 226Ra inventory and that which is expected based 
on the 226Ra-Si relationship of the source waters, λ226 is the decay constant of 226Ra, and Fseds is 
the flux of 226Ra from sediments. The expected 226Ra activity was modeled based on the Si 
concentration at each depth where a 226Ra sample was collected and the 226Ra-Si relationship in 
the Atlantic layer (226Ra = (0.20 ± 0.11) × Si + (7.0 ± 0.8)), and then the 226Ra inventory was 
determined from the difference between this model curve and the observed 226Ra profile below 
1500 m (above this depth the model agreed with observations).  

The flux of 226Ra across the sediment-water interface was estimated based on the 
inventory of 230Th in the sediment mixed layer. This inventory was converted to a flux of 226Ra 
using the Cochran (1980) relationship, where the 226Ra sediment flux varies as a function of the 
230Th inventory in the sediment mixed layer. The 230Th inventory in sediments in the Makarov 
Basin was calculated from 230Th profiles measured in cores collected on the AOS-94 expedition 
(Huh et al., 1997). To our knowledge only one sediment profile of 230Th, collected from the T3 
ice station (83.03°N, 163.57°W), exists for the Canada Basin (Ku and Broecker, 1965). Because 
of the limited data for this basin, we used the range in inventories observed in cores from both 
basins to estimate the 230Th inventory for Canada Basin sediments; we expect the 230Th 
inventories in Makarov and Canada Basin sediments to be similar because 230Th deposition in 
sediments depends in part on water column depth (Bacon and Anderson, 1982) and the bottom 
depths of the two basins are comparable. Using supported 210Pb activities in these AOS-94 cores 
as a proxy for 226Ra activities, 226Ra reaches equilibrium with 230Th approximately 5 cm below 
the sediment-water interface (at ~10 dpm g-1) (Huh et al., 1997). The 226Ra/230Th activity ratios 
reported for the T3 sediment core also indicate that equilibrium is reached between 5 cm and 10 
cm (Ku and Broecker, 1965). Above this depth, it is assumed that 226Ra produced through decay 
of 230Th can be lost via diffusion into the overlying water column, thus 230Th inventories were 
integrated down to 5 cm in order to estimate the flux of 226Ra across the sediment-water 
interface. The 230Th inventories in the top 5 cm of the three cores available from the Makarov 
Basin were 60 – 70 dpm cm-2. These inventories correspond to estimated 226Ra fluxes of ~0.02 – 
0.03 dpm cm-2 y-1 (Cochran, 1980). The 230Th inventory in the top 5 cm of the T3 core from the 
Canada Basin was 90 dpm cm-2, which corresponds to a 226Ra flux of ~0.035 dpm cm-2 y-1 
(Cochran, 1980). These values are well within the range of estimates for other ocean basins 
(0.002 – 0.2 dpm cm-2 y-1; Cochran, 1980). Based on the observed deficit of 226Ra with respect to 
230Th in a core collected on the Mendeleyev Ridge, Not et al. (2008) estimated a slightly higher 
226Ra flux of 0.043 dpm cm-2 y-1. A larger flux would serve to decrease the residence time 
estimates. 
 The residence time of deep water in the Makarov Basin was determined to be 400 – 650 y 
based on the 226Ra profile at station 30 (Figure 10) and the range in the 226Ra flux from sediments 
in the Makarov basin. This value is similar to previous estimates of ~300 – 550 y (Rutgers van 
der Loeff et al., 2018; Schlosser et al., 1997; Tanhua et al., 2009). The deep waters at stations 48, 
52, and 57 in the deep Canada Basin (Figure 10) were determined to have residence times of 130 
– 270 y based on the range of 226Ra fluxes estimated for sediments in both the Makarov and 
Canada Basins. These residence times are shorter than previous estimates of ~300 – 450 y 
(Schlosser et al., 1997; Tanhua et al., 2009). However, this calculation is very sensitive to the 
230Th inventory, and integrating the AOS-94 cores to 3 cm, the maximum mixed layer thickness 
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(Clough et al., 1997; Smith et al., 2003), instead of 5 cm yields a 230Th inventory of 40 – 50 dpm 
cm-2. This correlates to a 226Ra flux of ~0.01 – 0.015 dpm cm-2 y-1 and a residence time of 330 – 
610 y, which is in better agreement with previous estimates. This residence time estimate should 
therefore be refined with more measurements of 230Th and 226Ra in sediments collected from the 
central Canada Basin. 
 
5. CONCLUSIONS 
  

We measured radium isotopes in the Western Arctic from the Chukchi Shelf to the North 
Pole on the 2015 HLY1502 transect. By combining this new dataset with previously unpublished 
data collected in the Chukchi Sea and southern Canada Basin in the late 1990s and early 2000s, 
as well as a regional circulation model of the Chukchi Sea, we have identified persistent shelf 
signatures of Ra in surface waters and the halocline, and seasonal variability in 228Ra and 226Ra 
activities over the shelf.  Radium-228 activities were highest in the Transpolar Drift and at the 
Chukchi shelfbreak, indicating strong shelf influence in these regions. Observations and 
modeling results indicate that inputs of Ra from the Chukchi Shelf are highest in the fall. The 
timescale of halocline ventilation with respect to inputs from the Chukchi shelfbreak jet was 
estimated to be ≤14 – 17 y. 

Radium-228 enrichment in intermediate waters above the Mendeleyev Ridge and in the 
Amundsen Basin suggest recent communication with shelf waters; 228Ra/226Ra activity ratios 
were used to determine ventilation time scales of approximately 20 y for these water masses. The 
lack of a similar 228Ra enrichment in the Canada Basin indicates that intermediate water in this 
basin has been isolated from the shelf for at least 30 y. Radium-226 activities were high in the 
deep Makarov and Canada Basins, and deviated from the intermediate water 226Ra-Si 
relationship due to sediment inputs. Based on these 226Ra enrichments, the residence time of deep 
waters in the Makarov and Canada Basins were estimated to be 400 – 650 y and 130 – 270 y, 
respectively. These residence time estimates could be improved with more measurements of 
226Ra and 230Th in sediments in the Canadian Basin. 

Changes in the Arctic climate are likely to affect shelf-basin interactions and freshwater 
storage in this basin. This dataset provides important baseline observations and residence time 
estimates for intermediate and deep waters in the Western Arctic. Continued monitoring of 
radium isotopes in the Arctic could help track changes brought about by rising air and sea 
temperatures in this region. Specifically, changes in shelf-derived material inputs may increase 
as ice cover decreases over shelves and allows for more water column mixing; due to its shelf 
source and low biological and particle reactivity, 228Ra can be used to trace these changes in 
sediment fluxes to the open ocean. The ventilation timescales provided by 228Ra/226Ra activity 
ratios can also be used to monitor whether changes in brine formation over the shelves impact 
the residence time of intermediate waters. Future studies should focus on constraining seasonal 
variability, and on providing Ra measurements from the currently under-sampled Eastern 
Chukchi and East Siberian Seas.  
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Table 1. HLY1502 station locations, bottom depths, and type of samples collected. 
 
Station Latitude 

(°N) 
Longitude 
(°E) 

Bottom Depth 
(m) 

Type of samples 
collected 

1 60.18 -179.09 735 Surface + water column 
2 62.21 -171.58 49 Surface + water column 
3 64.01 -166.65 49 Surface + water column 
4 65.80 -168.61 33 Surface only 
5 66.33 -168.90 54 Surface only 
6 68.00 -168.11 58 Surface + water column 
7 73.48 -168.86 57 Surface only 
8 73.98 -168.80 118 Surface only 
9 74.50 -168.87 191 Surface only 
10 75.00 -170.47 270 Surface + water column 
11 75.45 -170.57 260 Surface only 
12 75.78 -171.29 358 Surface only 
13 75.94 -171.67 1717 Surface only 
14 76.55 -173.21 2200 Surface + water column 
15 77.33 -175.04 2255 Surface only 
16 77.75 -176.25 1846 Surface only 
17 78.15 -176.76 1135 Surface only 
18 78.98 -175.71 1010 Surface only 
19 79.98 -175.03 2100 Surface + water column 
20 80.24 -177.66 2099 Surface only 
21 80.66 -179.89 2046 Surface only 
22 81.23 179.12 1480 Surface only 
23 81.56 176.87 2227 Surface only 
24 82.48 175.02 2468 Surface only 
25 83.15 173.13 2394 Surface only 
26 83.74 174.58 2960 Surface + water column 
27 84.82 170.71 2938 Surface only 
28 85.86 167.11 3335 Surface only 
29 86.51 173.47 3740 Surface only 
30 87.55 179.46 3949 Surface + water column 
31 88.40 -176.70 3932 Surface only 
32 89.99 22.08 4246 Surface + water column 
33 89.96 -58.45 4236 Surface only 
34 89.95 -92.70 4236 Surface only 
35 89.33 -149.44 4221 Surface only 
36 89.08 -150.49 3312 Surface only 
37 88.88 -149.72 1273 Surface only 
38 87.83 -148.46 2825 Surface + water column 
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39 87.77 -148.96 3857 Surface only 
40 86.72 -148.72 2550 Surface only 
41 85.83 -150.18 3417 Surface only 
41.5 85.80 -150.57 3417 Surface only 
42 85.72 -150.61 3417 Surface only 
43 85.14 -149.87 2702 Surface + water column 
44 84.17 -150.02 2204 Surface only 
45 83.34 -150.06 2002 Surface only 
46 82.49 -149.84 2854 Surface + water column 
47 81.27 -149.96 3026 Surface only 
48 80.43 -149.41 3810 Surface + water column 
49 79.75 -149.57 3859 Surface only 
50 78.74 -147.95 3878 Surface only 
51 78.19 -147.83 3810 Surface only 
52 77.50 -147.97 3830 Surface + water column 
53 77.01 -148.83 3829 Surface only 
54 76.52 -149.52 3825 Surface only 
55 76.25 -150.12 3825 Surface only 
56 75.06 -150.33 3884 Water column only 
57 73.40 -156.69 3570 Surface + water column 
58 73.19 -157.83 3465 Surface only 
59 73.06 -158.59 2569 Surface only 
60 73.01 -158.67 900 Surface + water column 
61 72.81 -159.84 110 Surface + water column 
62 72.95 -159.18 82 Surface only 
64 73.00 -158.95 173 Surface only 
65 72.73 -159.93 523 Surface only 
66 72.00 -162.55 35 Surface + water column 
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Figure 1. Schematic of water circulation in the Chukchi Sea, modified from Corlett and Pickart 
(2017). 



	   133 

	  
Figure 2. Locations sampled on the HLY1502 expedition (August 6 - October 10, 2015). 
Surface samples were collected at all stations except station 56, and water column samples were 
collected from selected stations. Stations that included water column sampling are numbered. 
Station locations and bottom depths are listed in Table 1. 
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Figure 3. Domain of the sediment tracer model, with bottom topography shown as filled 
contours. The white box indicates the region used for comparison with SBI and GEOTRACES 
data in section 4.2.2. 
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Figure 4. Radium-228 activities in surface waters on the (a) northbound and (b) southbound 
transects. Colored symbols indicate measured activities, and background shading represents 
interpolated activities calculated with Ocean Data View’s DIVA gridding software. Black 
symbols indicate samples that were not collected due to failed pumps.  
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Figure 5. Radium-228 activities on the (a) northbound and (b) southbound transects. The 
colorbar is zoomed to highlight the gradient in deep water activities; all surface samples are 
higher than 3 dpm 100L-1. Black symbols indicate samples below detection limits or failed 
pumps. 
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Figure 6. Depth profiles of (a) 226Ra, (b) 228Ra, and (c) the 228Ra/226Ra activity ratio at station 
19, located over the Mendeleyev Ridge. 
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Figure 7. Depth profiles of (a) 226Ra, (b) 228Ra, and (c) the 228Ra/226Ra activity ratio at station 
32, located in the Amundsen Basin. 
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Figure 8.  (a) Average 228Ra activities and (b) average 226Ra activities measured on the 
HLY1502 and SBI transects (HLY0201, HLY0203, HLY0402, HLY0403, HLY0404) in T-S 
space, and (c) the number of data points used to determine the averages in each grid cell. Black 
lines indicate water mass boundaries. MW = meltwater; BSW = Bering summer water; WW = 
newly ventilated Pacific winter water; RWW = remnant Pacific winter water; AW = Atlantic 
water; ACW = Alaskan coastal water. 
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Figure 9. Radium-226 activities on the (a) northbound and (b) southbound transects. Colored 
symbols indicate measured activities, and background shading represents interpolated activities 
calculated with Ocean Data View’s DIVA gridding software. 
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Figure 10. Radium-226 activities measured at stations in the deep (bottom depth >3500 m) 
Makarov and Canada Basins. Hatched line indicates bottom depth. 
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Figure 11. Modeled (a) tracer concentrations, (b) salinity, (c) temperature, and (d) zonal 
velocity as a function of depth and time averaged over the domain shown by the white box in 
Figure 2. An annual average of the four model years is shown; the complete four-year time series 
is shown in Supplementary Figure 5. The model run starts in January such that 0 represents 
January 1 and 1 is December 31.  
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Figure 12. Modeled zonal velocity and tracer concentrations averaged over (a) January – June 
and (b) July – December of year 3 of the model run. White contours indicate salinity. The section 
domain is the mid-longitude transect of the white box shown in Figure 2.  
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Figure 13. Concentrations of the sediment tracer (arbitrary units) in bottom waters over the 
Chukchi Shelf in year 3 of the model run. Model frames are shown for (a) January (year 3), (b) 
March (year 3.25), (c) June (year 3.5), and (d) September (year 3.75). Similar patterns were 
observed in years 1 and 2. 
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Figure 14. (a) 228Ra and (b) 226Ra activities measured over the Chukchi Shelf. Data were 
collected during the HLY1502 (this study), HLY0201 (D. Kadko, unpublished data), HLY0203 
(D. Kadko, unpublished data), HLY0402 (D. Kadko, unpublished data), HLY0403 (D. Kadko, 
unpublished data), and CHINARE (Li et al., 2017) expeditions. The HLY0201 and HLY0402 
samples were collected in May - June 2002 and 2004, respectively, the HLY0203 and HLY0403 
samples were collected in July - August 2002 and 2004, respectively, the CHINARE samples 
were collected between July and September 2014, and the HLY1502 samples were collected 
between August and October 2015. 
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Figure 15. Locations of stations from the HLY1502 (dark blue triangles; this study) and SBI 
expeditions that were used to create the mean section plots shown in Figure 16.  
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Figure 16. Mean section plots of (a) salinity, (b) temperature, (c) absolute geostrophic velocity, 
and (d) 228Ra activity, along with (e) CTD and (f) 228Ra sampling locations. Data from the 
Chukchi Shelf crossings shown in Figure 15 were used to calculate the mean sections; the 
colored symbols shown in (e) and (f) indicate the sampling locations of specific cruises. The data 
collected from the CTD sampling locations shown in (e) were used to create sections (a) – (c), 
and the 228Ra data collected from the sampling locations shown in (f) were used to create section 
(d). 
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Figure 18. (a) 228Ra/226Ra activity ratio as a function of salinity for samples collected in 
Western Arctic surface waters (≤200 m). Symbol color indicates depth in the water column, and 
symbol shape indicates the sampling expedition. Only the samples collected in the T-S space 
occupied by WW or RWW are shown in color; these are the samples that likely originated from 
the shelfbreak jet endmember. The black box represents the shelf break jet endmember, the 
dashed circle denotes the meltwater endmember, and the black square indicates the Atlantic 
water endmember (see section 4.4.2.3). The activity ratio measured at ice station T3 in 1968 
(Kaufman et al., 1973) is indicated by a white star. Error bars are not shown for clarity. (b) The 
positions of the shelfbreak jet, meltwater, and Atlantic water endmembers in 228Ra/226Ra – 
salinity space. Dashed lines indicate mixing between the endmembers, and the blue arrow shows 
the effect of aging on the 228Ra/226Ra activity ratio.  
 

15 20 25 30 35
Salinity

0

0.5

1

1.5

2

2.5

22
8 R

a/
22

6 R
a

0

50

100

150

200

D
ep

th
 (m

)

GEOTRACES
AWS2000
SHEBA
SBI
Beaufort-95
T3

(a)

15 20 25 30 35
Salinity

0

0.5

1

1.5

2

2.5

22
8 R

a/
22

6 R
a

m
ixing

shelfbreak jet
endmember

Atlantic
endmember

mixing

aging

meltwater
endmember

(b)

mixing



	   150 

 
 
Figure 19. (a) 226Ra and (b) 228Ra profiles measured at the CESAR ice station in 1983 (Bacon et 
al., 1989; Moore and Smith, 1986) and on the HLY1502 expedition in 2015. Both stations were 
located above the Alpha Ridge. 
  

(a) (b)
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Figure 20. Radium-228 profiles measured in the Canada Basin in 2000 (AWS-2000; Trimble et 
al., 2004) and 2015 (HLY1502; this study). 
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Figure 21. Radium-226 versus silica for (a) samples shallower than 400 m and (b) deeper than 
400 m. Dashed and solid lines show the 226Ra-Si relationships determined in various basins. The 
Arctic relationship between 400 – 1500 m and the relationship in the Greenland Sea have the 
same slope (m), so the lines overlap. 
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Supplementary Figures  
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Figure S1. Radium-228 profiles measured at all stations. Profiles in the top row were collected 
on the northbound transect (~180°W) and profiles in the bottom row were collected on the 
southbound transect (~150°W). In both rows the stations closest to the Chukchi Shelf are on the 
left, and the stations closest to the North Pole are on the right. See Figure 2 for station locations. 
Hatched lines indicate bottom depth. 
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Figure S2. Radium-226 profiles measured at all stations. Profiles in the top row were collected 
on the northbound transect (~180°W) and profiles in the bottom row were collected on the 
southbound transect (~150°W). In both rows the stations closest to the Chukchi Shelf are on the 
left, and the stations closest to the North Pole are on the right. See Figure 2 for station locations. 
Hatched lines indicate bottom depth. 
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Figure S3. Concentrations of the sediment tracer (arbitrary units) at 37.5 m over the Chukchi 
Shelf in year 3 of the model run. Model frames are shown for (a) January (year 3), (b) March 
(year 3.25), (c) June (year 3.5), and (d) September (year 3.75).  

(a) (b)

(c) (d)
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Figure S4. Depth-integrated concentrations of the sediment tracer (arbitrary units) over the 
Chukchi Shelf in year 3 of the model run. Model frames are shown for (a) January (year 3), (b) 
March (year 3.25), (c) June (year 3.5), and (d) September (year 3.75). 
 

(a) (b)

(c) (d)
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Figure S5. Modeled (a) tracer concentrations, (b) salinity, (c) temperature, and (d) zonal 
velocity as a function of depth and time averaged over the white box shown in Figure 2. The 
model run starts in January, so year 0 indicates January 1 of the first model year. 
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Figure S6. Radium-228, temperature, and salinity measured at AWS-2000 station 3 and 
HLY1502 stations 56, 52, and 60. 
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Figure S7. 226Ra-Si relationship for samples collected (a) in shelf-modified Pacific waters on 
the HLY1502 transect and (b) in the North Pacific and Bering Sea during the GEOSECS 
expedition (Chung, 1980).  
 
 
 

  

(a) (b)
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Chapter 5: Nutrients, trace metals, and radium 
isotopes in the Mackenzie River delta and estuary 
 
 
 
 
 
 
 
 
 
 
Abstract 
 
River discharge has an important influence on the chemistry of Arctic shelf seas and surface 
waters.  In this study we examined the changes in nutrient, trace metal, and radium isotope 
distributions across the Mackenzie River delta and estuary after the freshet in June 2016. While 
inorganic nutrient, trace metal, and radium levels remained fairly constant through the delta, 
dissolved organic matter concentrations were 2 – 3.5 times higher at the mouth of the river, 
reflecting inputs from the delta. In the estuarine mixing zone, radium isotope ratios indicated that 
both desorption from suspended sediments and benthic inputs from porewaters or groundwaters 
affected solute concentrations. Similarly, most of the measured trace metals (Ba, Mn, Co, Cu, 
Ni) exhibited non-conservative addition in the freshwater-saltwater transition zone, while Pb was 
removed and U was mixed conservatively. Inorganic nutrients were affected by both addition 
and removal processes in the estuary. Approximately 45% and 60% of dissolved organic carbon 
and nitrogen, respectively, were removed rapidly at low salinities, in contrast with previous 
studies suggesting conservative mixing through Arctic estuaries. This study provides some of the 
first estimates of trace element and isotope delivery from the Mackenzie River to the Western 
Arctic, and highlights the need to take deltaic and estuarine processes into account when 
determining the flux of riverine solutes to the coastal ocean.  
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5.1 INTRODUCTION 
 

The Arctic Ocean receives 10% of global river discharge, despite containing only ~1% of 
the global ocean volume (McClelland et al., 2012). Fluvial inputs are therefore an important 
control on the chemistry of this ocean basin. For example, river discharge is thought to 
contribute 25% of dissolved organic carbon to the central Arctic (Wheeler et al., 1997) and 
fluvial inputs of nitrogen support up to 8% of export production in the Western Arctic (Letscher 
et al., 2013). Further, river water has been suggested to be the most important source of dissolved 
iron to the central Arctic (Klunder et al., 2012). This freshwater source of nutrients, carbon, and 
trace metals is particularly important for biota living in Arctic surface waters because strong 
stratification limits nutrient inputs through upwelling (Macdonald et al., 1987). Rivers may exert 
an even larger impact on the Arctic in the future if discharge continues to increase (Rawlins et 
al., 2010).  

The Mackenzie River, located in northwest Canada, is the 4th largest river in the Arctic 
and delivers 316 km3 of freshwater to the Western Arctic each year (Holmes et al., 2012). It 
carries the largest sediment load of any Arctic river, 124 Mt y-1 (Carson et al., 1998; Holmes et 
al., 2002), most of which is sourced from the Canadian Cordillera on the western side of the 1.8 
M km2 drainage basin (Macdonald et al., 1998). The middle of the watershed lies in the Interior 
Plain, while the eastern side drains the Canadian Shield and contains three large headwater lakes 
that serve to moderate seasonal fluctuations in flow (Macdonald and Yu, 2006). Because the 
drainage basin extends as far south as 53°N, it contains varied ecosystems, geology, and 
permafrost coverage (Brown et al., 1998; Millot et al., 2003; Walker, 1998).  

There is strong seasonal variability in both the water and sediment discharge from the 
Mackenzie, with the peak discharge occurring in spring (May-early June) following snowmelt. 
Typical flow rates range between 3,000 – 5,000 m3 s-1 during the winter baseflow, increasing to 
as much as 40,000 m3 s-1 during the freshet in early June (Macdonald and Yu, 2006). The river 
branches into a delta around 67.5°N, and forms three main channels. It is estimated that 
approximately 2/3 of the discharge exits the delta through the Middle Channel, with the 
remainder being equally split between the West Channel to Mackenzie Bay and the East Channel 
to Kugmallit Bay (Macdonald and Yu, 2006). The delta contains >45,000 lakes, which can store 
and modify river water during periods of off-peak discharge (Emmerton et al., 2007, 2008a). 
Although the channels can be up to 30 m deep, the water depth at the mouth of the river shoals to 
2 m, a feature that is termed the “2-m ramp” by Reimnitz (2002). After passing over this 10 – 20 
km wide shoal, the river becomes a partially mixed estuary with a strong pycnocline around 10 – 
20 m (Carmack and Macdonald, 2002; Macdonald, 2000). Once discharged into the Beaufort 
Sea, the Mackenzie River plume is typically confined to the coastal region and is pushed 
eastward by the Coriolis force, eventually exiting the Arctic through the Canadian Archipelago 
(Guay et al., 2009; Karcher and Oberhuber, 2002; Taylor et al., 2003; Yamamoto-Kawai et al., 
2005). Under favorable discharge and wind conditions, Mackenzie River water can be 
transported offshore and enter the Canada Basin (Carmack and Macdonald, 2002; Macdonald et 
al., 1999). 

Solute concentrations in Arctic rivers are seasonally variable: the highest DOC 
concentrations are observed in spring during the freshet, as a result of snowmelt percolating 
through the organic rich upper soil layers before reaching the river (Finlay et al., 2006; Gordeev, 
2000; Holmes et al., 2013, 2012). In contrast, peak nutrient concentrations are observed during 
the winter baseflow period, when groundwaters are the main source of water to the river (Finlay 
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et al., 2006; Gordeev, 2000; Holmes et al., 2013, 2012). Rember and Trefry (2004) showed that 
trace metal (Cu, Pb, Zn, Fe) concentrations in Alaskan rivers were highest during the freshet due 
to inputs from snowmelt and upper soil layers, with the exception of Ba, which remained 
relatively constant throughout the year. However, Pokrovsky et al. (2010) did not observe 
statistically different concentrations of Mn between periods of low and high discharge, and 
suggested that metal inputs from snowmelt are more likely to be important in smaller rivers.  

The chemistry of the Mackenzie River undergoes significant changes during transit 
through its large delta and in the estuarine zone. Emmerton et al. (2008a) observed downstream 
increases in DOM through the delta and Macdonald et al. (1998) estimated that half of the 
sediment carried by the river is trapped in the delta. Concentrations of nutrients, DOM, and 
particulate organic matter are also modified by sedimentation, biological uptake, and dilution in 
the estuary (Emmerton et al., 2008b). Trace metals can be affected by adsorption or desorption 
from particles, flocculation, and dilution in estuarine mixing zones (e.g. Boyle et al., 1974, 1982, 
1977; Shiller and Boyle, 1987; Sholkovitz, 1978). Guay and Falkner (1998) recorded a peak in 
Ba concentrations in the Mackenzie River around a salinity of 5, indicating desorption from 
suspended particles as the ionic strength of the water increased. Similar behavior has been 
observed for Cu, Ni, and Cd in the mixing zone of the Lena estuary (Guieu et al., 1996). 

Due to differences in drainage basin topography and geology, the Mackenzie River 
exhibits distinctly different chemistry from the Eurasian Arctic rivers. The Eurasian river 
drainage basins consist mostly of tundra and taiga, while the presence of mountainous terrain in 
the Mackenzie watershed leads to more erosion and mineral weathering. As a result, the 
Mackenzie has higher Ba, total alkalinity, and suspended sediment concentrations, while 
Eurasian rivers have higher DOC concentrations (Cooper et al., 2008; Gordeev, 2000; Guay and 
Falkner, 1998; Holmes et al., 2002). Eurasian and North American river inputs to the Arctic have 
been separated based on Ba (Guay and Falkner, 1998, 1997; Guay et al., 2009), alkalinity 
(Yamamoto-Kawai et al., 2005), and DOC (Guay et al., 1999).  

Radium isotopes, produced naturally by the decay of thorium isotopes in sediments, have 
previously been used to trace fluvial inputs to the open ocean (Moore et al., 1986; Moore and 
Krest, 2004; Moore and Todd, 1993; Rutgers van der Loeff et al., 1995) and offer another tool 
for studying Mackenzie River changes in the estuary and inputs to the Arctic. Radium is 
primarily adsorbed to particles in freshwater but dissolved in seawater; this difference in 
chemistry is due to a change in the adsorption coefficient of Ra in fresh and saline waters, and to 
the decrease in particle concentration in open ocean waters (Li et al., 1977; Moore et al., 1995). 
The desorption from particles in the estuary, along with resuspension events that release Ra 
produced in estuarine and shelf sediments, causes estuaries to be a source of Ra to the open 
ocean (Elsinger and Moore, 1980; Key et al., 1985; Krest et al., 1999; Li et al., 1977; Li and 
Chan, 1979; Moore, 1992, 1981; Moore et al., 1995). Due to their varying half-lives (which 
determine the regeneration times), ratios of the four different Ra isotopes (223Ra, t1/2 = 11.4 d; 
224Ra, t1/2 = 3.66 d; 228Ra, t1/2 = 5.75 y; 226Ra, t1/2 = 1600 y) can be used to identify porewater and 
groundwater inputs to coastal systems (Charette, 2007; Moore, 1981; Moore et al., 1995; 
Rodellas et al., 2017). Additionally, because 223Ra and 224Ra decay on timescales of days, these 
isotopes can be applied to determine river plume mixing and advection rates (Moore, 2000a, 
2000b; Moore and Krest, 2004; Rousseau et al., 2015). 

While our understanding of the chemistry of the Mackenzie River freshwater endmember 
has improved in recent decades, largely through the efforts of the Arctic Great Rivers 
Observatory (A-GRO; arcticgreatrivers.org), few studies have investigated the chemical changes 
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that occur in the delta and estuary (e.g. Emmerton et al., 2008a, 2008b; Tremblay et al., 2014). 
As the largest Arctic river draining North America, the Mackenzie influences the chemistry of 
the Beaufort Sea and surface waters in the Western Arctic (Carmack et al., 2004; Guay et al., 
2009; Macdonald et al., 1987; Yamamoto-Kawai et al., 2005). Further, this river-influenced shelf 
water, which exits the Arctic through the Canadian Archipelago, can affect the nutrient balance 
and hence productivity in the North Atlantic Ocean (Guay et al., 2009; Torres-Valdés et al., 
2013; Tremblay et al., 2015). In this study, we present measurements of dissolved trace metals, 
carbon, nutrients, Ra isotopes, alkalinity, and water isotopes collected from the Mackenzie River 
Delta and the freshwater-saltwater transition zone in the East Channel. This work provides the 
first measurements of Ra isotopes in North American Arctic rivers, and some of the first trace 
metal data for the Mackenzie Estuary. Solute concentrations in groundwater and Ra activities on 
suspended sediments are used to help identify possible controls on the river water chemistry. We 
use these results to investigate the impact of the delta and estuary on the river chemistry and the 
ultimate delivery of these species to the coastal Arctic Ocean.  
 
5.2 METHODS 
 
5.2.1 Sample collection 
 

River water and suspended sediments samples were collected from the Mackenzie River 
Delta in the Northwest Territories of Canada between June 20 – 26, 2016 (Figure 1, Table 1). 
The river discharge at the time of sampling was ~17,000 m3 s-1, about 20% below the June 
average, and the freshet in 2016 occurred earlier than normal (~May 18, compared to ~June 1; 
Figure 2) (Water Survey of Canada, 2018). Freshwater samples were collected from 
Tsiigehtchic, which is located ~20 km upriver of the delta where the Arctic Red River joins the 
main stem of the Mackenzie. To obtain a sample integrating the combined signal of these two 
rivers, we collected water from a ferry as it crossed the Mackenzie just downriver of the Arctic 
Red River junction (Figure 1). The ferry fire hose was used to fill (5) 20L plastic containers that 
were subsequently subsampled on shore (MRD04). Because the water collected through the ferry 
fire hose may have become contaminated with trace metals, an additional sample (MRD05) was 
taken from the northern bank of the river using a PVC pole to collect water away from the 
riverbank; this station was located opposite the Red River inflow, and likely does not reflect the 
input of this river. Trace metal concentrations are not reported for MRD04. Additional 
freshwater (salinity < 1) samples were collected from a wharf in Inuvik, located in the middle of 
the delta on the East Channel (MRD06), and from a beach in Tuktoyaktuk, at the mouth of the 
East Channel (MRD11). Logistical constraints prevented sampling in the Middle and West 
Channels.  

Estuary samples were collected from a small boat that crossed the salinity gradient in the 
mouth of the East Channel (MRD07-MRD10, MRD12-19). These stations were chosen to follow 
the path of the ARDEX sampling in 2004 (Emmerton et al., 2008b), with the spacing adjusted to 
the observed salinity gradient. These samples were collected from 0.5 m using a battery operated 
FloJet water pump. Two samples at the end of the transect (MRD16 and MRD17) were collected 
from 5 m and 9 m, respectively, using a trace-metal clean 2L Niskin bottle with external springs 
and a Teflon coated interior. To collect enough water for Ra analysis at these stations, the Niskin 
bottle was repeatedly tripped at the desired depth and the water was combined into a 20L sample; 
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these integrated Ra samples likely have a slightly different salinity than the other MRD16 and 
MRD17 subsamples.  

Water samples were analyzed for salinity, temperature, alkalinity, water isotopes (δ18O, 
δ2H), nitrate (NO3

-) and nitrite (NO2
-), ammonium (NH4

+), phosphate (PO4
3-), silicate (SiO4

-), 
total nitrogen (TN), dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), Ra 
isotopes (223Ra, 224Ra, 228Ra, 226Ra), manganese (Mn), barium (Ba), copper (Cu), cobalt (Co), 
nickel (Ni), lead (Pb), and uranium (U). Trace element, water isotope, nutrient, and DOC 
samples were filtered through a 0.2 µm capsule filter (Pall Acropak). Trace metal samples were 
stored in acid-cleaned 125 mL polyethylene bottles and acidified with 400 µL of 3M HCl. 
Alkalinity and DIC samples were filtered through a 0.45 µm capsule filter (Pall Aquaprep) and 
stored in 250 mL borosilicate glass bottles. Samples were preserved with 100 µL of mercuric 
chloride after collection, and sealed with glass stoppers coated with APIEZON-L grease and held 
in place with rubber bands. Nutrient samples were stored in 20 mL acid-cleaned polyethylene 
vials and frozen until analysis. DOC samples were stored in pre-combusted amber borosilicate 
glass vials and frozen until analysis. Water isotope samples were stored in 2 mL borosilicate 
glass vials with no headspace and kept refrigerated until analysis.  

Radium samples were collected by filtering water through an acrylic fiber or a cellulose 
cartridge coated in manganese oxide (MnO2), which scavenges radium. Suspended sediments 
were removed by first filtering the water through a plug of raw acrylic fiber (fiber samples) or 
through 10µm and 1µm Hytrex polypropylene cartridges (cartridge samples). Fibers were used 
for small volume samples (<100L), and water was either gravity filtered or pumped through the 
fiber at a flow rate of <1 L min-1; this method quantitatively scavenges Ra from the water (Reid 
et al., 1979). For large volume samples, water was pumped through the MnO2-coated cartridges 
at flow rates of 4.5 – 5.8 L min-1; at these flow rates Ra extraction may not be 100% efficient, so 
smaller volume samples were also filtered through MnO2-coated fibers, and the Ra activities 
measured on the fibers were compared to those measured on the cartridges to determine the 
cartridge collection efficiencies, which ranged from 56 – 100%, with an average of 75 ± 13% 
(1σ).  

In addition to the sampling in June 2016, a series of 226Ra and 228Ra samples were 
collected from the Mackenzie River at Tsiigehtchic and the Yukon River at Pilot Station with the 
assistance of the A-GRO. A 20 L sample of river water was collected every 2 – 3 months 
between April 2015 and April 2016. After allowing the sample to sit for 24 hours, 1 L of water 
containing the majority of settled sediment was drained from the sample. The remaining water 
was filtered through a plug of raw acrylic fiber to remove any remaining sediments, and then 
through a MnO2-coated fiber to collect the Ra isotopes. 

Groundwater samples were collected on the northern bank of the Mackenzie at 
Tsiigehtchic using piezometers inserted to 1 m below the sediment surface (MRD01-MRD03). 
Peristaltic pumps were used to draw the groundwater through the piezometers. We also 
attempted to sample groundwater in Tsiigehtchic, but were unable to extract water from the soils. 
Groundwaters were subsampled following the same procedure described above for river water 
samples. Only a small volume of water was collected from the second groundwater sample 
(MRD02) for Ra isotope analysis (2.4 L), which only permitted analysis of the longer-lived 
isotopes (228Ra, 226Ra). MRD03 was collected in the same location as MRD01, and due to low 
water yields this sample was only analyzed for salinity, water isotopes, nutrients, and trace 
metals.  
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Suspended sediment samples were collected at stations MRD04, MRD05, MRD08, and 
MRD19 by filtering 1.5 – 4 L of river water through 90 mm diameter 0.22 µm PES membrane 
filters (Millipore) (Table 1c). Filters were transported back to the lab in Woods Hole in 
polystyrene petri dishes. These samples were used to determine the suspended sediment 
concentrations in the river and the Ra isotope ratio on suspended sediments.  
 
5.2.2 Sample analysis 
 
5.2.2.1 Water chemistry 
 

Temperature, pH, and dissolved oxygen were measured using a YSI 600XLM sonde. 
Sensors were cleaned and calibrated each morning before sampling. The pH sensor was 
calibrated with 4.00, 7.00, and 10.00 pH solutions from Fisher Scientific. Salinity was measured 
in the field using the YSI sonde to assist with the selection of station locations, and samples were 
also collected at each station in rinsed plastic bottles for analysis by salinometer at the Woods 
Hole Oceanographic Institution. Good agreement was observed between the two salinity 
measurements: the average offset was 0.01 ± 0.23 (1σ). The salinity values measured on the 
salinometer are reported in all figures and tables except for Figure 3a, which shows the values 
measured with the YSI. 

Suspended sediment concentrations were determined by dividing the weight of the 
collected sediments (difference between the sediment-laden filter weight and filter tare weight) 
by the volume of water filtered. Filters were dried at 50°C overnight before weighing. 
 
5.2.2.2 Radium isotopes 
 

Short-lived Ra activities were measured using the Radium Delayed Coincidence Counter 
(RaDeCC) system, which detects the alpha decays of the 223Ra and 224Ra daughter isotopes, 
219Rn and 220Rn, respectively (Moore and Arnold, 1996). Samples were analyzed as soon as 
possible after collection to minimize decay of 223Ra and 224Ra between collection and analysis. 
Samples collected in the East Channel were analyzed 3.5 – 5.5 days after collection. Radium-224 
activities are not reported for the samples collected in Tsiigehtchic and Inuvik due to a long 
delay between collection and analysis (~20 days) that allowed a significant fraction of the 224Ra 
to decay. Samples were re-analyzed 4 weeks and 2 months after analysis to determine the 
activities of 224Ra and 223Ra supported by 228Th (t1/2 = 1.91 y) and 227Ac (t1/2 = 21.8 y), 
respectively. The efficiency of the RaDeCC system was determined using a set of cartridge and 
fiber standards (Henderson et al., 2013).  

After RaDeCC analysis, the samples were ashed in a muffle furnace at 820°C (48 h for 
cartridges, 24 h for fibers) and the ash was transferred to polystyrene vials and sealed with epoxy 
to prevent 222Rn loss. Samples were then analyzed for 228Ra and 226Ra on high purity, well-type 
germanium detectors. The activity of 228Ra was determined using the lines of 228Ac (338 and 911 
keV), and 226Ra was measured using the 214Pb line (352 keV). Detector efficiencies were 
determined by measuring ashed fiber and cartridge standards, which were prepared using a 
standard solution containing 226Ra and 232Th with daughters in equilibrium. Radium activities are 
reported in units of decays per minute (dpm) per volume. Samples MRD12, MRD13, MRD18, 
and MRD19 were measured three times on three different detectors, and the error reported for 
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these samples is the standard deviation of those measurements; for all other samples and for all 
223Ra and 224Ra activities the errors represent analytical uncertainties (1σ). 

The short-lived 223Ra and 224Ra were corrected for activities supported by their parent 
isotopes, 227Ac and 228Th, respectively, and are reported as 223Raxs and 224Raxs. The activities of 
227Ac and 228Th in all samples were less than 0.5 dpm 100L-1 and 4 dpm 100L-1, respectively, 
thus this correction did not have a large effect on the 223Ra and 224Ra activities.  

The 228Ra and 226Ra activities of suspended sediments were measured on the sediments 
collected on the PES membrane filters and on the Hytrex cartridges used as pre-filters for the 
high-volume samples. Only samples collected in freshwater (salinity ~0.14) were used for this 
measurement, in order to determine the 228Ra and 226Ra activities that are present on the particles 
before any desorption occurs as a result of ion exchange in the estuary. The PES membrane 
filters were dried overnight in a 50°C oven, and the dried sediments were scraped into a 
polystyrene vial and sealed with epoxy. To isolate the suspended sediments on the Hytrex 
cartridges, the cartridges were burned in a muffle furnace at 550°C; this procedure removes 
organic coatings on the sediment grains, but the similarity between the Ra activities measured on 
these sediments and those collected on the PES filters (which were not burned) suggests that this 
procedure did not significantly affect the Ra measurements. After burning, the sediments were 
homogenized, transferred to polystyrene vials, and sealed with epoxy. Samples were then 
analyzed on gamma detectors as described above. 
 
5.2.2.3 Nutrients 
 

Nutrients were analyzed at the Woods Hole Oceanographic Institution Nutrient 
Analytical Facility using a four-channel segmented flow Seal AA3 HR Autoanalyzer. 
Calibrations were performed using chemicals purchased from Fisher Scientific. Certified 
Reference Materials from Kanso Co., LTD were used to verify the calibrations before processing 
samples. During the analysis, nitrite is converted to nitrate, thus the resulting concentrations are a 
sum of these two species and are reported as NOx. The detection limits for NH4

+, NOx, SiO4
-, and 

PO4
3- are 0.015 µM, 0.040 µM, 0.030 µM, and 0.009 µM, respectively. 

 
5.2.2.4 Dissolved organic matter 
 

Dissolved organic carbon (DOC) and total nitrogen (TN) were determined using a 
Shimadzu high-temperature TOC/TN instrument at the Woods Hole Research Center. Dissolved 
organic nitrogen (DON) concentrations were calculated by subtracting the sum of the NOx and 
NH4

+ concentrations from TN concentrations. The vials containing samples MRD01, MRD03, 
and MRD05 were broken during transport, thus no values are reported for these three samples. 
 
5.2.2.5 Dissolved inorganic carbon and alkalinity 
 

Alkalinity was measured using an automated titrator (AS-ALK2, Apollo SciTech Inc., 
Delaware, USA) and DIC was analyzed using a DIC auto-analyzer (AS-C3, Apollo SciTech, 
Inc., Delaware, USA) following the procedures described in Wang et al. (2016). Both systems 
were calibrated using the CO2 in seawater Certified Reference Material from Andrew Dickson at 
the Scripps Institution of Oceanography. 
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5.2.2.6 Trace metals 
 

Trace metals were measured at the Woods Hole Oceanographic Institution Plasma Mass 
Spectrometry Facility using an iCAP Qc inductively coupled plasma mass spectrometer (ICP-
MS). Freshwater samples were not diluted, samples with salinities between 1 and 10 were diluted 
by a factor of 5, samples with salinities over 10 were diluted by a factor of 10. All samples were 
diluted to a final concentration of 2% nitric acid. Indium was added to each sample as an internal 
yield tracer. Nitric acid blanks were analyzed after every set of 10 samples. 

A river water certified reference material (SLRS-6) produced by the National Research 
Council of Canada (NRC) was analyzed at the beginning, middle, and end of the run, and the 
offset between the average concentrations measured on these runs (n = 3) and the certified 
concentrations was -7% for Ba, +7% for Cu, +16% for Mn, +8% for Ni, -2% for Pb, and -14% 
for U (Table 2). The precision (standard deviation/mean) of replicate analyses of the reference 
material (n = 3) was 3% for Ba, 7% for Cu, 16% for Mn, 10% for Ni, 7% for Pb, and 10% for U. 

A trace element standard provided by Tristan Horner (WHOI) was used to create the 
standard curve. The dilutions used to create the standard curve were run at the mid-point of 
sample analysis to minimize bias from instrument drift over the course of the run. A 100x 
dilution of this standard was also run at the beginning, middle, and end of the run to ensure that 
instrument drift did not significantly change the measured concentrations; no consistent trends 
were observed in the metal concentrations measured during the run. 
 
5.2.2.7 Water isotopes 
 

The δ18O and δ2H content of water samples was determined at the UC Davis Stable 
Isotope Facility using a Laser Water Isotope Analyzer V2 (Los Gatos Research, Inc., Mountain 
View, CA, USA). Ratios are reported in per mil (‰) relative to Vienna Standard Mean Ocean 
Water (VSMOW). The standard deviation for δ18O and δ2H values is 0.12 and 0.62, respectively. 
 
5.3 RESULTS 
 
5.3.1 Water chemistry 
 
 Samples collected from Tsiigehtchic, Inuvik, Tuktoyaktuk, and the first half of the East 
Channel transect all had salinities less than 1 (MRD01 – MRD11; Table 1). Samples MRD09 
and MRD10 were collected over the “2-m ramp” (Reimnitz, 2002); after this shoal the 
bathymetry deepened and salinity increased (Figure 3). At the farthest station, the salinity was 
15.49 at the surface (MRD15) and 26.94 at 9 m (MRD17). The groundwater samples collected in 
Tsiigehtchic (MRD01 – MRD03) were slightly more acidic than the rest of the samples (pH = 
7.12 – 8.05) and were undersaturated in oxygen (9 – 37%). MRD01 and MRD03 had low 
temperatures (~8°C), but the temperature of MRD02 was similar to other freshwater samples 
(~16°C). All of the samples collected on the transect were well-oxygenated (dissolved oxygen > 
100%) and had a pH of approximately 8.3. Freshwater samples had δ18O values between -
18.82‰ and 20.25‰, and δ2H values between -151.11‰ and -161.64‰ (Figure 4, Table 1). As 
salinity increased in the estuary, ratios became heavier, and the most saline sample had δ18O and 
δ2H values of -5.38‰ and -44.33‰, respectively. Groundwater samples had water isotope values 
similar to the freshwater samples collected in Tsiigehtchic. 
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The highest suspended sediment concentration, 200 mg L-1, was measured at MRD04, 
which includes sediment inputs from the Arctic Red River (Table 1c). The other sample 
collected in Tsiigehtchic (MRD05) had a slightly lower sediment loading of 170 mg L-1. This 
was similar to the value measured in the freshwater reaches of the East Channel transect (160 mg 
L-1; MRD08). There was a significant decrease in suspended sediment loading in the estuarine 
mixing zone, to 40 mg L-1 (MRD19).   
 
5.3.2 Radium isotopes 
 

The time series of 228Ra and 226Ra at Tsiigehtchic shows that Ra activities are highest in 
the summer after the freshet, and have a relative maximum during the period of low flow in the 
winter (January), though the 228Ra activity observed in January is within error of those observed 
in November and April (Figure 5a). The two isotopes had similar activities, and varied between 
~10 – 20 dpm 100L-1 (Table 3a). The 228Ra/226Ra activity ratio varied around 1, with minimum 
values in the early winter (November) and maximum values in the spring and summer of 2015 
(Figure 5b). The 2016 spring and summer ratios were lower than those observed in 2015, but 
within error of the earlier measurements. The Yukon time series also shows high 228Ra and 226Ra 
activities (~ 20 dpm 100L-1) after the freshet in 2015 (Figure S1a; Table 4b). Activities were low 
in January (~5 – 10 dpm 100L-1) but increased later in the winter and early spring before the 
2016 freshet. The 228Ra/226Ra activity ratio in the Yukon was higher than that in the Mackenzie, 
and varied between 1.3 and 1.4 for most of the year, with a maximum ratio of 2.1 ± 0.4 observed 
in March (Figure S1b).  

During the delta sampling in 2016, the 228Ra and 226Ra activities were ~15 – 20 dpm 
100L-1 in freshwater samples collected in Tsiigehtchic, Inuvik, and Tuktoyaktuk (Table 4). The 
228Ra/226Ra activity ratio in most of the freshwater river samples (MRD04 – MRD10, salinity 
~0.14) was between 0.8 – 1.1. The ratio in the sample collected from the beach in Tuktoyaktuk 
(MRD11, salinity = 0.56) was slightly higher, at 1.3 ± 0.1. The 223Raxs activities in freshwater 
(MRD04 – MRD11) varied between 1.2 – 4.5 dpm 100L-1, and the 224Raxs activity measured in 
Tuktoyaktuk (MRD11) was 20 ± 2 dpm 100L-1 (not measured in other freshwater samples, see 
5.2.2.2). The 224Ra/228Ra activity ratio in this sample was 1.03 ± 0.03.  

The variability of the Ra activities and other solute concentrations through the delta is 
represented in Figure 6, which shows the ratio of the downstream activities (East Channel 
freshwater, average of MRD07 – MRD10) to the upstream activities (Tsiigehtchic, average of 
MRD04 and MRD05) minus 1, such that a positive value indicates a downstream increase, and a 
negative value indicates a loss in the delta. The activities of 228Ra and 226Ra exhibited slight 
increases downstream, as did the 228Ra/226Ra activity ratio, while the 223Raxs activities decreased 
by a small amount. 
 Radium activities increased in the mid-salinity zone of the estuary (Figure 7, Table 4b), 
consistent with previous studies in lower latitude estuaries (Elsinger and Moore, 1980; Key et al., 
1985; Li et al., 1977; Moore et al., 1995; Moore and Todd, 1993). Excess 224Ra activities were 
also high in the saline samples collected at depth (MRD16, MRD17). The 228Ra/226Ra activity 
ratio was relatively constant around 1.1 – 1.2 for most of the transect. The 224Ra/228Ra activity 
ratio increased from 1 to 1.5 between salinities 0.15 and 3.89. The ratio then decreased to a 
minimum of 0.6 at salinity 15.49 before increasing again in the saline samples collected at depth. 

The two groundwater samples (MRD01, MRD02) had significantly different 226Ra and 
228Ra isotope activities (Table 4a). The 226Ra activities were 25.3 ± 0.8 dpm 100L-1 and 44 ± 5 
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dpm 100L-1, while the 228Ra activities were 27 ± 3 dpm 100L-1 and 68 ± 13 dpm 100L-1. Excess 
223Ra was only measured in MRD01 due to the low volume filtered for MRD02, and was 4.1 ± 
0.7 dpm 100L-1. Radium variability in groundwater is common (Charette et al., 2008) and these 
activities are well within the range of those observed in other coastal regions  (e.g. Charette et 
al., 2001; Dulaiova et al., 2006; Krest et al., 2000; Rama and Moore, 1996). Because both 
isotopes were higher in MRD02, the 228Ra/226Ra activity ratio was not as variable as the absolute 
activities; the two samples had ratios of 1.1 ± 0.1 and 1.5 ± 0.2. The average of these two 
measurements (1.3 ± 0.3) is taken to represent the typical groundwater activity ratio.  

The average 228Ra and 226Ra activities measured on suspended sediments were 3.1 ± 0.1 
(±1σ, n = 4) and 3.4 ± 0.1 dpm g-1, respectively (Table 4c). These activities of 228Ra are similar 
to those observed on suspended sediments in the freshwater reaches of the Amazon (~2.2 – 3.4 
dpm g-1; Moore et al., 1995), and slightly higher than activities measured on suspended 
sediments in the Atchafalaya and Mississippi Rivers (1.93 – 2.09 dpm g-1; Krest et al., 1999). 
The 226Ra activities on Mackenzie sediment are higher than those observed in the Amazon River 
(1.8 – 2.6 dpm g-1; Moore et al., 1995) and in the Mississippi and Atchafalaya Rivers (2.11 – 
2.50 dpm g-1; Krest et al., 1999). The suspended sediment 228Ra and 226Ra activities were also 
higher than those measured on most of the active layer and permafrost sediments collected from 
the delta (1.1 – 3.1 dpm 228Ra g-1; 1.5 – 2.7 dpm 226Ra g-1), although the average 228Ra activity 
matched that of permafrost sediments collected in Tuktoyaktuk (3.1 ± 0.1 dpm g-1) (Appendix 
Table 2). The average 228Ra/226Ra of the riverine sediment was 0.91 ± 0.05. Similar activity 
ratios have been observed in suspended sediments collected from the Amazon, Mississippi, and 
Atchafalaya Rivers (0.84 – 1.3; Key et al., 1985; Krest et al., 1999; Moore et al., 1995).  
  
5.3.3 Nutrients 
 

The average NOx and NH4
+ concentrations in the freshwater endmember at Tsiigehtchic 

(MRD04, MRD05) were similar: 1.68 ± 0.78 µM and 1.98 ± 1.10 µM, respectively (Table 5a). 
The average concentrations of PO4

3- and SiO4
- were 0.22 ± 0.03 µM and 63.2 ± 5.2 µM, 

respectively. These freshwater nutrient concentrations are similar to values recorded in June by 
the A-GRO and Environment and Climate Change Canada (ECCC) water quality monitoring 
programs (Environment and Climate Change Canada, 2018; Holmes et al., 2018; Peterson et al., 
2016). The A-GRO and ECCC programs provide records of Mackenzie River water chemistry 
beginning in 2003 and 2000, respectively, though some solutes are more frequently sampled than 
others. The sampling location for both of these studies was Tsiigehtchic, and dissolved solutes 
are defined as passing through a 0.45 µM filter. Our average NH4

+ and NOx concentrations are 
higher and lower, respectively, than the June averages from these two monitoring programs 
(Figure 8a-d). The concentrations of PO4

3- and SiO4
- observed during this study are similar to the 

A-GRO and ECCC June averages. 
The inorganic nutrients showed small changes across the delta, based on the 

measurements collected at Tsiigehtchic, Inuvik, and the freshwater samples at the mouth of the 
East Channel near Tuktoyaktuk (Figure 6). NOx concentrations increased from 1.68 µM to 2.40 
µM, while NH4

+ concentrations decreased from 1.98 µM to 1.21 µM. Phosphate concentrations 
were constant at ~0.22 µM, and SiO4

- increased slightly from 63.2 µM to 67.4 µM.  
The concentrations of NOx, PO4

3-, and SiO4
- initially dropped in the estuarine mixing 

zone, increased around salinity 4 – 6, and then remained at relatively constant low values 
between salinity 8 – 16 (Table 5b, Figure 9a-d). NOx and PO4

3- increased at higher salinities, 
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while SiO4
- concentrations remained low. Ammonium concentrations were low but variable, and 

the lowest concentration (0.64 µM) was observed at salinity 6.10, coincident with increases in 
NOx and PO4

3-. 
The estuarine nutrient concentrations can be compared to previous measurements in the 

East Channel made by Emmerton et al. (2008b), though our study took place during a period of 
higher discharge (this study: June, ~17,000 m3 s-1; Emmerton et al.: July, ~12,000 m3 s-1), and 
the filter size used in Emmerton et al. (2008b) (1.2 µm) was larger than the one used in this study 
(0.22 µm) (Figure 9). The estuarine concentrations of NOx and SiO4

- were lower in 2016, while 
PO4

3- and NH4
+ concentrations were higher (most NH4

+ concentrations measured in the 2004 
study were below their detection limit of 0.5 µM). The marine endmember concentrations of 
NOx, PO4

3-, and SiO4
- were similar in both years. The NOx concentrations measured around 

salinity 6 were similar in both years (3.0 µM in 2004, 3.2 µM in 2016), and PO4
3- concentrations 

had local maxima at this salinity during both transects. If total DIN is considered, the 2004 and 
2016 concentrations are similar between salinities 0 – 10 (with the exception of a low 2016 value 
at salinity 3.89), but the 2004 DIN concentrations fall below detection limits at higher salinities 
while the 2016 concentrations remain above ~0.8 µM (Figure S2). 

Nutrient concentrations in groundwater were generally higher than those measured in the 
river (Table 5a). NOx concentrations were below detection in MRD02, but the concentrations 
observed in the other two groundwater samples were the highest observed during this study (3.4 
µM and 3.3 µM in MRD01 and MRD03, respectively). Ammonium was also high in MRD01 
and MRD03 (3.86 µM and 2.55 µM, respectively), and was low but measurable in MRD02 (0.95 
µM). Phosphate and SiO4

- concentrations were highest in MRD02 compared to the other 
groundwater samples. 

 
5.3.4 Dissolved organic matter 
 

The freshwater DOC concentration measured at Tsiigehtchic (MRD04) was 422 µM, 
similar to the June average recorded by the A-GRO (472 ± 99 µM), but lower than the ECCC 
June average (679 ± 221 µM) (Figure 8e). If all freshwater samples are considered (MRD04-10) 
the average freshwater DOC concentration is 685 ± 219 µM. The DON concentration measured 
at Tsiigehtchic was 8.60 µM, slightly lower than the June average measured by the A-GRO (14 ± 
5 µM) and ECCC (12 ± 10 µM) (Figure 8f). The freshwater average DON in this study was 26.0 
± 14 µM. 

Changes in DOM concentrations across the delta were more drastic than the changes in 
inorganic nutrient concentrations (Figure 6). While only slight increases were observed between 
Tsiigehtchic and Inuvik, DOC and DON concentrations approximately doubled and more than 
tripled, respectively, between Inuvik and Tuktoyaktuk (Table 5). The DOC and DON 
concentrations we observed in Tsiigehtchic and Inuvik are similar to those documented by 
Emmerton et al. (2008a) during a June 2004 survey of the delta. Those authors also observed 
higher concentrations towards the mouth of the river, but their maximum DOM concentrations 
were lower than the concentrations we measured in Tuktoyaktuk.  

The concentrations of DOC and DON decreased rapidly in the initial stages of estuarine 
mixing: DON decreased by ~1/3 (from ~30 µM to ~10 µM) and DOC decreased by ~1/2 (from 
~800 µM to ~400 µM) between salinities 0 and 3 (Figure 9e-f). After this initial loss, both DOC 
and DON displayed apparent conservative mixing. Emmerton et al. (2008b) found lower DOM 
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concentrations in the freshwater reaches of the East Channel compared to those measured during 
this study, and did not observe similar losses at the first intrusion of salinity. Above a salinity of 
~3, the DOC-salinity relationship observed in the July 2004 study was similar to our June 2016 
transect, with conservative mixing towards a low-DOC marine endmember. However, DON 
increased towards a higher DON marine endmember in the 2004 study, in contrast with the 
decrease observed in 2016.  

Dissolved organic matter concentrations are only available for one groundwater sample 
(MRD02). The concentrations of DOC and DON in this sample were 656 µM and 24.7 µM, 
respectively. These values are higher than those in the river water measured in Tsiigehtchic, but 
lower than the concentrations at the freshwater end of the salinity transect (Table 5). 
 
5.3.5 Dissolved inorganic carbon and alkalinity 
  
 River water concentrations of DIC and alkalinity in Tsiigehtchic were ~1687 µmol kg-1 
and ~1625 µmol kg-1, respectively. Concentrations of both parameters remained relatively 
constant through the delta (Figure 6). The average freshwater concentration of DIC was 1703 ± 
30 µmol kg-1, and the average alkalinity was 1632 ± 20 µmol kg-1. This DIC concentration 
agrees well with the flow-weighted average for the Mackenzie of 1716 µmol kg-1 (Tank et al., 
2012b), while our alkalinity is higher than the flow-weighted average, 1540 µmol kg-1 (Cooper et 
al., 2008). In the estuary, DIC and alkalinity both increased from the fresh to marine 
endmembers, with apparent non-conservative removal beginning around salinity 8 (Figure 10). 
The highest levels of DIC and alkalinity were observed in groundwater, which had 
concentrations of 4760 ± 2 µmol kg-1and 4353 ± 32 µmol kg-1, respectively (Table 5a). 
 
5.3.6 Trace metals 
  
 The trace metal concentrations measured in the river at Tsiigehtchic (MRD05) are similar 
to previous measurements made in the month of June by the A-GRO and ECCC water quality 
monitoring programs (Figure 11). The Co average from this study is approximately double the 
A-GRO average, but similar to the ECCC average. The Cu and Pb concentrations measured in 
this study were lower than the average values for the A-GRO and ECCC, but were within the 
standard deviation of the A-GRO averages. 

Trace metal concentrations remained fairly constant across the delta (Figure 6, Table 6). 
Manganese was the most variable: concentrations of this element more than doubled between 
Tsiigehtchic and Inuvik, from 33 ± 1 nM to 75 ± 1 nM, and decreased to 64 ± 11 nM in 
Tuktoyaktuk. Barium concentrations increased gradually from Tsiigehtchic to Inuvik to 
Tuktoyaktuk, and Pb concentrations decreased slightly in Tuktoyaktuk after remaining constant 
between Tsiigehtchic and Inuvik.  
 All of the trace metals except for U were non-conservatively mixed in the estuary (Figure 
12). Most metals (Ba, Co, Cu, Mn, Ni) exhibited non-conservative addition. Barium 
concentrations reached a maximum at a salinity of 2.9, and concentrations in the saline 
endmember were lower than those in the freshwater reaches of the estuary. The profiles of Co 
and Mn were similar, with higher concentrations in the saline endmember compared to the 
freshwater endmember, and apparent addition throughout the estuary. Similarities were also 
apparent in the profiles of Cu and Ni, which both increased at low salinities and then mixed 
relatively linearly through the rest of the estuary. Copper concentrations were lower in the saline 
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endmember compared to freshwater values, but Ni concentrations were similar in both the 
freshwater and saline endmembers. In contrast to the other metals, Pb was removed rapidly in the 
estuary and remained at low levels through most of the transect, though elevated concentrations 
were measured in the samples collected at depth at higher salinities. Uranium behaved 
conservatively, with concentrations increasing linearly from low to high salinities. 

Metal concentrations in groundwater were variable, but were generally higher than river 
water concentrations (Table 6a). The concentrations of Mn, Cu, Ni, and Pb were highest in 
MRD01, while the concentrations of Ba and U were exceptionally high in MRD02. 
 
5.4 DISCUSSION 
 
5.4.1 The freshwater endmember 
 
5.4.1.1 Radium in Arctic rivers 
 

This study presents the first measurements of Ra isotopes in North American Arctic 
rivers, allowing for a comparison with the 226Ra and 228Ra activities previously measured in 
Eurasian river systems (Rutgers van der Loeff et al., 2003). The annual average 228Ra activity in 
the Mackenzie (14.8 ± 4.2 dpm 100L-1) is lower than that of the Yukon (19.2 ± 6.0 dpm 100L-1), 
and flow-weighted 228Ra averages were 16.8 dpm 100L-1 and 19.3 dpm 100L-1 in the Mackenzie 
and Yukon, respectively. These North American river values are similar to the 228Ra activity 
measured in the Lena in September 1999 (15.9 ± 7.8 dpm 100L-1), but much lower than that 
observed in the Ob’ in August-September 1993 (40.9 ± 3.7 dpm 100L-1) (Figure 13). The 
average 226Ra activity in the Mackenzie was 15.2 ± 4.0 dpm 100L-1, slightly higher than the 
activity in the Yukon (13.2 ± 4.5 dpm 100L-1) and Lena (9.2 ± 3.6 dpm 100L-1), but 
approximately half of the activity observed in the Ob’ (27.3 ± 6.1 dpm 100L-1). Flow weighted 
averages in the Mackenzie and Yukon were 17.2 dpm 100L-1 and 14.2 dpm 100L-1, respectively. 
The 226Ra and 228Ra activities in the Ob’ and Lena Rivers were observed to decrease rapidly at 
the first salinity increase, which the authors attribute to flocculation of organic material (Rutgers 
van der Loeff et al., 2003). This pattern is not observed in the Mackenzie, which instead shows 
the predicted desorption pattern typical of lower latitude estuaries (see section 5.4.3.1). This may 
be due a combination of the much lower flow-weighted DOC concentration for the Mackenzie 
(358 µM) as compared to the Lena (917 µM) and Ob’ (825 µM) (Cooper et al., 2005), and its 10 
times higher suspended sediment load (124 Mt y-1 compared to 20.7 Mt y-1 and 15.5 Mt y-1 for 
the Lena and Ob’, respectively; Holmes et al., 2002). Any removal of Ra via flocculation in the 
Mackenzie is likely to be exceeded by input via desorption from suspended sediments.   

This study also provides the first time series of Ra in an Arctic river, yielding insights 
into the seasonal variability of Ra activities. The 228Ra and 226Ra activities in the Mackenzie were 
highest after the freshet, but the relative activity maximum in January corresponds to a minimum 
in water flow, suggesting that discharge may not be the only control on Ra activities (Figure 5). 
The 228Ra/226Ra activity ratio of the groundwater samples in Tsiigehtchic was 1.3 ± 0.3, while the 
ratio on suspended sediments was 0.91 ± 0.05. The Mackenzie 228Ra/226Ra activity ratio remains 
close to 1 year-round, suggesting that solid-solution partitioning may be an important control on 
Ra activities throughout the year. This is supported by a strong correlation between Ra activities 
and total suspended solids (TSS) in the Mackenzie (r2 = 0.84 for 226Ra and 0.78 for 228Ra; Figure 
5c and 14). However, more measurements of the 228Ra/226Ra activity ratio on suspended particles 
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and groundwater from this catchment are needed to confirm this conclusion. The increase in Ra 
activities during January corresponds to higher NO3

- concentrations during the winter (Figure 
5c); this may reflect groundwater inputs, which carry high concentrations of nutrients (Dittmar 
and Kattner, 2003; Gordeev, 2000; Holmes et al., 2012).  
 
5.4.1.2 Water isotopes 
 
 The average values of δ18O and δ2H measured in the freshwater samples (δ18O ~ -19.5‰, 
δ2H ~ -155‰ were similar to those measured in previous studies of the Mackenzie River 
(Cooper et al., 2008; Gibson et al., 2005; Yi et al., 2010) (Table 1). This freshwater δ18O value 
agrees well with the flow-weighted average of -19.2‰ determined by Cooper et al. (2008) for 
the Mackenzie, and is slightly heavier than the value of -21‰ estimated for Arctic runoff by 
Östlund and Hut (1984), likely due to the generally lower latitude origins of the Mackenzie 
(Cooper et al., 2005). The δ18O-δ2H relationship for the samples collected in the estuary was δ2H 
= 7.9×δ18O – 2.3‰ (r2 = 0.998) (Figure 4). This slope is greater than the one estimated by Yi et 
al. (2010) for the upstream Mackenzie River (6.0; between Great Slave Lake and Tsiigehtchic) 
and closer to that of the local mean water line for Inuvik (7.3; IAEA/WMO, 2018; Lacelle, 
2011), suggesting that secondary evaporation and/or ice formation processes, which would result 
in a shallower slope, did not significantly affect the estuarine water balance during our sampling 
period.  

Groundwater samples fall along the line defined by the river samples and have values 
similar to the fresh river water. A recent study in Barrow, Alaska, identified precipitation as the 
main source of water to the active layer in the summer (Throckmorton et al., 2016). However, 
these authors also found that melting seasonal ice in the active layer can become important later 
in the summer (~September). The isotopic values measured in near-surface permafrost in the 
Mackenzie Delta are similar to average precipitation values in this region (δ18O ~ -22‰, δ2H not 
reported; Michel, 2011), but deeper (~3 m) permafrost and massive ground ice deposits in the 
northern part of the delta have lighter values that indicate a glacial water source (δ18O ~ -28‰ to 
-32‰, δ2H ~ -225‰ to -250‰; Fritz et al., 2011; Mackay and Dallimore, 1992; Michel, 2011). 
We observed a similar pattern in shallow (<1.5 m) permafrost cores collected near Inuvik and in 
permafrost collected from the headwall of a retrogressive thaw slump in Tuktoyaktuk: the δ18O 
values in the Inuvik cores were -20.18‰ to -25.31‰ and the δ2H values were -156.9‰ to -
192.0‰, while δ18O and δ2H in the thaw slump permafrost were -30.30‰ and -239.7‰ (see 
Appendix). Because the near-surface permafrost isotope signatures are similar to precipitation 
values, it is currently difficult to separate the inputs of meteoric water and thawing permafrost to 
groundwaters and rivers. However, as deeper permafrost and massive ground ice have distinctly 
negative isotopic values, continued permafrost degradation under future climate conditions may 
result in thawed porewater inputs that are easier to identify. 
 
5.4.2 Changes across the delta 
 
 The rise in DON and DOC from Tsiigehtchic to Inuvik to Tuktoyaktuk likely reflect 
inputs of DOM from the delta (Figure 6).  Following the inundation of deltaic lakes and ponds 
during periods of high river discharge, particle settling improves water transparency and allows 
for autotrophic production, drawing down inorganic nutrient concentrations and increasing DOM 
concentrations (Emmerton et al., 2008a; Fisher and Parsley, 1979; Forsberg et al., 1988; Junk et 
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al., 1989; Lesack et al., 1998; Maine et al., 2004; Tockner et al., 1999). The flooding of 
vegetation and soils can also lead to the leaching of DOM and nutrients, which are then carried 
back to the river as the water recedes (Emmerton et al., 2008a; Junk et al., 1989; Lesack et al., 
1998); this process may be exacerbated in the Arctic by the presence of thermokarst (Tank et al., 
2011). The chemistry of the Mackenzie River is therefore affected by interactions with lakes and 
flooded vegetation during the flooding of the delta in the freshet and subsequent drainage as the 
water level falls (Emmerton et al., 2007).  

Emmerton et al. (2008a) created a biogeochemical model of these river-lake interactions 
in the Mackenzie River, and predicted a downstream increase in riverine DOM due to the “delta 
effect”. A 2004 survey of the delta by these authors confirmed that concentrations of DOM were 
higher closer to the mouths of the Middle and West Channels (Emmerton et al., 2008a). The 
downstream increases of DON and DOC observed in this study are consistent with the predicted 
deltaic inputs of DOM. Because DOM concentrations were high in groundwater at Tsiigehtchic 
(MRD02), groundwater inputs could contribute to higher concentrations downstream. However, 
the concentrations in Tuktoyaktuk are higher than those observed in the groundwater (Table 5), 
indicating that other sources may also contribute.  

The changes in inorganic nutrient concentrations observed in this study were not as large 
as those for DOM (Figure 6). The modeling results of Emmerton et al. (2008a) suggest that 
inorganic nutrients should be consumed during storage in the delta, with the exception of NH4

+, 
which is predicted to increase because floodplain lakes have high NH4

+ concentrations as a result 
of organic matter degradation (Spears and Lesack, 2006). The decrease in NH4

+ concomitant 
with an increase in NOx suggests that the NH4

+ loss observed in this study may be due to 
nitrification, though the magnitude of these changes are small and could reflect natural 
variability. The increase in NOx could also be due to groundwater inputs, which had slightly 
higher nutrient concentrations, however this would likely increase both NOx and NH4

+ (Table 
5a). The loss of NH4

+ contradicts the model and observations of Emmerton et al. (2008a), who 
detected 2-3 fold increases in NH4

+ (although even after this increase the concentrations 
observed during their 2004 survey were lower than those observed in this study). The increase in 
SiO4

- recorded in 2016 is similar to the observations made in 2004, but inconsistent with model 
predictions (Emmerton et al., 2008a). The relatively constant PO4

3- concentrations in the delta 
are in contrast with both the decrease predicted by modeling and the increase observed in 2004 
(Emmerton et al., 2008a), but are consistent with the observations of Tremblay et al. (2014), who 
did not observe significant changes in PO4

3- concentrations between Tsiigehtchic and Inuvik in 
May and June 2009.  

The different DOM and nutrient patterns observed throughout the delta in 2016 and 2004 
could be related to variability in river discharge or river-lake connection times. These differences 
would impact the number and type of lakes flooded, which could influence nutrient levels 
because lakes that are less frequently flushed with river water have different water chemistry and 
autotrophic species assemblages than those commonly connected to the river (Lesack et al., 
1998; Squires et al., 2009; Squires and Lesack, 2002). Peak discharge was lower in 2016 
compared to 2004, and the freshet occurred earlier than normal (May 18, compared to ~June 1; 
Figure 2) (Water Survey of Canada, 2018). If lakes were flooded earlier in the 2016 season, ice 
cover may have prevented complete water column mixing (Lesack et al., 1998). Further, Lesack 
and Marsh (2007) found that river-lake connection times are increasing in low elevation lakes 
due to sea level rise and changes in ice breakup, while connection times in higher elevation lakes 
may be decreasing. Although their analysis only extended through 2005, continued changes over 
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the last decade may have contributed to differences between the 2004 and 2016 studies. 
Alternatively, differences between the two transects could reflect spatial variability: we 
measured the concentrations at the mouth of the East Channel, while Emmerton et al. (2008a) 
studied the Middle and West Channels. Differences between the outflows of these channels were 
reflected in a 2009 summer survey of the inner Beaufort Shelf: higher concentrations of DON 
and DOP were observed in Kugmallit Bay (mouth of the East Channel) compared to Mackenzie 
Bay (mouth of the West Channel), while DOC and SiO4

- showed the opposite pattern (Tremblay 
et al., 2014). The relative importance of spatial versus temporal variability is likely different for 
different solutes, and is hard to asses without interannual data from the same sites in the delta.  

The small changes in riverine nutrient concentrations observed throughout the delta 
during this study may indicate that primary production was dominated by macrophytes, which 
consume nutrients from lakebed sediments and are therefore more dependent on particulate 
nutrient delivery from the river instead of dissolved nutrient inputs (Squires and Lesack, 2003). 
The increase in DOM without much change in inorganic nutrients could also reflect leaching of 
organic rich soils or thermokarst inputs. Tank et al. (2011) found that thermokarst provided a 
significant source of DOM to lakes in the Mackenzie River Delta, and high DOM concentrations 
observed in the groundwater sample from Tsiigehtchic (MRD02) support this hypothesis. If 
thermokarst is the main control on the DOM concentrations, the larger inputs of DOM at the 
mouth of the delta in 2016 may reflect permafrost degradation between 2004 and 2016. 

Changes in Ra activities and trace metal concentrations through the delta were generally 
not as significant as those for DOM (Figure 6). The long-lived 228Ra and 226Ra activities were the 
same within error at all three sampling sites. The 223Raxs activities were more variable; because 
of its shorter half-life, this isotope is more sensitive to changes in sources or sinks. The lower Ra 
activities in Inuvik may indicate reduced benthic sediment inputs to this part of the river (Table 
4), but could also reflect lower sediment influence due to the fact that sampling was conducted 
from a pier, so the comparison between Tsiigehtchic and Tuktoyaktuk is more robust (Figure 6).  

While most of the metal concentrations remained relatively constant through the delta, 
Mn concentrations doubled between Tsiigehtchic (MRD05) and Inuvik (MRD06) (Figure 6). 
Because Mn is a redox active metal, changes in oxygen levels in the sediments and overlying 
water column affect the speciation and solubility of this metal. Reducing sediments are a source 
of soluble Mn, which is oxidized much more slowly than Fe (Stumm and Morgan, 1996), and 
can be stabilized in estuaries by complexation with ligands or humic material (Oldham et al., 
2017). Manganese reduction in floodplain lakes has previously been invoked to explain 
downstream increases of Mn in temperate river systems (Shim et al., 2017). This reductive 
sediment input may have contributed to the high concentrations observed in groundwater; the 
Mn concentrations in Tsiigehtchic groundwater were much higher than the river water 
concentration observed in MRD05, whereas the groundwater concentrations of the other metals 
were generally on the same order of magnitude as the river water concentrations. Groundwater 
inputs in the delta could therefore contribute to the observed Mn variability. 
 
5.4.3 Changes in the estuary 
 
5.4.3.1 Benthic inputs of radium isotopes and nutrients 
 

All four radium isotopes increased in the freshwater-saltwater transition zone (Figure 7) 
due to salinity-induced desorption (ion exchange) from suspended and benthic sediments (e.g. Li 



	   177 

et al., 1977; Moore et al., 1995). The peak Ra activities are observed between salinities 5 – 10, 
consistent with the majority of desorption occurring below salinities of 5 (Key et al., 1985; 
Moore, 1981), though this process has been observed at up to a salinity of ~25 (Gonneea et al., 
2008; Key et al., 1985). The deviation of each isotope from the conservative mixing line was 
used to quantify this estuarine addition: 228Ra and 226Ra increased by 61% and 45%, respectively, 
based on the activities measured at salinity 8.56 (Table 7). Excess 223Ra and 224Raxs were highest 
at salinity 3.89, and deviated from their conservative mixing lines by 115% and 163%, 
respectively.  

The observed increases in 228Ra and 226Ra in the estuary were 12.3 dpm 100L-1 and 8.7 
dpm 100L-1, respectively. To explain this increase from suspended sediment desorption alone, 
the river particles would have to release 23% and 15% of their total 228Ra and 226Ra, respectively 
(Table 4c). These values are slightly lower than a previous estimate (~30% for both isotopes; 
Moore et al., 1995). The activity ratio of suspended sediments was 0.91 ± 0.05, thus a Ra source 
from desorption is expected to have a similar ratio. However, the estuarine 228Ra and 226Ra 
increase reflects a 228Ra/226Ra ratio of 1.4, and the 228Ra/226Ra ratio measured in the estuary was 
consistently greater than 0.91 (Figure 7e). This may be due differences in surface available 228Ra 
and 226Ra; for example, Krest et al. (1999) measured ratios of 0.84 – 0.91 in bulk suspended 
sediments collected from the Mississippi and Atchafalaya Rivers, but found that 228Ra and 226Ra 
desorbed from the sediments in a ratio of 1.2. 

The increased activity ratio in the estuary may also indicate influence from another 
source with a higher 228Ra/226Ra activity ratio than suspended sediments. Sediment porewater 
and groundwater inputs frequently have 228Ra/226Ra ratios greater than 1 due to the faster 
regeneration time of 228Ra (Charette, 2007; Charette et al., 2001; Key et al., 1985; Krest et al., 
1999; Rodellas et al., 2017). The average 228Ra/226Ra of groundwater collected in Tsiigehtchic 
was 1.3 ± 0.3, which is similar to the ratio of the estuarine increase in 228Ra and 226Ra. The 
increase of the observed 228Ra/226Ra activity ratio to ~1.1 – 1.2 in the estuary may therefore also 
be driven by a local groundwater input or an input from sediment porewaters.  
 The 224Ra/228Ra activity ratio is also influenced by benthic inputs, which are enriched in 
224Ra over 228Ra due to the shorter half-life of 224Ra and thus faster regeneration time of 224Ra in 
sediments (Moore, 2000a). In addition, decay of 228Ra in the water column produces 228Th, 
which becomes adsorbed onto particle surfaces. When surface-bound 228Th decays to produce 
224Ra, this isotope is likely to become desorbed, therefore suspended sediments that settle out of 
the river can be an important source of 224Ra (Moore et al., 1995). Due to the large delivery of 
sediments from the river and frequent storms that resuspend sediments (Carmack and 
Macdonald, 2002; Macdonald et al., 1998), the Mackenzie Estuary has the potential to be a 
sizeable source of excess 224Ra. The 224Ra/228Ra activity ratio was around 1 in the freshwater 
samples, but increased to 1.2 – 1.5 in the mid-salinity range (Figure 7f). Because of the benthic 
sediment source of excess 224Ra, proximity to the riverbed will influence the 224Ra/228Ra activity 
ratio. Once the transect passed the 2 m shoal, the 224Ra/228Ra activity ratio in surface water (0.5 
m) began to decrease because of the isolation from the sediment source. This decrease must be 
due to decay of 224Ra, because dilution affects both isotopes. 

The local benthic source indicated by the Ra isotope ratios may also have contributed to 
increased nutrients and DOC in the mid-salinity range. Radium isotopes have become well 
established as tracers of nutrient inputs through submarine groundwater discharge (see Charette 
et al., 2008 for a review) and have recently been applied to determine groundwater fluxes of 
nutrients to the Beaufort Sea and coastal Arctic Ocean (Lecher et al., 2016). The maxima of NOx, 
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PO4
3-, and SiO4

- between salinities 2.87 – 8.56, coincident with the increase in 228Ra/226Ra and 
224Ra/228Ra, may therefore reflect groundwater inputs of these nutrients (de Sieyes et al., 2008; 
Jickells, 2005; Knee and Paytan, 2011; Slomp and Van Cappellen, 2004) (Figure 9). Benthic 
inputs of PO4

3- could also result from mobilization in reducing sediments: under oxic conditions, 
sediments are a sink of PO4

3- as a result of complexation with iron oxides, but if sediments 
become anoxic, the iron oxides are reduced and PO4

3- can be released (Charette and Sholkovitz, 
2002; Froelich, 1988). Nitrification may contribute to the peak in NOx concentrations coincident 
with the drop in NH4

+ concentrations at salinity 6.10; this process can be associated with 
resuspended particulate material (Owens, 1986), and higher 224Ra/228Ra activity ratios in the mid-
salinity range support the possibility of a recent sediment resuspension event. Such a 
resuspension could also transport regenerated nutrients from sediment porewaters to the 
overlying water column (Statham, 2012). Possible groundwater or benthic inputs of DOC are 
indicated by a slight concentration increase between salinities of 2.87 and 10.26 (Couturier et al., 
2016; Kim et al., 2012), however this addition could also reflect biological production of DOM 
in the estuary (Benner and Opsahl, 2001; Raymond and Bauer, 2001).  
 
5.4.3.2 Water mass ages in Kugmallit Bay 
 
 The short-lived 223Ra and 224Ra isotopes have half-lives appropriate for determining the 
timescale of coastal mixing processes (e.g. Moore, 2000b, 2000a). These isotopes are added to 
the estuary through desorption from suspended and benthic sediments and through groundwater 
inputs, and they have negligible activities off the shelf, thus the 223Raxs and 224Raxs activities in 
Kugmallit Bay decrease from decay and mixing with the marine endmember (Figures 7c and 7d). 
Considering the ratio of the two isotopes (after correcting for parent isotope-supported activities) 
corrects for the effects of dilution, such that any decrease in the ratio must be due to decay. The 
progressive decrease in the 224Raxs/223Raxs activity ratio at stations MRD13-MRD15 (Figure 15) 
can therefore be used to determine the time elapsed since the water was in contact with 
sediments following the approach described in Moore (2000b) (Equation 1): 
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In this equation, !"!"!!"
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is the initial 224Raxs/223Raxs ratio (in samples recently in contact with 

sediments), !"!"!!"
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is the ratio after time t has elapsed, λ!!" is the decay constant of 224Ra 

(0.189 d-1), and λ!!" is the decay constant of 223Ra (0.061 d-1). Using the ratio at MRD12 as the 
initial 224Raxs/223Raxs ratio, the time elapsed at stations MRD13, MRD14, and MRD15 was 
determined to be 2.7 d, 5.8 d, and 6.3 d, respectively. These water mass ages are consistent with 
previous estimates that the nearshore region of the shelf is flushed on timescales of days 
(Macdonald and Yu, 2006). This method requires several assumptions: (1) that the source ratio is 
constant, (2) that there are no benthic inputs of 223Ra and 224Ra after leaving MRD12, which 
could bias the result towards younger ages, and (3) that the young estuarine water and old off-
shelf water are the only endmembers, as mixing with older water masses in the bay could bias 
the ratio towards older ages. Stratification in the estuary may help prevent additional benthic 
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inputs of Ra to surface waters beyond the 2 m ramp, but more studies are needed to constrain the 
spatial variability of the 224Raxs/223Raxs ratio across the bay.  
 
5.4.3.3 Removal of DOM in the estuary 
 
 Although DOM is has been observed to behave conservatively in most Arctic estuaries 
(Dittmar and Kattner, 2003), the concentrations of DOC and DON in the Mackenzie River 
estuary decreased drastically, dropping by ~1/2 and ~1/3, respectively, at the first increase in 
salinity (Figure 9e-f). This may be due to flocculation of colloids, a known removal mechanism 
for DOM in estuaries (Sholkovitz, 1976; Sholkovitz et al., 1978). This consistent with the 
Whitehouse et al. (1989) study, which reported a >50% decrease in organic carbon colloid 
concentrations for the Mackenzie River between salinity 0 and ~5. This is in contrast to the 
assumption of Letscher et al. (2013) that rapid removal of DOM at low salinities due to 
flocculation is insignificant in Arctic rivers.  
 Emmerton et al. (2008b) did not observe similar flocculation of organic matter during 
their July 2004 transect. This could be due to seasonal differences; lower suspended sediment 
concentrations later in the summer would reduce the potential for the particle-particle 
interactions that are a kinetic control on colloid flocculation (Stumm and Morgan, 1996). The 
unexpected loss of DOC could also result from a higher degree of lability in DOC discharged in 
the spring; Holmes et al. (2008) found that the DOC carried in Alaskan rivers during the freshet 
could undergo significant degradation, while DOC discharged during the summer was refractory. 
They attributed the decrease in lability to deepening active layers and longer flowpaths, which 
result in less interaction with organic rich surface layers that can enrich circulating waters in 
DOC, and a longer residence time in soils that allows more microbial DOC processing to occur 
before reaching the river. Although our samples were not collected during the period of peak 
discharge, the DOC may have retained some lability if flowpaths remained sufficiently short at 
the end of June. Recent studies have also suggested that DOC and DON are removed at varying 
rates across the estuary-shelf transition (Letscher et al., 2013; Tank et al., 2012a). After this 
initial drop, DOC and DON appear to mix conservatively, with possible non-conservative 
addition around salinity 5 (see section 5.4.3.1). 

Estuarine processing of DOC is important for constraining DOC delivery to the Arctic 
and estimating DOC removal rates. Loss rates in Arctic surface waters have been estimated 
based on the difference between the DOC concentration measured in river freshwaters and the 
DOC concentration estimated by extrapolating DOC-salinity or DOC-δ18O relationships from 
samples collected in the open Arctic Ocean to freshwater endmembers (Hansell et al., 2004). 
However, this calculation is sensitive to the river endmember concentration of DOC, and a 
removal of DOC in the estuary, as observed here, would result in a lower effective river 
endmember and an overestimate of the riverine DOC source, leading to an overestimate of the 
amount of DOC removed in Arctic surface waters. Cooper et al. (2005) estimated a Mackenzie 
River DOC concentration of ~250 µM by assuming that 30% of the flow-weighted mean 
concentration (358 µM) was removed over the shelf. This is significantly lower than the 
endmember concentration of 550±100 µM used by Hansell et al. (2004). If the 50% loss of DOC 
observed in our June study is representative of conditions throughout the rest of the year, then 
our results suggest that the fraction of reactive DOC may be even higher than assumed by 
Cooper et al. (2005), and that the effective river endmember concentration could be as low as 
~180 µM (taking the flow-weighted mean concentration from Cooper et al. (2005) as an initial 
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value). This suggests that DOC removal rates in Arctic surface waters are lower than previously 
thought.  
 
5.4.3.4 Removal of nutrients, DIC, and alkalinity 
 
 The presence of measurable DIN and PO4

3- throughout the estuary suggests that the 
system has not yet become nutrient limited. After the freshet, the suspended sediment load in the 
estuary is high enough that primary production is limited by light (Macdonald and Yu, 2006). 
When turbidity decreases at the end of summer, P is likely to be the limiting nutrient in the 
Mackenzie and nearshore Beaufort Shelf, while N is limiting in the Beaufort Sea and the rest of 
the Arctic (Carmack et al., 2004; Emmerton et al., 2008b; Tremblay et al., 2015).  

The decrease in nutrient concentrations beginning around salinity 6 likely reflects 
biological uptake (Figure 9). Between salinities 6.10 and 10.26 the drawdown ratio of N:P 
(DIN:PO4

3-) was 16, which matches the canonical Redfield ratio (Redfield, 1958) but is higher 
than typical Beaufort Sea ratios of ~11 – 13 (Tremblay et al., 2015). The loss of PO4

3- could also 
be due to abiotic processes such as complexation to iron oxides in sediments (Charette and 
Sholkovitz, 2002; Froelich, 1988), or removal associated with iron flocculation (Carmack et al., 
2004). Although NOx concentrations decreased to levels below our detection limits (<0.04 µM), 
NH4

+ concentrations remained around 1 – 1.5 µM; this may be due to NH4
+ inputs from N 

recycling and/or photoammonification of DON in the estuary (Le Fouest et al., 2013; Tank et al., 
2012a; Xie et al., 2012). The Si:N drawdown ratio was 8, which is much larger than typical 
values of ~2 in the Beaufort Sea (Tremblay et al., 2015). This discrepancy could be due to the 
aforementioned N recycling, or to abiotic removal of Si through reverse weathering, which has 
been shown to remove significant quantities of Si in estuaries (Presti and Michalopoulos, 2008).  

Dissolved inorganic carbon and alkalinity typically exhibit conservative mixing in 
estuaries (e.g. Cai et al., 2010), though losses of DIC and alkalinity have been observed in some 
large temperate estuaries such as the Amazon (Ternon et al., 2000), Chesapeake (Wong, 1979), 
and Mississippi (Cai, 2003). While DIC can be lost through multiple biological and physical 
processes in the estuary, including primary production and outgassing of CO2, the main control 
on alkalinity is calcium carbonate (CaCO3) precipitation or dissolution. Because DIC and 
alkalinity are lowest during the freshet, it is also possible that the apparent curvature reflects 
conservative mixing with a gradually increasing river endmember concentration (Cross et al., 
2013; Wong, 1979). Extrapolating the DIC-salinity and alkalinity-salinity relationships observed 
in the three most saline samples (MRD15 – MRD17) results in an effective river endmember 
with an alkalinity of ~1330 µmol kg-1 and a DIC concentration of ~1275 µmol kg-1. Alkalinity 
values of ~1300 – 1400 µmol kg-1 have been observed in the Mackenzie in the past, but in recent 
decades the minimum alkalinity has been ~1600 µmol kg-1 (Tank et al., 2016). Similarly, this 
estimated DIC concentration is slightly less than values observed in the Mackenzie, which are 
typically >1400 µmol kg-1 (Tank et al., 2012b). Mixing therefore does not appear to be the sole 
influence on DIC and alkalinity concentrations in the estuary. 
 The DIC and alkalinity losses in the Mackenzie Estuary were 200 µmol kg-1 and 190 
µmol kg-1, respectively, determined from the difference between the conservative mixing line 
and the observed concentrations at salinity 15.49. These deficits are similar to those observed in 
the Mississippi and Amazon, where biological activity was determined to be the controlling 
factor (Cai, 2003; Ternon et al., 2000). The non-conservative removal of DIC and alkalinity 
observed during this study coincides with the drop in inorganic nutrient concentrations, 
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supporting a biological sink (Figures 9 and 10). If we assume that the entire alkalinity loss is due 
to CaCO3 precipitation, the corresponding loss of DIC from this process should be half the 
alkalinity loss, 95 µmol kg-1. The remaining DIC loss (105 µM) could be due to biological 
uptake or CO2 outgassing. The DIC loss rate can be approximated using the water mass ages 
determined from the 224Ra/228Ra activity ratio; the non-conservative removal of DIC and 
alkalinity begins at the salinity used as the initial 224Ra/228Ra value (MRD12, salinity = 6.10). If 
the DIC loss of 105 µM occurred over 6.3 d (MRD15, salinity = 15.49), the loss rate was 
approximately 17 µM d-1. We can compare this to the estimate of integrated summer primary 
production determined by Tremblay et al. (2014) for the top 10 m of the neritic portion of the 
Beaufort Shelf (defined as inshore of the 20 salinity contour): 114 × 109 g C. Assuming this 
production was evenly distributed over the neritic shelf area (4132 km2) and the 62 day 
observation period, this corresponds to a production rate of approximately 4 µM C d-1. This is an 
order of magnitude less than the estimate of DIC loss for our study, suggesting that CO2 
outgassing may also have contributed to the DIC loss observed in 2016. Vallières et al. (2008) 
observed CO2 supersaturation throughout the East Channel in 2004, supporting this possibility. 
 
5.4.3.5 Non-conservative behavior of trace metals 
 

Trace metal concentrations in estuaries can be influenced by particle adsorption, 
desorption, or flocculation (Boyle et al., 1974, 1977; Shiller and Boyle, 1987; Sholkovitz, 1978). 
All of the trace metals measured in this study except U exhibited non-conservative behavior in 
the estuary: Ba, Co, Cu, Mn, and Ni concentrations increased, while Pb was removed (Figure 
12). The increases in metal concentrations during the transition from fresh to salt water are likely 
due to release from either suspended or benthic sediments as the ionic strength of the water 
increases, however, apparent non-conservative behavior could also result from temporal changes 
in the riverine input (Officer and Lynch, 1981) or an additional input from groundwater 
(Charette and Sholkovitz, 2006; Knee and Paytan, 2011).   

The addition of Ba at low salinities has been well documented (Carroll et al., 1993; 
Coffey et al., 1997; Edmond et al., 1978; Guay and Falkner, 1998) and is due to desorption from 
suspended particles as Ba on particle surfaces is replaced by more abundant seawater cations. 
The behavior observed during this study is very similar to that recorded by Guay and Falkner 
(1998) in the East Channel of the Mackenzie Estuary in 1994, with the highest Ba concentrations 
occurring around a salinity of 5. The increase in Ba is coincident with the rise in the 228Ra/226Ra 
and 224Ra/228Ra activity ratios, indicating a possible porewater or groundwater source of Ba in 
addition to the expected input from particle desorption (Charette and Sholkovitz, 2006; Gonneea 
et al., 2013). 

The behavior of Mn in estuaries is variable, but non-conservative addition attributed to 
particle desorption and release from reducing benthic sediments has been observed in multiple 
temperate estuaries (Bewers and Yeats, 1978; Byrd et al., 1990; Callaway et al., 1988; 
Chiffoleau et al., 1994; Edmond et al., 1985; Keeney-Kennicutt and Presley, 1986). The Co-
salinity relationship is similar to the Mn-salinity curve, with significantly higher concentrations 
in the seawater endmember compared to the freshwater endmember and addition throughout the 
estuary. Cobalt does not exhibit consistent estuarine behavior, and can be removed (e.g. Church, 
1986), conserved (e.g. Zhang, 1995), added (e.g. Chiffoleau et al., 1994; Windom et al., 1988) or 
exhibit a combination of removal and addition (e.g. Byrd et al., 1990). Cobalt and Mn exhibited 
similar behavior in the Seine Estuary; the authors attributed this to an affinity of Co for Mn-
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oxides and suggested a porewater source of these elements (Chiffoleau et al., 1994). The benthic 
inputs of Ra support the possibility of a porewater source of Mn and Co.   

The profiles of Ni and Cu have similar shapes; both increase at low salinities and then 
mix relatively conservatively through the rest of the estuary. The estuarine behavior of these 
elements is variable, but they are commonly either conserved (Boyle et al., 1982; Church, 1986; 
Edmond et al., 1985; Shiller and Boyle, 1991; Windom et al., 1988), or added (Byrd et al., 1990; 
Chiffoleau et al., 1994; Edmond et al., 1985; Keeney-Kennicutt and Presley, 1986; Zhang, 1995) 
in the estuarine mixing zone. The behavior of Cu and Ni in estuaries is likely controlled by 
simple inorganic processes, such as sorption reactions and speciation changes with increasing 
ionic strength, as opposed to redox reactions occurring in benthic sediments (Chiffoleau et al., 
1994; Edmond et al., 1985). Chiffoleau et al. (1994) and Edmond et al. (1985) observed rapid 
desorption of Ni at low salinities followed by dilution, similar to the trend observed in the 
Mackenzie. Additions of Cu and Ni have also been documented in the Lena Estuary; as there 
was no evidence of benthic inputs of trace metals in this estuary, this addition was attributed to 
desorption from riverine particles (Guieu et al., 1996). It is also possible that the pattern observed 
in the Mackenzie is the result of changing river endmember concentrations; the concentrations at 
higher salinities may be reflecting a mixture of seawater with a higher Cu and Ni river 
endmember, perhaps from the freshet that preceded our sampling period. The effective river 
endmember concentrations (determined by extrapolating the “linear” part of the metal-salinity 
relationship) for Cu and Ni were 28 nM and 26 nM, respectively, which are within the range of 
freshwater concentrations observed by the A-GRO and ECCC monitoring programs 
(Environment and Climate Change Canada, 2018; Holmes et al., 2018). 

The significant removal of Pb observed in the estuary may be due to flocculation of 
colloids; Pb can be associated with Fe-oxides and organic colloids (Tanguy et al., 2011; Wen et 
al., 2008; Windom et al., 1988), which can flocculate in estuaries. The drop in Pb concentration 
coincides with a ~50% decrease in DOC, supporting the hypothesis that aggregation of DOC 
colloids may have contributed to the removal of Pb. While no relationship between Pb and DOC 
was observed in the Lena River (Guieu et al., 1996), a positive correlation was observed in the 
Severna Dvina and a large fraction of the Pb was found to be colloidal (Pokrovsky et al., 2010). 

Uranium exhibits variable chemistry in estuaries: it can be removed through flocculation 
of organic matter or Fe-coated colloids, it can behave conservatively, or it can be added or 
removed through interactions with bottom sediments (Swarzenski et al., 2003, and references 
therein). The results of this study suggest that U behaves conservatively in the Mackenzie 
Estuary, which is in contrast to the claim of Andersen et al. (2007) that 65% of U is lost in the 
Mackenzie Estuary and shelf. These authors based their estimate on the difference between 
freshwater values collected at Tsiigehtchic and the zero salinity intercept of the U-salinity 
relationship observed in the Canada Basin. Some of our U values do fall below the conservative 
mixing line, but the largest deviation represents a 10% decrease from conservative mixing. It is 
possible that a substantial removal of U occurs on the outer Beaufort Shelf, beyond the reach of 
our survey area. Alternatively, the interpretation of the U-salinity relationship in Andersen et al. 
(2007) is sensitive to ice melt, and a larger contribution of low-U ice meltwater could balance a 
lower estimate of U loss in the Mackenzie Estuary. 

In order to quantify the changes in trace metal concentrations in the estuary, we 
determined the percent difference between the maximum (in the case of addition) or minimum 
(in the case of removal) metal concentration and the concentration expected based on the 
conservative mixing line. The highest Ba concentration was observed at salinity 6.10, and 
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denotes a 30% increase over the conservative mixing line. Cobalt and Mn increased 36% and 
110%, respectively, with peak concentrations at salinity 15.49. Copper and Ni were both highest 
at salinity 8.56, representing increases of 24% and 31%, respectively. Approximately 81% of the 
Pb was removed at the first increase of salinity (salinity = 2.87).  

These changes indicate that trace metal fluxes from the river to the coastal ocean cannot 
be determined based on freshwater metal concentrations alone, but should also be based on 
changes that occur in the estuary. Further, the delivery of trace metals is likely to be seasonally 
variable, due to changes in river discharge and the relative influences of different water sources 
throughout the year (Rember and Trefry, 2004). Based on this study, the Mackenzie River 
estuary serves to increase the riverine fluxes of Ba, Co, Cu, Mn, and Ni to the coastal Beaufort 
Sea, and decrease the flux of Pb.  
  
5.4.4 Fluxes of Ra, DOM, and trace metals from the Mackenzie River to the 
coastal ocean 
 
 The estuarine changes documented in this study can be used to improve estimates of the 
ultimately delivery of solutes from the Mackenzie River to the coastal ocean. Flow-weighted 
average concentrations of Ba, DOC, and DON in the Mackenzie are available from previous 
studies (Table 7a). The average flow-weighted 228Ra and 226Ra activities were determined to be 
16.8 dpm 100L-1 and 17.2 dpm 100L-1, respectively, based on the data from the time series at 
Tsiigehtchic (Table 3a). Assuming the estuarine behavior of these constituents remains relatively 
consistent throughout the year, the additions and removals documented in the East Channel in 
2016 were used to adjust these flow-weighted averages, and the adjusted concentrations were 
multiplied by the average Mackenzie discharge (316 km3 y-1, Holmes et al., 2012) to determine 
the annual fluxes (Table 7a). The annual fluxes of 228Ra and 226Ra were 8.6 × 1013 dpm y-1 and 
7.9 × 1013 dpm y-1, respectively. These are lower than the 228Ra and 226Ra fluxes from the 
Amazon River (1015 dpm y-1) and Mississippi River (1014 dpm y-1), but similar to the 228Ra and 
226Ra inputs from the Atchafalaya River (1013 dpm y-1) (Key et al., 1985; Krest et al., 1999; 
Moore et al., 1995). The DOC and DON fluxes were 6.4 × 1010 mol y-1 and 9.4 × 108 mol y-1, 
respectively. Because the average DOC and DON freshwater concentrations were taken from the 
A-GRO, the DOC and DON flux estimates calculated in this study are ~45% and 60% lower, 
respectively, than the annual estimates of Holmes et al. (2012), reflecting the estuarine removal. 
The flux of Ba from the Mackenzie was previously estimated by Guay and Falkner (1998) based 
on the effective river endmember in the East Channel, and their estimate (1.6 × 108 mol y-1) 
agrees well with ours (1.5 × 108 mol y-1).  

Applying the estuarine changes we observed in 2016 to these annual averages assumes 
that the same estuarine processes occur year-round. Because the non-conservative changes 
observed in the estuary likely depend on particle and colloid fluxes, which vary depending on 
river discharge and season, estuarine transects at other times of year are vital to testing this 
assumption. Based on the similarity between the Ba-salinity relationships observed in April 1994 
(Guay and Falkner, 1998) and June 2016 (this study), the assumption of consistent estuarine 
behavior likely holds for Ba. On the other hand, the lack of DOC and DON removal in the July 
2004 Emmerton et al. (2008b) study indicate that this assumption may not be valid for DOM 
(possibly due to a higher degree of DOM lability in the spring, see section 5.4.3.3), and that our 
adjusted fluxes could underestimate the actual DOM delivery.  
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 We also used the freshwater average concentrations and estuarine changes measured 
during this study, along with the average Mackenzie discharge in June 2016 (1.48 km3 d-1; Water 
Survey of Canada, 2018), to determine fluxes for this specific month (Table 7b). The 228Ra and 
226Ra fluxes for this time period were 4.6 × 1011 dpm d-1 and 4.2 × 1011 dpm d-1, respectively, 
and the Ba flux was 6.9 × 105 mol d-1. Assuming these represent typical June fluxes, we estimate 
that ~15% of the annual 228Ra, 226Ra, and Ba fluxes occur during June. The June fluxes of DOC 
and DON were 5.6 × 108 mol d-1 and 1.5 × 107 mol d-1, representing approximately 25% and 
50% of the annual DOC and DON fluxes, respectively. However, because the June discharge in 
2016 was ~20% below the mean June discharge (Figure 2; Water Survey of Canada, 2018), this 
year may not be representative of average conditions. Holmes et al. (2012) estimated that 32% of 
the annual DON flux and 36% of the annual DOC flux occurs during May and June based on the 
concentrations measured in Tsiigehtchic.  

The trace metal fluxes determined for June 2016 were 2.2 × 103 mol Co d-1, 4.2 × 104 mol 
Cu d-1, 1.9 × 105 mol Mn d-1, 3.8 × 104 mol Ni d-1, 4.2 × 101 mol Pb d-1, and 4.0 × 103 mol U d-1. 
Recent evidence suggests that solute-particle interactions may be a dominant control on metal 
fluxes from estuaries; Samanta and Dalai (2018) found strong correlations between the 
discharge-normalized fluxes of Cu and Ni and the discharge-normalized flux of suspended 
sediments in major estuaries around the world. Based on the average June suspended sediment 
flux and water discharge in the Mackenzie, the suspended sediment concentration in June is 
approximately 525 mg L-1 (Holmes et al., 2002). Based on this value and the regression 
relationships determined by Samanta and Dalai (2018), the predicted estuarine concentrations of 
Cu and Ni are 28 nmol L-1 and 27 nmol L-1, respectively. The concentrations observed on our 
June 2016 transect (freshwater endmember + change in estuary; Table 7b) were 28 nmol Cu L-1 
and 26 nmol Ni L-1. The excellent agreement between the predicted and observed values is 
evidence that solute-particle interactions are the main control on the estuarine concentrations of 
these metals (see also section 5.4.3.5). 
 By using water discharge measured at Tsiigehtchic for both the annual and June 2016 
flux calculations, we assume that changes occurring in the West and Middle Channels are similar 
to those observed in the East Channel. Tremblay et al. (2014) measured different distributions of 
salinity, inorganic nutrients, and DOM in Mackenzie Bay and Kugmallit Bay in 2009, which 
indicates that this assumption may be invalid, and highlights the need for future studies of the 
solute distributions in all three channels.  
 
5.5 CONCLUSIONS 
 
 We investigated the effects of the Mackenzie River delta and estuary on the river 
chemistry and delivery of solutes to the coastal ocean during a June 2016 transect. This study 
provides the first measurements of Ra isotopes in Western Arctic rivers and some of the first 
trace metal measurements in the Mackenzie Estuary, improving our understanding of solute 
cycling in this important Arctic system. Significant increases in DOM between upstream and 
downstream sampling locations reflect inputs from the delta, while the concentrations and 
activities of inorganic nutrients, trace metals, and Ra isotopes were largely unchanged between 
Tsiigehtchic and Tuktoyaktuk. In the freshwater-saltwater transition zone, changes in the Ra 
isotope ratios indicated desorption from suspended riverine particles and possible benthic or 
groundwater inputs. The inorganic nutrients were affected by both biological uptake and this 
possible benthic source, while a significant fraction of DOM was rapidly lost in the early stages 
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of estuarine mixing. Most dissolved trace metal concentrations increased in the estuary due to 
particle desorption or benthic inputs (Ba, Co, Cu, Mn, Ni), while Pb was removed at low 
salinities, and U behaved conservatively. 
 Together, these changes reflect the influence of the delta and the estuary on river 
chemistry, and indicate that fluxes based on freshwater endmembers alone are not representative 
of actual solute delivery to the coastal ocean. We calculated flux estimates based on the estuarine 
removal or addition observed in this study, using flow-weighted average concentrations to 
represent the freshwater starting point when possible. The resulting 228Ra, 226Ra, and Ba fluxes 
were 8.6 × 1013 dpm y-1, 7.9 × 1013 dpm y-1, and 1.5 × 108 mol y-1, respectively. The DOC and 
DON fluxes (6.4 × 1010 mol y-1 and 9.4 × 108 mol y-1, respectively) are lower than previous 
estimates by Holmes et al. (2012), but may be underestimates because this DOM removal is not 
observed year-round (Emmerton et al., 2008b). This estuarine removal indicates that DOM 
degradation rates based on freshwater DOM concentrations overestimate the actual rate of DOM 
removal in the Western Arctic basin, because they do not account for loss in the estuary.  

For constituents without available annual flow-weighted averages, the flux for June 2016 
was estimated. Assuming these fluxes are normal for the month of June, the delivery of 228Ra, 
226Ra, and Ba during this month accounts for ~15% of the annual fluxes, while the DOC and 
DON fluxes during June are ~25% and ~50% of the annual fluxes, respectively. These estimates 
are based on the conditions observed in the East Channel during June 2016; more studies are 
needed to assess the spatial (between channels) and temporal (between years and seasons) 
variability in the estuarine behavior of these species.  
 Future studies will also be important for monitoring climate-induced changes in the river 
chemistry and delivery of solutes through the estuary. The degradation of permafrost is likely to 
increase the major ion and nutrient concentrations in Arctic rivers (Frey et al., 2007b, 2007a; 
Frey and McClelland, 2009; Keller et al., 2010), and has already been implicated as the 
mechanism behind observed DOC and alkalinity increases in the Mackenzie (Tank et al., 2016). 
Changes in the estuary and over the shelf could further modify these variations in solute delivery. 
Arctic river discharge is increasing (McClelland et al., 2006; Rawlins et al., 2010), which may 
intensify stratification in the surface ocean but could also lead to stronger entrainment of deeper 
waters in the estuary (McClelland et al., 2012). These physical alterations could impact primary 
productivity if they shift the euphotic zone or nutricline (Tremblay et al., 2015). Increased 
delivery of N to the Beaufort Shelf is unlikely to relieve the N limitation on primary productivity 
in this region, but this change, along with the predicted increases in Si delivery, could affect the 
ratios of nutrients exported to the North Atlantic (Le Fouest et al., 2013). Because these 
modifications are already occurring, this study cannot provide baseline measurements against 
which climate-caused changes can be assessed, but it serves as an important time point in the 
continued monitoring of Arctic river and estuary chemistry.  
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Table 1. Locations, collection dates, w
ater isotope concentrations, and w

ater properties of (a) freshw
ater and groundw

ater sam
ples, 

(b) sam
ples collected during the East C

hannel transect, and (c) suspended sedim
ent sam

ples. 
 a.  Sam

ple 
ID

 
L

ocation/type 
C

ollection 
date 

L
atitude 
(°N

) 
L

ongitude 
(°W

) 
Salinity 

T
em

perature 
(°C

) 
pH

 
D

issolved 
oxygen (%

) 
δ

2H
 

(‰
) 

δ
18O

 
(‰

) 

M
R

D
01 

Tsiigehtchic, 
groundw

ater 
6/20/16 

67.4557 
133.7547 

0.26 
8.27 

7.91 
12.7 

-153.79 
-18.82 

M
R

D
02 

Tsiigehtchic, 
groundw

ater 
6/20/16 

67.4557 
133.7547 

0.42 
16.63 

7.12 
37.4 

-161.64 
-20.25 

M
R

D
03 

Tsiigehtchic, 
groundw

ater 
6/20/16 

67.4557 
133.7547 

0.26 
7.51 

8.05 
9.1 

-154.51 
-18.99 

M
R

D
04 

Tsiigehtchic, river 
w

ater from
 ferry 

6/21/16 
67.4526 

133.7580 
0.14 

17 
8.65 

144.5 
-156.75 

-19.74 

M
R

D
05 

Tsiigehtchic, river 
w

ater from
 shore 

6/21/16 
67.4556 

133.7532 
0.14 

16 
8.39 

143.1 
-156.43 

-19.82 

M
R

D
06 

Inuvik 
6/22/16 

68.3556 
133.7365 

0.14 
14.65 

8.41 
152.2 

-156.09 
-19.79 

M
R

D
11 

Tuktoyaktuk 
6/25/16 

69.4567 
133.0305 

0.56 
16.94 

8.16 
130.5 

-151.11 
-19.08 

 b.  Sam
ple 

ID
 

C
ollection 

date 
L

at. 
(°N

) 
L

on. 
(°W

) 

T
ransect 

distance 
(km

) 

B
ottom

 
depth 
(m

) 

Sam
ple 

depth 
(m

) 
Salinity 

T
em

perature 
(°C

) 
pH

 
D

issolved 
oxygen (%

) 
δ

2H
 

(‰
) 

δ
18O

 
(‰

) 
M

R
D

07 
6/24/16 

69.2275 
134.226 

0 
18.0 

0.5 
0.15 

14.33 
8.24 

109.5 
-155.74 

-19.59 
M

R
D

08 
6/24/16 

69.282 
133.9968 

10.91 
5.8 

0.5 
0.15 

14.89 
8.23 

113.5 
-156.56 

-19.70 
M

R
D

09 
6/24/16 

69.3602 
133.7465 

24.03 
2.1 

0.5 
0.14 

15.77 
8.26 

114.3 
-156.25 

-19.70 
M

R
D

10 
6/24/16 

69.4523 
133.4073 

40.85 
2.4 

0.5 
0.14 

15.99 
8.35 

114.3 
-150.45 

-18.32 
M

R
D

19 
6/26/16 

69.5445 
133.4403 

51.22 
3.0 

0.5 
2.87 

16.22 
8.39 

119 
-144.32 

-18.05 
M

R
D

18 
6/26/16 

69.5424 
133.4171 

50.91 
3.0 

0.5 
3.89 

14.72 
8.35 

118.7 
-140.46 

-17.52 
M

R
D

12 
6/26/16 

69.5474 
133.4233 

51.48 
3.4 

0.5 
6.10 

12.73 
8.13 

115.7 
-129.69 

-16.08 
M

R
D

13 
6/26/16 

69.6073 
133.452 

58.23 
4.9 

0.5 
8.56 

12.36 
8.34 

120.4 
-115.57 

-13.88 
M

R
D

14 
6/26/16 

69.6506 
133.4536 

63.05 
5.8 

0.5 
10.26 

12.57 
8.42 

120.4 
-111.34 

-13.99 
M

R
D

15 
6/26/16 

69.7802 
133.4239 

77.44 
9.4 

0.5 
15.49 

9.59 
8.41 

126.1 
-90.57 

-11.25 
M

R
D

16 
6/26/16 

69.7802 
133.4239 

77.44 
9.4 

5 
21.86 

3.06 
8.25 

112.6 
-65.16 

-8.13 
M

R
D

17 
6/26/16 

69.7802 
133.4239 

77.44 
9.4 

9 
26.94 

2.2 
8.2 

116.2 
-44.33 

-5.38 
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 c.  Sam
ple ID

 
Salinity 

V
olum

e of w
ater 

filtered (m
L

) 
T

otal sedim
ent (g) 

Suspended sedim
ent 

loading (m
g L

-1) 
M

R
D

04 
0.14 

4222 
0.83 

200 
M

R
D

05 
0.14 

2944 
0.49 

170 
M

R
D

08 
0.15 

1485 
0.24 

160 
M

R
D

19 
2.87 

2880 
0.12 

42 
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Table 2. Results of estuarine standard reference material (SLRS-6) analysis. “−” indicates no 
measurement. 
 

 
SLRS-6 certified 

values (ng g-1) Run 1 (ng g-1) Run 2 (ng g-1) Run 3 (ng g-1) Average 
offset (%) 

Standard 
deviation 
(ng g-1) 

Ba 14.3 ± 0.48 12.99 ± 0.15 13.81 ± 0.27 13.17 ± 0.24 -7% 0.43 
Cu 24 ± 1.8 24.0 ± 0.4 25.9 ± 0.2 27.4 ± 0.2 7% 1.7 
Pb 0.17 ± 0.026 0.177 ± 0.005 0.169 ± 0.001 0.154 ± 0.004 -2% 0.011 
Mn 2.12 ± 0.1 2.06 ± 0.06 2.47 ± 0.07 2.83 ± 0.06 16% 0.38 
Ni 0.617 ± 0.022 0.596 ± 0.036 0.672 ± 0.035 0.724 ± 0.030 8% 0.065 
U 0.0699 ± 0.0034 − 0.0648 ± 0.0015 0.0559 ± 0.0024 -14% 0.0063 
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Table 3. Time series of 228Ra, 226Ra, and the 228Ra/226Ra activity ratio in (a) the Mackenzie 
River (Tsiigehtchic) and (b) the Yukon River (Pilot Station).  
 
a.  

 
228Ra 

(dpm 100L-1) 
226Ra 

(dpm 100L-1) 
228Ra/226Ra 

4/24/15 11.7 ± 1.4 11.1 ± 0.6 1.1 ± 0.1 
7/11/15 19.1 ± 1.8 18.0 ± 0.7 1.1 ± 0.1 
9/13/15 18.3 ± 1.7 19.1 ± 0.8 1.0 ± 0.1 
11/17/15 9.6 ± 1.5 11.7 ± 0.6 0.8 ± 0.2 
1/31/16 13.9 ± 1.4 13.9 ± 0.5 1.0 ± 0.1 
4/23/16 11.0 ± 1.3 11.8 ± 0.5 0.9 ± 0.1 
6/21/16 19.8 ± 1.0 20.8 ± 0.4 1.0 ± 0.1 
Average 14.8 ± 4.2 15.2 ± 4.0  

Flow-weighted average 16.8 17.2  
 
b.  

 
228Ra 

(dpm 100L-1) 
226Ra 

(dpm 100L-1) 
228Ra/226Ra 

6/6/15 16.7 ± 3.7 12.0 ± 0.9 1.4 ± 0.3 
8/18/15 22.9 ± 4.1 18.0 ± 0.9 1.3 ± 0.2 
10/1/15 21.4 ± 2.8 16.0 ± 0.6 1.3 ± 0.2 
1/16/16 8.1 ± 2.1 5.5 ± 0.8 1.5 ± 0.4 
3/1/16 24.6 ± 4.7 11.6 ± 0.9 2.1 ± 0.4 
4/1/16 21.3 ± 3.0 15.7 ± 0.7 1.4 ± 0.2 

Average 19.2 ± 6.0 13.2 ± 4.4  
Flow-weighted average 19.3 14.2  
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Table 4. R
adium

 isotope activities and activity ratios in (a) freshw
ater and groundw

ater sam
ples, (b) sam

ples collected during the 
East C

hannel transect, and (c) on suspended sedim
ents. “bdl” indicates concentrations below

 the detection lim
it, “−” indicates no 

sam
ple collected or sam

ple not m
easured (see text). The freshw

ater endm
em

ber is an average of river w
ater sam

ples w
ith salinity ≤ 

0.15 (M
R

D
04 – M

R
D

10). 
 a. Sam

ple ID
 

D
epth 
(m

) 
Salinity 

226R
a 

(dpm
 100L

-1) 
228R

a 
(dpm

 100L
-1) 

228R
a/ 

226R
a 

224R
a 

(dpm
 100L

-1) 
224R

a
xs  

(dpm
 100L

-1) 
223R

a 
(dpm

 100L
-1) 

223R
a

xs  
(dpm

 100L
-1) 

224R
a/ 

228R
a 

M
R

D
01 

0.5 
0.26 

25.3 ± 0.8 
27.0 ± 3.2 

1.1 ± 0.1 
− 

− 
4.1 ± 0.7 

4.1 ± 0.7 
− 

M
R

D
02 

0.5 
0.42 

44.3 ± 5.2 
67.5 ± 12.6 

1.5 ± 0.2 
− 

− 
− 

− 
− 

M
R

D
03 

0.5 
0.26 

− 
− 

− 
− 

− 
− 

− 
− 

M
R

D
04 

0.5 
0.14 

20.8 ± 0.4 
19.9 ± 1.4 

1.0 ± 0.1 
− 

− 
4.8 ± 0.6 

4.5 ± 0.6 
− 

M
R

D
05 

0.5 
0.14 

16.9 ± 0.6 
16.1 ± 2.3 

0.9 ± 0.1 
− 

− 
1.6 ± 0.4 

1.5 ± 0.4 
− 

M
R

D
06 

0.5 
0.14 

18.4 ± 0.6 
15.4 ± 2.2 

0.8 ± 0.1 
− 

− 
1.4 ± 0.2 

1.2 ± 0.2 
− 

M
R

D
11 

0.5 
0.56 

14.8 ± 0.7 
19.5 ± 2.7 

1.3 ± 0.1 
20 ± 2 

20 ± 2 
2.2 ± 0.2 

2.1 ± 0.2 
1.03 ± 0.03 

Freshw
ater 

endm
em

ber 
 

 
19 ± 2 

19 ± 3 
1.0 ± 0.1 

22 ± 1 
19 ± 2 

3 ± 1 
3 ± 1 

1.04 ± 0.05 
 b.  Sam

ple ID
 

D
epth 
(m

) 
Salinity 

226R
a 

(dpm
 100L

-1) 
228R

a 
(dpm

 100L
-1) 

228R
a/ 

226R
a 

224R
a 

(dpm
 100L

-1) 
224R

a
xs  

(dpm
 100L

-1) 
223R

a 
(dpm

 100L
-1) 

223R
a

xs  
(dpm

 100L
-1) 

224R
a/ 

228R
a 

M
R

D
07 

0.5 
0.15 

20.5 ± 0.7 
20.3 ± 2.7 

1.0 ± 0.1 
22 ± 2 

19 ± 2 
4.0 ± 0.3 

3.7 ± 0.3 
1.1 ± 0.2 

M
R

D
08 

0.5 
0.15 

20.3 ± 0.7 
21.1 ± 2.7 

1.0 ± 0.1 
21 ± 2 

16 ± 1 
3.2 ± 0.3 

2.6 ± 0.3 
1.0 ± 0.1 

M
R

D
09 

0.5 
0.14 

18.6 ± 0.7 
19.8 ± 2.7 

1.1 ± 0.1 
21 ± 2 

18 ± 2 
2.5 ± 0.3 

1.9 ± 0.3 
1.1 ± 0.2 

M
R

D
10 

0.5 
0.14 

21.1 ± 0.8 
22.8 ± 3 

1.1 ± 0.1 
24 ± 2 

21 ± 2 
3.5 ± 0.3 

3.0 ± 0.3 
1.0 ± 0.2 

M
R

D
19 

0.5 
2.87 

26.7 ± 1.8 
28.6 ± 1.1 

1.1 ± 0.1 
36 ± 5 

34 ± 5 
4.3 ± 0.5 

3.9 ± 0.5 
1.3 ± 0.2 

M
R

D
18 

0.5 
3.89 

27.9 ± 1.8 
31.8 ± 0.5 

1.1 ± 0.1 
47 ± 4 

46 ± 4 
6.4 ± 0.2 

6.3 ± 0.2 
1.5 ± 0.1 

M
R

D
12 

0.5 
6.10 

28.0 ± 1.4 
31.8 ± 0.7 

1.1 ± 0.1 
39 ± 7 

39 ± 7 
5.4 ± 0.8 

5.3 ± 0.8 
1.2 ± 0.2 

M
R

D
13 

0.5 
8.56 

28.0 ± 2.3 
32.5 ± 2.1 

1.2 ± 0.1 
28 ± 5 

28 ± 5 
5.3 ± 0.8 

5.3 ± 0.8 
0.9 ± 0.2 

M
R

D
14 

0.5 
10.26 

22.8 ± 0.6 
27.7 ± 2.7 

1.2 ± 0.1 
19 ± 2 

18 ± 2 
5.3 ± 0.3 

5.3 ± 0.3 
0.7 ± 0.1 

M
R

D
15 

0.5 
15.49 

21.6 ± 0.7 
24.9 ± 2.8 

1.2 ± 0.1 
15 ± 2 

14 ± 2 
4.5 ± 0.2 

4.3 ± 0.2 
0.6 ± 0.1 

M
R

D
16 

5 
21.86 

17.4 ± 0.9 
21.7 ± 3.9 

1.2 ± 0.2 
22 ± 4 

21 ± 4 
4.5 ± 0.2 

4.4 ± 0.2 
1.0 ± 0.3 

M
R

D
17 

9 
26.94 

17.7 ± 0.6 
18.4 ± 2.6 

1 ± 0.1 
21 ± 3 

20 ± 3 
4.0 ± 0.3 

3.7 ± 0.3 
1.2 ± 0.2 
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c.  
L

ocation (type) 
Salinity 

226R
a (dpm

 g
-1) 

228R
a (dpm

 g
-1) 

228R
a/ 226R

a 

M
R

D
04 + M

R
D

05 + M
R

D
08 (PES m

em
brane filter) 

0.14 
3.2 ± 0.1 

3.2 ± 0.4 
0.97 ± 0.14 

M
ackenzie at Tsiigehtchic (hytrex cartridge) 

0.14 
3.3 ± 0.1 

3.0 ± 0.2 
0.91 ± 0.07 

Tsiigehtchic and Inuvik (hytrex cartridge) 
0.14 

3.5 ± 0.1 
3.1 ± 0.3 

0.87 ± 0.08 
East C

hannel transect (hytrex cartridge) 
0.14 

3.3 ± 0.1 
2.9 ± 0.3 

0.90 ± 0.10 
East C

hannel transect (hytrex cartridge) 
2.87 - 26.94 

3.0 ± 0.1 
2.5 ± 0.2 

0.81 ± 0.08 
Freshw

ater average 
 

3.3 ± 0.1 
3.0 ± 0.1 

0.91 ± 0.05 
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Table 5. N
utrients, organic m

atter, dissolved inorganic carbon and alkalinity in (a) freshw
ater and groundw

ater sam
ples and (b) 

sam
ples collected during the East C

hannel transect. “bdl” indicates concentrations below
 the detection lim

it, “−” indicates no sam
ple 

collected, “=” indicates lost sam
ple (vial broken). The freshw

ater endm
em

ber is an average of river w
ater sam

ples w
ith salinity ≤ 0.15 

(M
R

D
04 – M

R
D

10). 
 a.  Sam

ple ID
 

D
epth 
(m

) 
Salinity 

N
O

x  
(µM

) 
N

H
4 + 

(µM
) 

PO
4 3-  

(µM
) 

SiO
4 - 

(µM
) 

D
IN

 
(µM

) 
D

O
N

 
(µM

) 
T

N
 

(µM
) 

D
O

C
 

(µM
) 

D
IC

 
(µm

ol kg
-1) 

A
lkalinity 

(µm
ol kg

-1) 
M

R
D

01 
0.5 

0.26 
3.41 

3.86 
0.242 

70.54 
7.27 

= 
= 

= 
4760 ± 2 

4354 ± 32 
M

R
D

02 
0.5 

0.42 
bdl 

0.95 
0.397 

118.85 
0.95 

24.8 
25.7 

656 
− 

− 
M

R
D

03 
0.5 

0.26 
3.33 

2.55 
0.22 

74.05 
5.88 

= 
= 

= 
− 

− 
M

R
D

04 
0.5 

0.14 
2.23 

2.75 
0.24 

66.85 
4.98 

8.6 
13.6 

422 
1688 ± 1 

1624 ± 1 
M

R
D

05 
0.5 

0.14 
1.13 

1.20 
0.196 

59.45 
2.33 

= 
= 

= 
1687 ± 1 

1630 ± 3 
M

R
D

06 
0.5 

0.14 
2.32 

1.40 
0.218 

64.81 
3.73 

10.6 
14.3 

454 
1657 ± 1 

1606 ± 1 
M

R
D

11 
0.5 

0.56 
0.12 

0.81 
0.173 

50.14 
0.93 

35.5 
36.4 

717 
1687 ± 1 

1646 ± 1 
Freshw

ater 
endm

em
ber 

 
 

2.2 ± 0.5 
1.5 ± 0.6 

0.21 ± 0.01 
66 ± 3 

3.6 ± 0.8 
26 ± 14 

30 ± 13 
685 ± 219 

1703 ± 30 
1632 ± 20 

 b.  Sam
ple ID

 
D

epth 
(m

) 
Salinity 

N
O

x  
(µM

) 
N

H
4 + 

 (µM
) 

PO
4 3-  

(µM
) 

SiO
2  

(µM
) 

D
IN

 
(µM

) 
D

O
N

 
(µM

) 
T

N
 

(µM
) 

D
O

C
 

(µM
) 

D
IC

  
(µm

ol kg
-1) 

A
lkalinity  

(µm
ol kg

-1) 
M

R
D

07 
0.5 

0.15 
2.68 

1.31 
0.206 

66.91 
3.99 

30.3 
34.3 

739 
1693 ± 1 
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M
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653 
1738 ± 1 
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D
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D
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22.34 
1.61 

12.7 
14.3 
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M
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1758 ± 1 

1724 ± 1 
M
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D
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0.224 
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1773 ± 1 

1772 ± 1 
M

R
D
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1.55 
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10.43 
2.30 

8.4 
10.7 
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1775 ± 1 

1774 ± 1 
M

R
D

14 
0.5 
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bdl 

0.91 
0.043 

10.10 
0.91 

8.4 
9.3 

346 
1754 ± 1 

1789 ± 1 
M

R
D

15 
0.5 

15.49 
bdl 

0.75 
0.035 

6.16 
0.75 

7.1 
7.9 

292 
1771 ± 1 

1857 ± 1 
M

R
D

16 
5 

21.86 
bdl 

1.84 
0.168 

9.01 
1.84 

6.7 
8.6 

231 
1899 ± 1 

1961 ± 1 
M

R
D

17 
9 

26.94 
0.38 

1.38 
0.238 

6.65 
1.76 

6.1 
7.9 

172 
2128 ± 2 

2230 ± 4 
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Table 6. Trace m
etal concentrations in (a) freshw

ater and groundw
ater sam

ples and (b) sam
ples collected during the East C

hannel 
transect. “bdl” indicates concentrations below

 the detection lim
it. The freshw

ater endm
em

ber is an average of river w
ater sam

ples 
w

ith salinity ≤ 0.15 (M
R

D
05 – M

R
D

10). C
oncentrations m

easured in M
R

D
04 are not reported due to possible contam

ination (see 
section 5.2.1). 
 a.  
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epth (m
) 

Salinity 
B

a (nM
) 

C
o (nM

) 
C

u (nM
) 

M
n (nM

) 
N

i (nM
) 

Pb (nM
) 

U
 (nM

) 
M

R
D

01 
0.5 

0.26 
734 ± 4 

2.33 ± 0.05 
40.5 ± 0.2 

719 ± 7 
116.3 ± 0.6 

0.132 ± 0.004 
2.48 ± 0.02 

M
R

D
02 

0.5 
0.42 

970 ± 11 
3.41 ± 0.03 

20.5 ± 0.3 
110 ± 1 

97.5 ± 0.4 
bdl 

16.32 ± 2.75 
M

R
D

03 
0.5 

0.26 
607 ± 6 

1.51 ± 0.03 
24.3 ± 0.3 

419 ± 2 
43.6 ± 0.2 

0.010 ± 0.001 
2.63 ± 0.01 

M
R

D
05 

0.5 
0.14 

332 ± 2 
1.14 ± 0.04 

23.1 ± 0.2 
33 ± 1 

18.7 ± 0.3 
0.177 ± 0.001 

2.70 ± 0.05 
M

R
D

06 
0.5 

0.14 
346 ± 6 

1.08 ± 0.03 
23.4 ± 0.2 

75 ± 1 
20.4 ± 0.3 

0.177 ± 0.003 
2.44 ± 0.04 

M
R

D
11 

0.5 
0.56 

407 ± 4 
1.23 ± 0.01 

24.8 ± 0.3 
80 ± 1 

20.8 ± 0.4 
0.116 ± 0.004 

2.58 ± 0.04 
Freshw

ater 
endm

em
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361 ± 18 
1.10 ± 0.06 

23 ± 1 
61 ± 16 

19.7 ± 0.8 
0.15 ± 0.03 

2.7 ± 0.1 

 b.  
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 (nM
) 

M
R

D
07 

0.5 
0.15 

369 ± 4 
1.19 ± 0.02 

23.0 ± 0.2 
51 ± 0 

19.8 ± 0.2 
0.180 ± 0.003 

2.82 ± 0.03 
M

R
D

08 
0.5 

0.15 
368 ± 4 

1.12 ± 0.01 
20.8 ± 0.1 

65 ± 1 
18.9 ± 0.4 

0.123 ± 0.003 
2.71 ± 0.03 

M
R

D
09 

0.5 
0.14 

374 ± 6 
1.04 ± 0.03 

21.8 ± 0.4 
61 ± 1 

19.7 ± 0.4 
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2.73 ± 0.05 
M

R
D

10 
0.5 

0.14 
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1.03 ± 0.02 
24.3 ± 0.3 

77 ± 1 
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2.73 ± 0.04 

M
R

D
19 

0.5 
2.87 

424 ± 6 
1.42 ± 0.10 

24.9 ± 0.7 
105 ± 1 
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M

R
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0.5 

3.89 
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1.79 ± 0.08 
25.3 ± 0.4 
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24.1 ± 0.8 

0.017 ± 0.002 
3.45 ± 0.07 

M
R

D
12 

0.5 
6.10 
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2.12 ± 0.05 

24.4 ± 0.5 
134 ± 2 
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0.020 ± 0.002 

3.64 ± 0.03 
M

R
D

13 
0.5 

8.56 
390 ± 3 

2.11 ± 0.10 
24.2 ± 0.3 

165 ± 4 
25.2 ± 0.6 
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4.06 ± 0.04 

M
R

D
14 

0.5 
10.26 

355 ± 3 
2.43 ± 0.07 

22.4 ± 0.6 
168 ± 2 

23.4 ± 1.0 
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M

R
D

15 
0.5 

15.49 
271 ± 3 

3.27 ± 0.23 
19.4 ± 1.2 

219 ± 2 
22.5 ± 0.9 

0.028 ± 0.002 
5.68 ± 0.03 

M
R

D
16 

5 
21.86 

199 ± 2 
3.74 ± 0.13 

18.4 ± 0.9 
183 ± 3 

21.4 ± 0.8 
0.050 ± 0.003 

7.12 ± 0.12 
M

R
D

17 
9 

26.94 
156 ± 1 

3.39 ± 0.10 
12.7 ± 0.5 

135 ± 2 
18.1 ± 0.5 

0.034 ± 0.003 
8.28 ± 0.03 
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Table 7. (a) Annual fluxes based on flow-weighted averages, the changes observed in the 
estuary, and the average Mackenzie discharge (316 km3 y-1; Holmes et al., 2012). (b) June 2016 
fluxes based on the freshwater concentrations observed during this study, the changes observed 
in the estuary, and the average Mackenzie discharge in June 2016 (1.48 km3 d-1; Water Survey of 
Canada, 2018). 
 
a. 

 
Flow-weighted 

average concentration 
Source of flow-

weighted average 
Change in 

estuary Flux 
228Ra 16.8 dpm 100L-1 This study 61% 8.6 × 1013 dpm y-1 
226Ra 17.2 dpm 100L-1 This study 45% 7.9 × 1013 dpm y-1 
Ba 371 nM (Cooper et al., 2008) 30% 1.5 × 108 mol y-1 

DOC 368 uM (Cooper et al., 2008) -45% 6.4 × 1010 mol y-1 
DON 7.4 uM (Letscher et al., 2013) -60% 9.4 × 108 mol y-1 

 
b. 

 
Freshwater average 

concentration 
Change in 

estuary Flux 
228Ra 19 dpm 100L-1 61% 4.6 × 1011 dpm d-1 

226Ra 19 dpm 100L-1 45% 4.2 × 1011 dpm d-1 

Ba 361 nM 30% 6.9 ×105 mol d-1 

Co 1.1 nM 36% 2.2 × 103 mol d-1 

Cu 23 nM 24% 4.2 × 104 mol d-1 

Mn 61 nM 110% 1.9 × 105 mol d-1 

Ni 19.7 nM 31% 3.8 × 104 mol d-1 
Pb 0.15 nM -81% 4.2 × 101 mol d-1 

U 2.7 nM conserved 4.0 × 103 mol d-1 

DOC 685 uM -45% 5.6 × 108 mol d-1 

DON 26 uM -60% 1.5 × 107 mol d-1 

	  
  



	   206 

  
 
Figure 1. (a) Sampling locations in the Mackenzie River Delta. Locations of (b) the estuarine 
sampling near Tuktoyaktuk, (c) the sampling on the banks of the East Channel in Inuvik, and (d) 
the sampling in Tsiigehtchic are shown in the insets. The black box on the delta map shows the 
bounds of inset (b); the bounds of insets (c) and (d) are smaller than the size of the Inuvik and 
Tsiigehtchic sample markers. 
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Figure 2. Water discharge data provided by the Water Survey of Canada 
(https://wateroffice.ec.gc.ca/report/historical_e.html). Discharge measured in 2016 (red) is 
compared to the maximum (green), minimum (blue), and median (gold) discharge observed 
during the period of record (1972 – 2016). The period of our June 2016 study is indicated with a 
black box. 
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Figure 3. (a) Salinity and (b) temperature in the East Channel in June 2016. Outlined crosses 
denote stations where water samples were collected, dots show locations where temperature and 
salinity were measured.  
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Figure 4. Water isotope values of groundwater (red diamonds) and water samples collected at 
Tsiigehtchic (dark blue circles) and in the East Channel (light blue circles). The local mean water 
line for Inuvik (LMWL; dashed line) is shown along with the linear fit to the East Channel data 
(bold line). 
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Figure 5. Time series of (a) 228Ra and 226Ra, (b) the 228Ra/226Ra activity ratio, and (c) nitrate 
(NO3

-) and total suspended solids (TSS) in the Mackenzie River at Tsiigehtchic. Nitrate and TSS 
were measured by the A-GRO (Holmes et al., 2018) and water discharge was reported by the 
Canada Water Office (Water Survey of Canada, 2018). Dashed lines in panel (b) represent the 
228Ra/226Ra activity ratio measured in groundwaters and suspended sediments. 
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Figure 6. The ratio of the downstream concentration or activity (measured in East Channel 
freshwater, average of MRD07 – MRD10) to the upstream concentration or activity (measured in 
Tsiigehtchic, average of MRD04 and MRD05) minus 1. A positive value indicates an addition in 
the delta, while a negative value indicates a decrease in the delta. The ratio for the trace metals 
was determined using the upstream concentrations measured in MRD05 only. 
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Figure 7. (a – d) Radium activities and (e – f) isotope ratios in the East Channel. Filled symbols 
represent samples collected from the surface and open symbols denote samples collected from 
depth. The dashed line represents conservative mixing between the fresh and marine 
endmembers. The mixing line was drawn to salinity 15 for 224Raxs because of additions from 
benthic sediments observed in the samples collected at depth.  
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Figure 8. Nutrient (a-d), dissolved organic carbon (e), and dissolved organic nitrogen (f) 
concentrations measured at Tsiigehtchic in this study (MRD04, MRD05) compared to June 
averages measured at Tsiigehtchic by the Arctic Great Rivers Observatory (A-GRO) and 
Environment and Climate Change Canada (Environment Canada). Error bars represent standard 
deviations.  
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Figure 9. (a-d) Nutrient, (e) dissolved organic carbon, and (f) dissolved organic nitrogen 
concentrations in the East Channel. Blue symbols represent concentrations measured in June 
2016 (this study), and grey symbols represent concentrations measured by Emmerton et al. 
(2008b) in July 2004. 
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Figure 10. (a) Dissolved inorganic carbon and (b) alkalinity concentrations in the East Channel. 
The dashed line represents conservative mixing between the fresh and marine endmembers. 
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Figure 11. Trace metal concentrations measured at Tsiigehtchic in this study (MRD04, 
MRD05) compared to June averages measured at Tsiigehtchic by the Arctic Great Rivers 
Observatory (A-GRO) and Environment and Climate Change Canada (Environment Canada). 
Error bars represent standard deviations. 
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Figure 12. Trace metal concentrations in the East Channel. Filled symbols represent samples 
collected from the surface, open symbols denote samples collected from depth, and the dashed 
line represents conservative mixing between the fresh and marine endmembers. 
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Figure 13. (a) 228Ra and (b) 226Ra activities in North American (blue) and Eurasian (red) Arctic 
rivers. Annual averages and flow-weighted averages calculated from data collected in 2015 – 
2016 are shown for the Mackenzie and Yukon (this study); the Lena and Ob’ activities are from 
Rutgers van der Loeff et al. (2003). Error bars on the Mackenzie and Yukon annual averages 
represent the standard deviation, error bars on the flow-weighted annual averages represent 
propagated Ra measurement error (error associated with the river discharge measurement is not 
accounted for).  
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Figure 14. Relationship between (a) 226Ra and total suspended solids (TSS) and (b) 228Ra and 
TSS in the Mackenzie River. The regression lines and R2 values are also shown. 
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Figure 15. The 224Raxs/223Raxs activity ratio in the East Channel. Filled symbols represent 
samples collected from the surface and open symbols denote samples collected from depth.  
  



	   221 

Supplementary Figures  
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Figure S1. Time series of (a) 228Ra and 226Ra and (b) the 228Ra/226Ra activity ratio in the Yukon 
River at Pilot Station. Water discharge was reported by the U.S. Geological Survey.  
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Figure S2. Dissolved inorganic nitrogen concentrations in the East Channel. Blue symbols 
represent concentrations measured in June 2016 (this study), and grey symbols represent 
concentrations measured by Emmerton et al. (2008b) in July 2004. 
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Chapter 6: Summary and future research directions 
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Radioactive isotopes are valuable tools for studying the sources, sinks, and cycling of 
nutrients, carbon, and trace elements and isotopes (TEIs) in oceanography. In this thesis I have 
applied radium isotopes (223Ra: t1/2 = 11.4 d, 224Ra: t1/2 = 3.66 d, 226Ra: t1/2 = 1600 y, 228Ra: t1/2 = 
5.75 y) as tracers of boundary inputs in the extremes of hot and cold environment from high-
temperature hydrothermal vents to the frigid Arctic. The GEOTRACES program allowed me to 
collect Ra samples in unprecedented resolution in the open ocean, and by pairing those spatially 
large datasets with smaller, more detailed sample sets, I have improved our understanding of 
boundary inputs of TEIs to the coastal and open ocean. 

In Chapter 2, I applied Ra isotopes as tracers of neutrally buoyant plume dynamics in the 
deep ocean; although the long-lived Ra isotopes have been used in the past to study 
hydrothermal processes, this is one of the first studies to employ the short-lived 223Ra and 224Ra 
in a hydrothermal setting. First, I compiled historical measurements of Ra isotopes in 
hydrothermal fluids in order to determine typical Ra isotope ratios in high and low temperature 
vent fluids; this summary approximately doubled the catalog of available 224Ra measurements in 
hydrothermal fluids and quadrupled the number of available 223Ra measurements. The 
differences between the observed vent fluid ratios and the ratios measured in neutrally buoyant 
plumes were then used to quantify the plume ages. The ages of young near-field (<100 km from 
vent) plumes over the East Pacific Rise (EPR) and the Mid-Atlantic Ridge (MAR) were 
determined to be ~1 month and ~5 d, respectively, at the point of sampling. The half-life of 228Ra 
makes it applicable for tracing processes occurring on decadal time scales; thus this isotope was 
used to establish the age of a plume emanating over 1000 km from the EPR. By pairing this age 
information with the concentrations of iron provided by Resing et al. (2015), I was able to 
establish that the residence time of dissolved iron in the plume was 9 – 20 y, with an upper limit 
of 50 y. This chapter therefore serves to address a key component of the GEOTRACES mission: 
to “quantify fluxes that control the distributions of key trace elements and isotopes in the ocean.” 

An important next step is to conduct a study wherein Ra isotopes can be measured in 
high-temperature fluids and the neutrally buoyant plume emanating from the same vent (and 
ideally the buoyant plume as well). This kind of process study would provide important insights 
into the spatial and temporal variability of isotope ratios, so that future studies can be designed to 
maximize the information gained from minimal sampling time. Future studies should also focus 
on constraining vent fluid ratios; studies across different ridge types and temperature gradients 
would help elucidate the processes controlling the observed ratios, and allow for better 
predictions of vent fluid ratios when they cannot be measured directly. Of course, the ultimate 
goal is to apply this technique to constrain the residence times of multiple TEIs in various types 
of hydrothermal environments. This information is needed to improve biogeochemical models 
and test hypotheses about how hydrothermal TEI inputs affect primary productivity in surface 
waters (Tagliabue et al., 2016, 2010).  

Chapters 3 and 4 focused on sediment inputs from shelves and basins in the Western 
Arctic Ocean, an ocean that is unique because of its large shelf area and because of its 
susceptibility to climate change. Due to their sediment source, Ra isotopes are perfectly suited 
for tracing land-ocean exchange, and have great potential for tracking climate-induced changes 
in this ocean. In Chapter 3 I showed that these changes are already occurring; the levels of 228Ra 
I observed in the central Arctic in 2015 were approximately double those measured in 2007. 
These high concentrations were transported to the central Arctic via the Transpolar Drift, a 
surface current originating over the shelf seas north of Russia. Using a mass balance approach, I 
concluded that this increase is likely due to amplified fluxes of shelf-derived materials to Arctic 
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surface waters. Increased shelf inputs will not only affect Ra isotopes but also any nutrients and 
TEIs that have a shelf source, thus this chapter helps to address the question of how TEI 
distributions may change under future climate conditions.  

Based on the number of ice-free days recorded over the East Siberian and Laptev Shelf 
Seas in the years preceding sampling in 2007 and 2015, I hypothesized that the rising shelf 
inputs are due to the loss of ice cover over these shallow shelves (Figure 1). This loss of sea ice 
allows for more wind-driven mixing and turbulence that carries Ra (and carbon, nutrients, and 
TEIs) from sediment porewaters into the overlying water column. In order to make predictions 
for how this system will continue to change in the future, we must test this hypothesis with (1) 
continued measurements of Ra in the Arctic, which will help elucidate temporal trends, and (2) 
studies of Ra over Arctic shelves, ideally those in the eastern Arctic, to determine whether the 
shelf source of Ra is increasing over wide areas of the Eurasian shelves or only in certain 
locations, and to help define the mechanism driving increased fluxes.  

Paired studies of Ra and TEIs over the shelf and in rivers would also help determine the 
relative impacts of changing river chemistry and the changing shelf environment on surface 
waters that are eventually advected into the central Arctic. Because the Arctic receives a large 
amount of river discharge that traverses the shelf before reaching the open ocean, it is hard to 
determine whether TEI – Ra correlations in the open ocean are due to a common porewater 
source or due to a coincidental correlation acquired during the transit of river water over the 
shelf. More studies near the coast and over the shelves would improve our understanding of how 
river discharge is modified during its residence time over the shelf. While both river discharge 
and shelf inputs are likely to change due to rising Arctic temperatures, TEIs that have a 
significant shelf sediment source are best suited for monitoring with Ra isotopes. 

In Chapter 4, I used 228Ra and the 228Ra/226Ra activity ratio to examine the ventilation 
time scales of Arctic upper ocean and intermediate waters with respect to shelf inputs. Radium-
228 provided evidence of strong shelf influence near the Chukchi shelfbreak, and indicated that 
sediment inputs to the water column in this location are strongest during the fall. This input of Ra 
(and other shelf-derived materials) is transported to the Canada Basin in part through the 
Chukchi shelfbreak jet; using 228Ra/226Ra activity ratios, I estimated that this pathway ventilates 
the halocline on timescales of ≤14 – 17 y. The 228Ra/226Ra activity ratio was also applied to 
determine that intermediate waters in the Makarov and Canada Basins are ventilated with respect 
to shelf inputs on timescales of ~20 y and 30+ y, respectively. These ventilation timescales may 
be altered in the future due to changes in the freshwater cycle and ice coverage over Arctic 
shelves (Carmack and Chapman, 2003; McClelland et al., 2012; Newton et al., 2017). We should 
therefore continue to use Ra isotopes to study shelf inputs in this region, and the values presented 
in Chapter 4 serve as a baseline against which future findings can be compared.  

In this chapter I also report the first profiles of 226Ra in the deep (>2000 m) Canadian 
Basin. Benthic sediment-derived enrichments of 226Ra were apparent, and the accumulation of 
226Ra was used to estimate the residence times of bottom waters. The residence times in the deep 
Makarov and Canada Basins were found to be 400 – 650 y and 130 – 270 y, respectively. 
However, these ranges rely on estimates of the flux of 226Ra from sediments, which have not 
been well characterized in the Arctic. A study of the 226Ra flux from Western Arctic sediments, 
specifically focused on variability in the different basins, would help constrain these residence 
time estimates. 

In Chapter 5 I presented a suite of trace metal, nutrient, dissolved organic matter, and Ra 
isotopes collected from the Mackenzie River Delta; this sample set provides some of the first 
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measurements of TEIs in this important Arctic estuary and was used to show that the freshwater 
endmember concentrations of riverine solutes are significantly changed during transit through 
the delta and estuary. Levels of inorganic nutrients, trace metals, and Ra were fairly constant 
throughout the delta, but were considerably changed during estuarine mixing. Radium isotope 
activity ratios were used to identify benthic inputs in the freshwater-saltwater transition zone; 
this benthic source may have contributed to increased concentrations of nutrients and trace 
metals in the estuary. Particle desorption was shown to be an important control on the estuarine 
concentrations of Ra, barium, copper, and nickel. Dissolved organic matter (DOM) increased 
through the delta and were rapidly removed in the early stages of estuarine mixing, likely as a 
result of flocculation. These results highlight the importance of estuarine changes in solute 
concentrations, and suggest that estimates of DOM removal rates in the Arctic basin, which are 
based on freshwater endmember concentrations, may be overestimates.  

Because of the large seasonal variability in river discharge, solute concentrations, and 
particle loads, the solute measurements made on this June 2016 transect cannot be extrapolated 
over the whole year. In order to better constrain fluxes of solutes from the Mackenzie, it is 
therefore important to collect more measurements over multiple seasons and years. Over the last 
decade, the Arctic Great Rivers Observatory has vastly improved our understanding of Arctic 
rivers by collecting year-round measurements of many solutes in the freshwater endmembers. 
Future work should therefore focus on sampling in the delta and estuary, in order to understand 
how seasonal changes in the freshwater endmember are manifested downstream. Sampling of 
active layer and permafrost porewaters would also aid predictions of how river water chemistry 
will respond to climate change. To this end, I have presented measurements of various solutes in 
the porewaters of active layer and permafrost sediments collected from the Mackenzie River 
Delta in the Appendix.  

In summary, this thesis has shown how Ra isotopes can be applied to study boundary 
inputs in diverse ocean environments, and has improved our understanding of hydrothermal, 
fluvial, and continental sources of nutrients and trace metals to the coastal and open ocean. The 
GEOTRACES program has provided us with the opportunity to measure the large scale 
distributions of Ra isotopes and other TEIs in the world’s oceans, and constraining the boundary 
inputs of these TEIs improves our ability to interpret these extensive datasets. Future research 
should continue to focus on identifying the Ra signatures of different endmembers, as well as 
their variability, in order to best utilize these isotopes as tracers in oceanography. While this 
thesis serves as an important contribution to our knowledge of current ocean chemistry, the 
cycling of elements in the ocean will undoubtedly shift as the ocean is affected by anthropogenic 
climate change. Radium isotopes are well suited as tools to help us study these changes. 
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Figure 1. The loss of sea ice over Arctic shelves allows for more wind-driven mixing, which is 
likely driving the increased flux of shelf-derived materials. In 2015, higher levels of radium were 
observed in the Central Arctic compared to 2007. This may result from increased mixing over 
the shelf transporting more shelf-derived materials (including radium, nutrients, carbon, and 
trace metals; shown as green dots) from the sediments in to the overlying water column, where 
they can then be carried by the Transpolar Drift to the Central Arctic. Other climate-driven 
changes, such as increased river discharge and permafrost thaw, may also be affecting shelf 
inputs to the open ocean. Illustration by N. Renier, WHOI Graphics. 
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A.1 MOTIVATION 
 

Permafrost is widespread in the Arctic, encompassing over 22% of the exposed land 
surface area and extending onto the continental shelf (Figure 1) (Brown et al., 1998; Schuur et 
al., 2008). Permafrost currently serves as a large reservoir of carbon, nutrients, and trace 
elements and isotopes (TEIs) (Frey and McClelland, 2009, and references therein; Schuur et al., 
2008). However, rising land and ocean temperatures are leading to the thawing of both terrestrial 
and subsea permafrost (Luo et al., 2016; Portnov et al., 2013; Shakhova et al., 2010), allowing 
the release of solutes that were previously trapped in sediments.  

Permafrost can act as an impermeable barrier to groundwater flow (Williams and Van 
Everdingen, 1973), preventing solutes from being transported to the coastal ocean by rivers or 
groundwaters. As permafrost thaws, groundwater is likely to become a more important part of 
the Arctic hydrologic cycle (Frey and McClelland, 2009). Submarine groundwater discharge 
(SGD) through the seasonally thawed active layer (the thin soil layer above permafrost), has 
been shown to transport TEIs and nutrients to Arctic lakes and the coastal ocean (Lecher et al., 
2016, 2015; Paytan et al., 2015). As active layers deepen due to permafrost degradation, the 
distinct geochemical signature that is associated with the less-weathered permafrost soils will be 
imparted to circulating groundwater and transported to rivers and the ocean. In northwest 
Canada, higher suspended sediment and solute concentrations were observed in streams in 
regions affected by permafrost degradation compared to streams in unaffected regions (Kokelj et 
al., 2013). Similarly, watersheds in permafrost-free regions of Siberia have been found to have 
higher concentrations of nutrients and major ions than watersheds underlain by permafrost (Frey 
et al., 2007b, 2007a).  

Keller et al. (2010) used the shift in the 87Sr:86Sr ratio observed in Alaskan watersheds to 
deduce a deepening of the active layer. I hypothesize that the quartet of radium isotopes (223Ra: 
t1/2 = 11.4 d; 224Ra: t1/2 = 3.66 d; 228Ra: t1/2 = 5.75 y; 226Ra; t1/2 = 1600 y) can similarly be used as 
a tracer of permafrost thaw. The active layer is likely to exhibit different Ra activity ratios than 
permafrost because it is more frequently flushed by groundwater. Ingrowth of an isotope is 
determined by its half-life, so the shorter-lived Ra isotopes will be regenerated more quickly 
after being flushed out of sediments, and the active layer should therefore exhibit higher short- to 
long- lived activity ratios than the permafrost. Higher 228Ra/226Ra activity ratios have previously 
been observed in marsh sediments that are flushed on semi-diurnal time scales compared to the 
less frequently flushed aquifer sands at their foundation (Charette, 2007). As the active layer 
deepens, groundwater will adopt the Ra activity ratio of the newly thawed soils and this 
signature, along with the TEIs and nutrients present in that layer, will eventually be transported 
to rivers. Measurements of the Ra activity ratios in permafrost, as well as concurrent 
measurements of river water signatures, can therefore be used to track changes that may signal 
an increase in active layer thaw depth and consequent changes in TEI and nutrient delivery to 
rivers and coastal zones.  
 To test this hypothesis, and to help quantify the reservoirs of nutrients and TEIs in 
permafrost in the Mackenzie River basin, I measured Ra isotopes, water isotopes (δ18O, δ2H), 
nutrients (NOx, PO4

3-, SiO4
-), dissolved organic carbon and nitrogen (DOC, DON), and trace 

metals (Ba, Co, Cu, Mn, Ni, Pb, U) in porewaters of active layer and permafrost sediments 
collected near the Mackenzie River in the Northwest Territories, Canada. The activities of 228Ra 
and 226Ra were also measured in sediments for select samples. This appendix presents the data 
generated from these measurements, but does not include an interpretation of the results. 
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A.2 SAMPLE COLLECTION 
 

Active layer and permafrost samples were collected by two teams on two different 
sampling expeditions. During a trip to the Mackenzie River delta in June 2016 (Chapter 5), we 
collected samples in two locations: in a black spruce forest next to the Dempster Highway 
between Tsiigehtchic and Inuvik (67.9986°N, 133.7365°W), and from the headwall of a 
retrogressive thaw slump in Tuktoyaktuk (69.4560°N, 133.0025°W) (Table 1a). For a description 
of thaw slumps in the Mackenzie Delta and massive ground ice in Tuktoyaktuk, see Lantz and 
Kokelj (2008) and Mackay and Dallimore (1992). The sampling along Dempster Highway was 
conducted by removing the surface layer of moss, and collecting soil samples from the active 
layer (DH1; surface), active layer-permafrost boundary (DH2; ~0.25 m), and permafrost (DH3; 
~0.5 m) using a shovel. Permafrost was identified by the presence of frozen sediments, but there 
was no visible ice. Because the samples were collected early in the season (June) it is unlikely 
that the maximum thaw depth had been reached and these samples may therefore be more 
representative of the deep active layer than the true permafrost layer. Two active layer samples 
were collected from the top of the thaw slump in Tuktoyaktuk using a shovel (TS1, TS2), and 
permafrost was collected from the exposed face of the thaw slump (~ 3 m from the top of the 
headwall) using a titanium hammer (TS3). The permafrost collected from this location contained 
visible ice. Samples were not kept cold during transport, but were re-frozen upon delivery to 
Woods Hole Oceanographic Institution. The DH and TS samples were used to measure Ra 
isotope activities in the bulk sediments and in sediment desorption experiments. The thawed 
porewaters from TS3 were also analyzed for Ra and water isotopes. Thawing during storage 
should not affect Ra activities, but may have biased water isotope analyses by allowing 
equilibration with air in the headspace of the container. 

The second set of samples consisted of permafrost cores collected near Inuvik in August 
2016 by Steve Kokelj (Northwest Territories Geological Survey) and Justin Kokoszka (Simon 
Fraser University). The cores were 7.8 cm in diameter. The first core (NR2; 68.3837°N, 
133.7605°W) was 144 cm long, and the second core (AC; 68.3127°N, 133.4816°W) was 102 cm 
long. These cores were split into sub-sections ranging from 4 – 30 cm long (Table 1b). Soil 
descriptions provided by Steve Kokelj and Justin Kokoszka are included in Table 1b. Samples 
were kept frozen during transport to Woods Hole Oceanographic Institution. Porewaters 
collected from these samples were analyzed for Ra isotopes, water isotopes, nutrients, trace 
metals, DOC, and DON. 
 
A.3 EXPERIMENTAL PROCEDURES AND RESULTS  
 
A.3.1 Sediment-bound 228Ra and 226Ra activities (DH1-3, TS1-3) 
 
 With the exception of TS3 (see section A.3.3), the DH and TS samples did not contain 
enough ice to allow for measurements of solutes in the thawed porewater. These samples were 
instead used to investigate the 228Ra and 226Ra activities of the sediments, and the activities of 
228Ra and 226Ra that desorbed from sediments in fresh and saline water (see section A.3.2).  

Sediments were dried in a 50°C oven until the weight was stable, and then ~3 g of 
sediment from each sample was packed into polystyrene vials, sealed with epoxy to prevent 
222Rn loss, and aged for at least 3 weeks. Sediments were then analyzed by γ spectrometry on 
high-purity, well-type germanium detectors. The activity of 228Ra was measured using the lines 
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for 228Ac (338 and 911 keV), and the activity of 226Ra was measured using the line for 214Pb (352 
keV). Detector efficiencies were determined using a set of ashed cartridge standards prepared 
with a standard solution containing 226Ra and 232Th with daughters in equilibrium. Three aliquots 
of each sediment sample were analyzed, with the exception of TS3. The average 228Ra and 226Ra 
activities measured in the samples are shown in Table 2. 

 
A.3.2 Desorbable 228Ra and 226Ra activities (DH1-3, TS1-3) 
 
 Desorption experiments were conducted by mixing ~75 g of sediment (except for TS3, 
for which ~50 g was used due to limited sediment availability) with ~900 mL of water collected 
from the Mackenzie Estuary (see Chapter 5). The Mackenzie River water used in the experiment 
was first filtered through a Mn-O2 coated fiber to remove any Ra that was initially present. Two 
salinities were used in order to compare the possible effects of permafrost being eroded into the 
Mackenzie River (salinity 0.6) and the coastal ocean (salinity 27). Water and sediment were 
mixed by vigorously shaking for 30 seconds, and left to sit overnight. Samples were re-shaken 
the following morning, and then vacuum filtered through 90 mm PES membrane filters with a 
0.22 µm pore size (Fisher/Millipore) set in an acid-cleaned plastic Buchner funnel. Filtrate was 
collected in an acid-cleaned polypropylene flask. The filtrate was circulated four times at ~30 
mL min-1 through a 5/8” diameter plastic column packed with 1.8 g of MnO2-coated acrylic fiber 
to preconcentrate Ra isotopes (Moore and Reid, 1973). The tubing and column were rinsed with 
Milli-Q water between samples. The fiber was rinsed three times with Ra-free Milli-Q to remove 
salts, and excess water was removed by squeezing. The fiber was then dried in a 50°C oven 
overnight, packed in a polystyrene tube to a density of 0.33 – 0.36 g mL-1, sealed with epoxy, 
aged for a minimum of 3 weeks, and counted on a γ spectrometer as described in section A.3.1. 
A 900 mL blank was analyzed with each set of samples following the same procedures; salinity 
0.6 water was used for one blank (Blank 1), and salinity 27 water was used for two blanks 
(Blanks 2 and 3). 
 In order to determine the γ detector efficiency for this matrix (1.8 g of un-burned MnO2-
coated acrylic fiber), a new standard was made by adding 1834 dpm of a 226Ra standard solution 
(SRM #4967A) and 793 dpm of a 228Ra solution to ~1000 mL of Milli-Q water and filtering this 
solution through 1.8 g of MnO2-coated acrylic fiber. These small amounts of added 228Ra and 
226Ra were chosen to represent the low activities expected in the samples. The standard solution 
was passed over the fiber 6 times, and sodium hydroxide was added to increase the (pH~5) Milli-
Q solution to a pH of ~7.8. The fiber was then treated in the same way as the samples, and sealed 
in a polystyrene tube as described above. This new fiber standard was analyzed on all detectors 
at least once to determine the efficiency on each detector (Table 3), and it was run multiple times 
on multiple detectors to confirm that the activities were stable over time (Figure 2). After being 
passed through the fiber, the filtrate from the standard solution was transferred to a gas washing 
bottle, purged with helium, and sealed for 3 weeks to allow 222Rn to reach equilibrium with 
226Ra. The activity of 226Ra in the filtrate was then determined using the 222Rn emanation method 
described in Key et al. (1979) in order to determine the efficiency of Ra collection using this 
method of filtration. A negligible amount of 226Ra was measured in this filtrate, indicating that 
all of the spiked 226Ra (and presumably 228Ra) was effectively captured on the Mn fiber.  
 The 228Ra and 226Ra activities and the 228Ra/226Ra activity ratios measured in the filtrate 
from the desorption experiments are shown in Table 4. The filtrate collected from most of the 
freshwater desorption experiments had 228Ra and 226Ra activities below detection limits, but the 
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experiments with saline water resulted in measurable activities. The percentage of 226Ra that 
desorbed was determined based on the activities measured in the filtrate and the activities 
measured on corresponding sediments (see Table 2).  
 
A.3.3 226Ra activity and water isotopes in TS3 porewater 
 
 Because TS3 was very ice rich, there was a significant amount of thawed porewater. This 
porewater was separated from sediments by centrifugation, and 2 mL was collected for water 
isotope analysis. Using a refractometer, the salinity of this porewater was determined to be <1. 
The remaining amount of porewater (approximately 300 mL) was filtered through 1.8 g of 
MnO2-coated fiber and analyzed following the procedures described above for the filtrate in the 
desorption experiments. This sample was analyzed on the same γ spectrometer (Ortec) twice, and 
the two runs were approximately two months apart. The activity of 228Ra was below the detection 
limit on both runs. On the first run (11/7/16) the 226Ra activity was 1.4 ± 0.2 dpm L-1; on the 
second run (1/21/17) it was 2.3 ± 0.4 dpm L-1.  

The δ18O and δ2H content of the porewater sample was determined at the UC Davis 
Stable Isotope Facility using a Laser Water Isotope Analyzer V2 (Los Gatos Research, Inc., 
Mountain View, CA, USA). The δ18O and δ2H values (reported in ‰ relative to VSMOW) for 
this sample were -239.7‰ and -30.30‰, respectively. These values are very similar to those 
observed in massive ground ice on Peninsula Point, 20 km southeast of Tuktoyaktuk; at this 
location δ18O values were between -32‰ and -28‰, and δ2H values were between -250‰ and -
225‰ (Mackay and Dallimore, 1992). Water isotopes in this range were also recorded in 
massive ground ice deposits and thaw slumps on Herschel Island, located offshore of the Yukon 
Coastal Plain (northwest of the Mackenzie Delta), and were attributed to a glacial water source 
(Fritz et al., 2011).  
 
A.3.4 Solutes in NR2 and AC permafrost porewaters 
 

Thawed permafrost porewaters in the NR2 and AC cores were separated from sediments 
and analyzed for a variety of solutes. The first core section to be processed (AC-2) was divided 
into subsections using an acid-cleaned polytetrafluoroethylene wedge and a titanium hammer. 
These sections were placed (one at a time) in a Buchner funnel over a polypropylene vacuum 
flask (both acid-cleaned), and gradually thawed in a fridge overnight. The thawed porewaters 
were allowed to drip into the flask through a 90 mm PES membrane filter with a 0.22 µm pore 
size (Fisher/Millipore), and once the core section was completely thawed, the remaining 
porewaters were vacuum filtered. The remaining sediment was removed from the funnel and the 
next core subsection was added, so that the filtrate collected in the flask was the accumulation of 
porewaters from the entire AC-2 section. This procedure took over two days, which was 
problematic because core processing spanning multiple days allows for the short-lived Ra 
isotopes to decay significantly, and may also lead to changes in the chemistry of the porewaters 
due to solute leaching from sediments in the slowly thawing core. The processing procedure was 
therefore changed for the remaining core sections, as described below. 

To facilitate faster thawing, core sections were broken into small pieces using the 
polytetrafluoroethylene wedge and titanium hammer. These subsections thawed over a period of 
0.5 – 3 hours, and were filtered as soon as possible upon thawing (the maximum time elapsed 
between removal from the freezer and filtration was ~8 hours). Thawed core sections were 
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placed in the acid-cleaned Buchner funnel, and porewaters were vacuum filtered through a PES 
membrane filter (0.22 µm pore size) into an acid-cleaned polypropylene flask. 

Permafrost filtrate was subsampled for trace metals (~8 mL), nutrients (~10 mL), DOC 
and total nitrogen (TN) (~20 mL), and water isotopes (2 mL). The remaining volume was used 
for Ra isotope analysis. Because each core subsection produced only a small volume of 
porewater, the following sections were combined for Ra analysis: AC-3, AC-4, AC-5, and AC-6 
were combined into one sample called “AC” (~680 mL); NR2-1 was kept as its own sample, 
referred to as “NR2 top” (~640 mL); NR2-2, NR2-3, and NR2-4 were combined to form “NR2 
mid” (~840 mL); and NR2-5, NR2-6, and NR2-7 were combined into “NR2 bottom” (~680 mL). 
The AC-2 porewaters were not combined with the porewaters collected from the other AC core 
sections because of the long processing time for this section, which allowed for significant 223Ra 
and 224Ra decay that would have biased the integrated sample activities. Only a small amount of 
porewater was extracted from AC-7 (~60 mL), and this entire volume was used for trace metal, 
nutrient, DOC/TN, and water isotope subsampling. Trace metal, nutrient, DOC, and water 
isotope samples were filtered through 0.22 µm Sterivex filters. Trace metal samples were 
acidified with 25 µL of 3 M HCl. Nutrient and DOC samples were frozen until analysis, and 
water isotope samples were kept refrigerated. 
 Within 24 hours of filtration, the remaining volume of thawed permafrost porewater was 
filtered through 1.8 g of MnO2-coated fiber as described in section A.3.2 above. Fibers were 
rinsed with Ra-free Milli-Q water, partially dried by squeezing out excess water, and analyzed on 
Radium Delayed Coincidence Counters (RaDeCCs), which measure the activities of the short-
lived 223Ra and 224Ra through their daughter isotopes 219Rn and 220Rn, respectively (Moore and 
Arnold, 1996). Sample activities were decay corrected to the time of filtration through the MnO2-
coated fiber. The samples were re-analyzed after four weeks and again after two months to 
determine the activities of 224Ra and 223Ra supported by their parent isotopes, 228Th and 227Ac, 
respectively. The efficiency of the detectors was determined using a set of fiber standards. The 
standards are housed in cartridges that are ~50% larger than the cartridges that were used to run 
the samples; this difference in cartridge size affects the efficiency of Rn detection. A smaller 
fiber housing will increase the efficiency, because there is less “dead space” in which the 219Rn 
and 220Rn can decay without being registered by the detector. Using the equations outlined in 
Moore and Cai (2013) that relate the volume of dead space to the theoretical detector efficiency, 
I estimated that the use of the smaller fiber housings was likely to increase the 220Rn detection 
efficiency by ~3%, and the 219Rn detection efficiency by ~4%. These differences are much less 
than the errors on the short-lived Ra isotope activities, so I did not make a correction for this 
difference in efficiency. 

After RaDeCC analyses were complete, samples were transferred to a (different) fiber 
housing that was purged with helium and sealed for at least three weeks to allow for 222Rn 
ingrowth. Samples were then analyzed via 222Rn emanation and scintillation counting to measure 
226Ra, following the method described by Key et al. (1979). Fiber standards containing 20 dpm 
226Ra (NIST certified) were analyzed in the same way (and same cartridges) as the samples. 
Finally, fibers were dried in a 50°C oven, placed in polystyrene tubes and sealed with epoxy, and 
228Ra and 226Ra activities were measured using the γ spectrometry method described in section 
A.3.2. Detector efficiencies were determined using the small volume fiber standard described in 
section A.3.2. 

Trace metal samples were analyzed using an iCAP Qc inductively coupled plasma mass 
spectrometer (ICP-MS) at the Woods Hole Oceanographic Institution Plasma Mass Spectrometry 
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Facility. Samples were diluted 100 times, with the exception of NR2-3, which was diluted 200 
times, to a final matrix of 2% nitric acid. A standard curve was created using a trace element 
standard provided by Tristan Horner (WHOI). The standard curve was analyzed in the middle of 
the ICP run to minimize bias introduced by instrument drift; standard dilutions were also 
analyzed at the beginning, middle, and end of the run to ensure that drift did not significantly 
change the concentrations of elements measured in the standard. Indium was used as an internal 
yield tracer, and a river water certified reference material (SLRS-6) produced by the National 
Research Council of Canada (NRC) was analyzed along with the samples. The offset between 
the average concentrations measured on three analyses of SLRS-6 and the certified 
concentrations was -7% for Ba, +7% for Cu, +16% for Mn, +8% for Ni, -2% for Pb, and -14% 
for U (Table 2). The precision (standard deviation/mean) of replicate analyses of the reference 
material (n = 3) was 3% for Ba, 7% for Cu, 16% for Mn, 10% for Ni, 7% for Pb, and 10% for U. 
All sample concentrations were corrected for the average metal concentrations measured in four 
Milli-Q water blanks processed in the same way as the permafrost samples. 
 Nutrients (nitrate + nitrite, NOx; ammonium, NH4

+; phosphate, PO4
3--; and silicate, SiO4

-) 
were analyzed on a four-channel segmented flow Seal AA3 HR Autoanalyzer at the Woods Hole 
Oceanographic Institution Nutrient Facility. The instrument was calibrated with Fisher Scientific 
chemicals before each run and Certified Reference Materials 	  BV-0053 and BW-0296 from 
Kanso Co., LTD were used to verify the calibrations before processing samples. The average 
recoveries were 102% for NOx,100% for PO4

3-, and 96% for SiO4
-. The detection limits for NOx, 

NH4
+, PO4

3-, and SiO4
- are 0.040 µM, 0.015 µM, 0.009 µM, and 0.030 µM, respectively. 

 DOC and TN were measured at the Woods Hole Research Center using a Shimadzu high-
temperature TOC/TN instrument. Sample concentrations were corrected for the DOC and TN 
concentrations measured in the average of four Milli-Q water blanks processed in the same way 
as the samples. Dissolved organic nitrogen (DON) concentrations were calculated by subtracting 
the total inorganic nitrogen concentration (NOx + NH4

+) from the TN concentration. 
 Water isotopes were measured by temperature conversion elemental analysis (TC/EA) at 
the University of Wyoming Stable Isotope Facility. The δ18O and δ2H of samples was 
determined using a Thermo Scientific DeltaV Plus that was run in continuous flow mode and 
connected to a Thermo Flash HT elemental analyzer. The resulting gases (CO2 and H2) were 
separated using gas chromatography, sent to an open split interface (ConFlo IV), and then 
analyzed using isotope ratio mass spectrometry (IRMS). A quality assurance reference material 
was run with the samples to monitor instrument precision, and quality control materials with 
isotopic values bracketing those of the samples were used to correct the δ18O and δ2H values of 
the samples. The data met all quality assurance and quality control criteria: the standard 
deviation for the four runs of the quality assurance material was 0.77‰ for δ 2H and 0.18‰ for δ 

18O, and the average measured values of the quality control reference materials matched the 
known values. The sample δ18O and δ2H values are reported in ‰ relative to Vienna Standard 
Mean Ocean Water (VSMOW). 
 Results of these analyses are summarized in Table 5. Radium-228 and 223Ra were below 
detection in the majority of permafrost filtrate (Table 5c). The 223Ra/226Ra activity ratio was not 
determined for the sample with measurable 223Ra because the propagated error was 100 times 
larger than the resulting ratio. The activities of 226Ra measured through γ spectrometry were 
higher than those measured through 222Rn emanation; the 222Rn emanation method only detects 
surface-bound 226Ra, so the higher γ values may reflect the presence of 226Ra within fine 
sediments trapped in the acrylic fibers. The 228Ra/226Ra activity ratio for NR2 bottom is 
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computed using the activities of both isotopes measured via γ spectrometry. A comparison 
between the water isotopes measured in the permafrost samples (including TS3; see section 
A.3.3) and those measured in Mackenzie River fresh, estuarine, and ground waters (see Chapter 
5) is shown in Figure 3. 
 
Acknowledgements 
 
This work could not have been completed without Paul Henderson, who was integral to the 
collection of the DH and TS samples, and Steve Kokelj and Justin Kokoszka, who generously 
collected the AC and NR2 permafrost cores for us. Les Kutny and James Keevik provided 
sampling assistance in Inuvik and Tuktoyaktuk, respectively, and the Aurora Research Institute 
in Inuvik provided logistical support. Thanks to Paul Henderson and the WHOI Nutrient 
Analytical Facility for nutrient analyses; Gretchen Swarr and the WHOI Plasma Mass 
Spectrometry Facility for trace metal analyses; Anya Suslova for DOC and DON analyses; Kate 
Morkeski, Eyal Wurgaft, and Shuzhen Song for measuring DIC and alkalinity; and the 
University of Wyoming Stable Isotope Facility for water isotope analyses. Jessica Dabrowski 
provided assistance with ICP analyses, Tristan Horner and Maureen Auro provided the trace 
element ICP standard, and Bernhard Peucker-Ehrenbrink provided the SLRS-6 certified 
reference material for ICP analyses. This project was funded by a Graduate Student Research 
Award from the North Pacific Research Board and a Woods Hole Oceanographic Institution 
Ocean Ventures Fund Award to L.E.K. This research was conducted with Government support 
under and awarded by DoD, Air Force Office of Scientific Research, National Defense Science 
and Engineering Graduate (NDSEG) Fellowship awarded to L.E.K., 32 CFR 168a. 
 
  



	   239 

References 
 
Brown, J., Ferrians, O.J.J., Heginbottom, J.A., Melnikov, E.S., 1998. Circum-Arctic Map of 

Permafrost and Ground Ice Conditions. Boulder, Colorado. 
Charette, M.A., 2007. Hydrologic forcing of submarine groundwater discharge: Insight from a 

seasonal study of radium isotopes in a groundwater-dominated salt marsh estuary. Limnol. 
Oceanogr. 52, 230–239. doi:10.4319/lo.2007.52.1.0230 

Frey, K.E., McClelland, J.W., 2009. Impacts of permafrost degradation on arctic river 
biogeochemistry. Hydrol. Process. 23, 169–182. doi:10.1002/hyp.7196 

Frey, K.E., McClelland, J.W., Holmes, R.M., Smith, L.C., 2007a. Impacts of climate warming 
and permafrost thaw on the riverine transport of nitrogen and phosphorus to the Kara Sea. J. 
Geophys. Res. Biogeosciences 112. doi:10.1029/2006JG000369 

Frey, K.E., Siegel, D.I., Smith, L.C., 2007b. Geochemistry of west Siberian streams and their 
potential response to permafrost degradation. Water Resour. Res. 43. 
doi:10.1029/2006WR004902 

Fritz, M., Wetterich, S., Meyer, H., Schirrmeister, L., Lantuit, H., Pollard, W.H., 2011. Origin 
and characteristics of massive ground ice on Herschel Island (western Canadian Arctic) as 
revealed by stable water isotope and Hydrochemical signatures. Permafr. Periglac. Process. 
22, 26–38. doi:10.1002/ppp.714 

IAEA/WMO, 2018. Global Network of Isotopes in Precipitation. GNIP Database. URL: 
https://nucleus.iaea.org/wiser 

Keller, K., Blum, J.D., Kling, G.W., 2010. Stream geochemistry as an indicator of increasing 
permafrost thaw depth in an arctic watershed. Chem. Geol. 273, 76–81. 
doi:10.1016/j.chemgeo.2010.02.013 

Key, R.M., Brewer, R.L., Stockwell, J.H., Guinasso, N.L., Schink, D.R., 1979. Some improved 
techniques for measuring radon and radium in marine sediments and in seawater. Mar. 
Chem. 7, 251–264. doi:10.1016/0304-4203(79)90042-2 

Kokelj, S. V., Lacelle, D., Lantz, T.C., Tunnicliffe, J., Malone, L., Clark, I.D., Chin, K.S., 2013. 
Thawing of massive ground ice in mega slumps drives increases in stream sediment and 
solute flux across a range of watershed scales. J. Geophys. Res. Earth Surf. 118, 681–692. 
doi:10.1002/jgrf.20063 

Lantz, T.C., Kokelj, S. V., 2008. Increasing rates of retrogressive thaw slump activity in the 
Mackenzie Delta region, N.W.T., Canada. Geophys. Res. Lett. 35, L06502. 
doi:10.1029/2007GL032433 

Lecher, A.L., Chien, C. Te, Paytan, A., 2016. Submarine groundwater discharge as a source of 
nutrients to the North Pacific and Arctic coastal ocean. Mar. Chem. 186, 167–177. 
doi:10.1016/j.marchem.2016.09.008 

Lecher, A.L., Kessler, J., Sparrow, K., Garcia-Tigreros Kodovska, F., Dimova, N., Murray, J., 
Tulaczyk, S., Paytan, A., 2015. Methane transport through submarine groundwater 
discharge to the North Pacific and Arctic Ocean at two Alaskan sites. Limnol. Oceanogr. 
doi:10.1002/lno.10118 

Luo, D., Wu, Q., Jin, H., Marchenko, S.S., Lü, L., Gao, S., 2016. Recent changes in the active 
layer thickness across the northern hemisphere. Environ. Earth Sci. 75. doi:10.1007/s12665-
015-5229-2 

Mackay, J.R., Dallimore, S.R., 1992. Massive ice of the Tuktoyaktuk area, western Arctic coast, 
Canada. Can. J. Earth Sci. 29, 1235–1249. doi:10.1139/e92-099 



	   240 

Moore, W.S., Arnold, R., 1996. Measurement of 223Ra and 224Ra in coastal waters using a 
delayed coincidence counter. J. Geophys. Res. 101, 1321–1329. doi:10.1029/95JC03139 

Moore, W.S., Cai, P., 2013. Calibration of RaDeCC systems for 223Ra measurements. Mar. 
Chem. 156, 130–137. doi:10.1016/j.marchem.2013.03.002 

Moore, W.S., Reid, D.F., 1973. Extraction of radium from natural waters using manganese-
impregnated acrylic fibers. J. Geophys. Res. 78, 8880–8886. doi:10.1029/JC078i036p08880 

Paytan, A., Lecher, A.L., Dimova, N., Sparrow, K.J., Kodovska, F.G.-T., Murray, J., Tulaczyk, 
S., Kessler, J.D., 2015. Methane transport from the active layer to lakes in the Arctic using 
Toolik Lake, Alaska, as a case study. Proc. Natl. Acad. Sci. U. S. A. 112, 3636–40. 
doi:10.1073/pnas.1417392112 

Portnov, A., Smith, A.J., Mienert, J., Cherkashov, G., Rekant, P., Semenov, P., Serov, P., 
Vanshtein, B., 2013. Offshore permafrost decay and massive seabed methane escape in 
water depths >20  m at the South Kara Sea shelf. Geophys. Res. Lett. 40, 3962–3967. 
doi:10.1002/grl.50735 

Schuur, E. a. G., Bockheim, J., Canadell, J.G., Euskirchen, E., Field, C.B., Goryachkin, S. V., 
Hagemann, S., Kuhry, P., Lafleur, P.M., Lee, H., Mazhitova, G., Nelson, F.E., Rinke, A., 
Romanovsky, V.E., Shiklomanov, N., Tarnocai, C., Venevsky, S., Vogel, J.G., Zimov, S. 
A., 2008. Vulnerability of Permafrost Carbon to Climate Change: Implications for the 
Global Carbon Cycle. Bioscience 58, 701. doi:10.1641/B580807 

Shakhova, N., Semiletov, I., Salyuk, A., Yusupov, V., Kosmach, D., Gustafsson, O., 2010. 
Extensive methane venting to the atmosphere from sediments of the East Siberian Arctic 
Shelf. Science 327, 1246–50. doi:10.1126/science.1182221 

Williams, J.R., Van Everdingen, R.O., 1973. Groundwater investigations in permafrost regions 
of North America: a review, in: Permafrost North American Contribution 2nd International 
Permafrost Conference, Yakutsk, USST. National Academy of Sciences, Washington, D.C., 
pp. 435–446. 

 
  



	   241 

Table 1. Sample descriptions and collection locations. 
 
a. Samples collected by L. Kipp and P. Henderson. The DH samples were collected on 6/21/16, 
and the TS samples were collected on 6/25/16. The ice content is the ratio of the water weight 
(difference between the initial core weight and the weight of the dried sediments post-
processing) over the initial core weight. 

Sample 
ID 

Lat. 
(°N) 

Lon. 
(°W) 

Approx. ice 
content (%) Sample description 

DH1 67.9986 133.4679 50 Active layer. Carefully removed top layer of moss, 
then collected sediment sample with shovel 

DH2 67.9986 133.4679 30 Sediment partially frozen, interface between 
permafrost and active layer, collected with shovel 

DH3 67.9986 133.4679 30 Frozen sediment (but no visible ice), collected with 
shovel 

TS1 69.4560 133.0025 40 Active layer, collected using shovel from top of 
thaw slump 

TS2 69.4560 133.0025 50 Active layer, collected using shovel from top of 
thaw slump 

TS3 69.4560 133.0025 65 Permafrost, collected using titanium hammer from 
exposed face of thaw slump, very ice-rich 

 
b. Samples provided by S. Kokelj and J. Kokoszka. The AC samples were collected on 8/8/16 
and the NR2 samples were collected on 8/7/16. The ice content is the ratio of the water weight 
(difference between the initial core weight and the weight of the dried sediments post-
processing) over the initial core weight.  

Sample 
ID 

Lat. 
(°N) 

Lon. 
(°W) 

Depth 
(cm) 

Approx. ice 
content (%) Sample Description 

AC-1 68.3127 133.4816 0−40  
Active layer. Organic dark peaty. Grass 
and soil, not in core form. 

AC-2 68.3127 133.4816 40−50 75 Frozen organic active layer. Charcoal 
layer at surface. 

AC-3 68.3127 133.4816 50−63 80 Peat with ice. 
AC-4 68.3127 133.4816 63−80 85   
AC-5 68.3127 133.4816 80−91 90 Dark peat with woody inclusions. 

AC-6 68.3127 133.4816 91−98 80 
Charcoal layer. Increasing ice and 
mineral soil content with depth. 

AC-7 68.3127 133.4816 98−102 60 
Icy transition to clayey material with 
some organic conclusions. (lake 
sediment) 

NR2-1 68.3837 133.7605 25−38 95 

Organic rich base of active layer. Pool 
ice from 35 - 38cm, showing successive 
freezing layers. Decrease in organic 
richness with increasing mineral 
richness.  

NR2-2 68.3837 133.7605 38−56 75 
Thin lenses of segregated ice. Yellow-
orange oxidized till, clayey-silt. 
Lenticular-segregated.  

NR2-3 68.3837 133.7605 56−72 75 Lenticular and ataxitic.  
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NR2-4 68.3837 133.7605 72−93 90 

Organic rich. Roots and tree stems. 
Upper core, light fibrous peat. Lower 
half, darker layers with charcoal. 
Charcoal layer at 85 - 88cm. 

NR2-5 68.3837 133.7605 92−114 50 

Thick ice lenses up to 1cm, ataxitic 
structure. Organic inclusions and woody 
material in upper core and at bottom. 
Flux of charcoal observed throughout. 
Mineral soil is slightly oxidized yellow-
grey color. Lower core is grey. 

NR2-6 68.3837 133.7605 114−134 50 

Ataxitic. Lower core: increasing ice 
content with depth. Ice lenses up to 3 - 
4cm thick. Upper core: organics present. 
Decreasing organic presence with depth. 
Fine grain sediments are grey. 

NR2-7 68.3837 133.7605 134−144 60 Ataksitic. No visible organics. 
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Table 2. The activities of 228Ra and 226Ra and the 228Ra/226Ra activity ratios measured in 
permafrost and active layer sediments. Three aliquots of each sample were analyzed, with the 
exception of TS3. Standard errors are shown (measurement error is shown for TS3). 
 

Sample ID Sediment type 
228Ra 

(dpm g-1) 
226Ra 

(dpm g-1) 
228Ra/226Ra 

DH1 Active layer 2.1 ± 0.2 2.1 ± 0.2 1.0 ± 0.1 
DH2 Active layer-permafrost boundary 2.0 ± 0.1 2.2 ± 0.1 0.9 ± 0.1 
DH3 Permafrost 2.2 ± 0.1 2.1 ± 0.1 1.1 ± 0.1 
TS1 Active layer 1.6 ± 0.2 1.7 ± 0.1 1.0 ± 0.1 
TS2 Active layer 1.1 ± 0.2 1.5 ± 0.1 0.7 ± 0.1 
TS3 Permafrost 3.1 ± 0.1 2.7 ± 0.1 1.1 ± 0.1 
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Table 3. Gamma detector efficiencies for a 1.8 g fiber standard. The efficiencies reported for 
Canberra 1 and Canberra 2 represent the average ± standard deviation for multiple runs. 
 

Detector 338 keV 352 keV 911 keV Number of runs 
Canberra 1 21.5 ± 0.7% 23.9 ± 0.2% 7.2 ± 0.2% 8 
Canberra 2 20.2 ± 0.8% 22.3 ± 0.2% 6.8 ± 0.2% 9 
Canberra 3 22.8% 23.3% 7.5% 1 

Ortec 23.3% 25.6% 7.5% 1 
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Table 4. The 228Ra and 226Ra activities (reported in dpm per gram of sediment desorbed) and the 
228Ra/226Ra activity ratio measured in desorption experiment filtrate. A comparison between the 
desorbed activities and the activities measured on sediments (reported in Table 2) was used to 
determine the percent of 226Ra that desorbed. *indicates that the 228Ra activity was based on the 
338 keV line only, bdl indicates below detection limits, − indicates cannot be determined. 
 

Sample 
ID Sediment type Salinity 

228Ra 
(dpm g-1) 

226Ra 
(dpm g-1) 

228Ra/226Ra 
226Ra 

desorbed 
(%) 

DH1 Active layer 0.6 bdl bdl − − 

DH2 Active layer-
permafrost boundary 0.6 bdl bdl − − 

DH3 Permafrost 0.6 bdl bdl − − 

TS1 Active layer 0.6 0.008 ± 
0.003* 

0.005 ± 
0.001 1.7 ± 0.4 0.3% 

TS2 Active layer 0.6 bdl 0.007 ± 
0.001 − 0.5% 

TS3 Permafrost 0.6 bdl bdl − − 
Blank 1  0.6 bdl bdl − − 

DH1 Active layer 27 0.072 ± 
0.008 

0.041 ± 
0.002 1.8 ± 0.1 1.9% 

DH2 Active layer-
permafrost boundary 27 0.049 ± 

0.010 
0.041 ± 
0.002 1.2 ± 0.2 1.9% 

DH3 Permafrost 27 0.060 ± 
0.007 

0.044 ± 
0.002 1.4 ± 0.1 2.1% 

TS1 Active layer 27 0.040 ± 
0.006 

0.043 ± 
0.001 0.9 ± 0.1 2.6% 

TS2 Active layer 27 0.030 ± 
0.007 

0.034 ± 
0.002 0.9 ± 0.2 2.3% 

TS3 Permafrost 27 0.055 ± 
0.010 

0.053 ± 
0.003 1.0 ± 0.2 1.9% 

Blank 2  27 bdl bdl − − 
Blank 3  27 bdl bdl − − 
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Table 5. Chemistry of permafrost porewaters. 
 
a. Water isotopes, nutrients, and dissolved organic matter measured in the AC and NR2 
permafrost cores. bdl indicates concentrations below detection limits. 

Sample 
ID 

Depth 
range 
(cm) 

δ2H 
(‰) 

δ18O 
(‰) 

NOx 
(µM) 

NH4
+ 

(µM) 
PO4

3-  
(µM) 

SiO4
-  

(µM) 
DIN 
(µM) 

DON 
(µM) 

DOC 
(µM) 

TN 
(µM) 

AC-2 40 - 50 -156.9 -21.0 7.2 210 2.4 6 217 706 17880 923 
AC-3 50 - 63 -160.6 -20.7 0.4 60 1.3 1 61 2734 56390 2795 
AC-4 63 - 80 -159.6 -20.5 0.3 88 2.0 1 88 4278 60500 4366 
AC-5 80 - 91 -158.6 -20.4 0.1 88 0.9 1 88 3579 35870 3666 

AC-6 91 - 98 -157.7 -20.2 bdl 87 0.2 1 87 2922 40340 3009 

AC-7 98 - 102 -158.8 -20.2 0.9 88 0.2 3 89 2277 23760 2366 
NR2-1 25 - 38 -183.7 -23.6 5.6 64 14.2 22 70 239 7320 309 
NR2-2 38 - 56 -172.2 -22.4 2.6 87 0.9 34 90 255 9680 345 
NR2-3 56-72 -175.8 -23.0 0.9 429 2.7 35 430 743 28250 1173 
NR2-4 72-93 -180.6 -23.6 2.8 282 1.3 44 285 602 26420 888 
NR2-5 92 - 114 -189.8 -24.6 3.1 360 0.7 34 363 682 16280 1045 
NR2-6 114 - 134 -192.0 -25.3 6.2 377 0.9 24 384 654 13470 1038 
NR2-7 134 - 144 -187.6 -24.5 12.5 82 0.2 17 95 357 3850 452 

 
b. Trace metals measured in the AC and NR2 permafrost cores. 

Sample 
ID 

Depth 
range 
(cm) 

Mn  
(nM) 

Co 
(nM) 

Ni  
(nM) 

Cu 
(nM) 

Ba  
(nM) 

Pb  
(nM) 

U  
(nM) 

AC-2 40 - 50 80 ± 5 30 ± 1 203 ± 4 58 ± 3 1680 ± 30 1.58 ± 0.07 0.44 ± 0.01 
AC-3 50 - 63 100 ± 6 39 ± 2 123 ± 2 52 ± 3 950 ± 10 1.25 ± 0.06 0.68 ± 0.05 
AC-4 63 - 80 760 ± 20 30 ± 1 97 ± 4 61 ± 2 660 ± 10 1.22 ± 0.05 0.89 ± 0.07 
AC-5 80 - 91 1300 ± 20 13 ± 1 89 ± 5 22 ± 2 500 ± 4 0.5 ± 0.05 0.62 ± 0.04 
AC-6 91 - 98 6280 ± 30 15 ± 1 56 ± 3 21 ± 1 990 ± 10 0.66 ± 0.03 0.91 ± 0.02 
AC-7 98 - 102 9400 ± 300 11 ± 0 87 ± 4 66 ± 3 1240 ± 20 1.36 ± 0.04 0.59 ± 0.02 

NR2-1 25 - 38 480 ± 7 25 ± 1 92 ± 3 48 ± 2 210 ± 4 1.67 ± 0.09 1.14 ± 0.04 
NR2-2 38 - 56 740 ± 20 47 ± 1 180 ± 10 87 ± 3 317 ± 5 6.22 ± 0.22 9.72 ± 0.27 
NR2-3 56-72 1010 ± 20 81 ± 3 280 ± 10 68 ± 4 1100 ± 30 8.49 ± 0.24 17.86 ± 0.14 
NR2-4 72-93 1350 ± 10 101 ± 2 420 ± 10 106 ± 4 1260 ± 20 3.02 ± 0.05 4.8 ± 0.09 
NR2-5 92 - 114 1930 ± 10 78 ± 3 250 ± 10 82 ± 1 260 ± 10 2.59 ± 0.15 7.1 ± 0.16 
NR2-6 114 - 134 1180 ± 30 43 ± 1 183 ± 7 59 ± 5 220 ± 10 4.82 ± 0.37 6.6 ± 0.12 
NR2-7 134 - 144 1870 ± 20 45 ± 1 142 ± 5 43 ± 1 107 ± 3 1.77 ± 0.09 1.28 ± 0.02 
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c. Radium isotopes measured in the AC and NR2 permafrost porewaters. bdl indicates activities 
below the detection limits. 

Sample ID Depth 
range (cm) 

226Ra  
(dpm L-1) 
(Rn line) 

226Ra  
(dpm L-1) 

(γ spectrometry) 

228Ra 
(dpm L-1) 

224Ra  
(dpm L-1) 

224Raxs  
(dpm L-1) 

AC 50 -98 0.1 ± 0.05 bdl bdl 0.1 ± 0.04 0.09 ± 0.06 
NR2 top 25 - 38 0.1 ± 0.06 0.44 ± 0.08 bdl 0.35 ± 0.06 0.34 ± 0.08 
NR2 mid 38 - 93 0.91 ± 0.06 1.5 ± 0.1 bdl 0.78 ± 0.09 0.72 ± 0.1 

NR2 bottom 92 - 144 0.36 ± 0.06 0.82 ± 0.1 1 ± 0.3 0.7 ± 0.1 0.48 ± 0.12 
	  
c. (continued) 

Sample ID Depth 
range (cm) 

223Ra  
(dpm L-1) 

223Raxs  
(dpm L-1) 

224Raxs/228Ra 224Raxs/226Ra 228Ra/ 226Ra 

AC 50 -98 bdl bdl bdl bdl bdl 
NR2 top 25 - 38 bdl bdl bdl 0.8 ± 0.1 bdl 
NR2 mid 38 - 93 0.07 ± 0.05 0.07 ± 0.05 bdl 0.5 ± 0.1 bdl 

NR2 bottom 92 - 144 bdl bdl 0.5 ± 0.3 0.6 ± 0.2 1.3 ± 0.3 
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Figure 1. Distribution of permafrost in the Arctic. Figure from Schuur et al. (2008), based on 
permafrost distribution reported by Brown et al. (1998). 
  

Another 407 Pg is contained in deep loess sediment accu-
mulations below 3 m in Siberia (Zimov et al. 2006b), and the
remaining 241 Pg is estimated for deep alluvial sediment 
accumulations below 3 m in river deltas of the seven major
Arctic rivers. Several important accounting assumptions,
made in accordance with previous work, were used to arrive
at this estimate: (a) All terrain lying within the circumpolar
permafrost region (including both the continuous and 
discontinuous permafrost zones) was used in the estimate, 
regardless of whether specific locations were known to meet
the strict time-temperature definition of permafrost. (b) Ex-
tensive northern peatlands store organic C as a result of

moisture-related anoxia. Only some of these are underlain by
permafrost. The peatland C pool in this estimate includes all
those found in the circumpolar permafrost region (Tarnocai
2006). 

Still, 1672 Pg could be an underestimate of total soil C pools
in the permafrost region, because deep soils were only con-
sidered for one area in northeastern Siberia and for river
deltas, and because the soil C content in the 2- to 3-m layer
of most mineral soil orders was conservatively estimated 
because of data scarcity. Both the 2- to 3-m layer and the deep
soil C estimates should be considered preliminary because a
relatively small number of data points are extrapolated to large
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Figure 1. Latitudinal zonation of permafrost. Source: Brown and colleagues (1998).
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Figure 2. Detector efficiency for the (a) 352 keV line, (b) 911 keV line, and (c) 338 keV line 
for the 1.8 g fiber standard described in section A.3.2. Error bars in panel (a) are smaller than the 
symbols. 

(a)

(b)

(c)
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Figure 3. Water isotopes measured in permafrost samples (TS3, AC, NR2) compared to those 
measured in the Mackenzie River Delta (see Chapter 5 for description of Mackenzie River Delta 
samples). The local mean water line for Inuvik is also shown (IAEA/WMO, 2018). 
 
 


