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Abstract

Radium isotopes are produced in sediments via the decay of thorium isotopes and
are generally soluble in seawater. As such, isotopes of the radium quartet (224Ra, 223Ra,
228Ra, 226Ra) have been used as tracers of ocean boundary inputs and mixing processes. We
measured radium isotopes on the US GEOTRACES North Atlantic cruises in 2010 and 2011,
which crossed a number of key ocean boundary features including the Mediterranean
outflow, the Mauritanian upwelling and oxygen minimum zones (OMZ) along western
Africa, a hydrothermal plume over the mid-Atlantic Ridge (MAR), and the broad continental
margin of the north-eastern United States. Radium isotope features at these locations are
discussed in the context of their potential to quantify fluxes of trace elements and isotopes
(TEIs) from common sources. Notable observations include: (1) a Mediterranean outflow
spreading rate of 0.52-0.60 cm/s derived from 228Ra, (2) evidence of substantial sediment-
water interaction in the benthic boundary layer along the OMZ, (3) decoupling between
223Ra and the other Ra isotope sources over the MAR, and (4) significant continental inputs
(e.g. submarine groundwater discharge-SGD) in the western Atlantic. Lastly, 228Ra
inventories have remained constant over the past 30 years, which suggests that SGD is
steady-state for the North Atlantic on decadal time scales.



1. Introduction

Naturally occurring radium isotopes (226Ra, t1/2=1600 y; 228Ra, t1/2=5.75 y; 223Ra,
t1/2=11.4 d; 224Ra, t1,2=3.66 d) are produced in situ ubiquitously and continuously via decay
of their parent thorium isotopes in sediments from the continental margin to the deep sea.
Sediment porewater advective and diffusive mixing processes transport Ra isotopes from
the sediments into the water column; once dissolved in seawater, they behave essentially
conservatively. As such, they have been used for decades to quantify ocean mixing
processes between shelf waters and the open ocean (Moore et al 1980; Moore et al 1985;
Moore 1995), across the thermocline (Trier et al., 1972; Sarmiento et al.,, 1990), and in the
benthic boundary layer over the abyssal plain (Sarmiento et al., 1982).

Historically, radium analyses were primarily restricted to the two longer-lived Ra
isotopes, 226Ra and 228Ra, which limited the quantification of mixing processes to those
occurring on time-scales of months to years. However, recent advances in sample collection
coupled with on-board analysis of the short-lived Ra isotopes, 224Ra and 223Ra, have greatly
expanded the power of these tracers to include mixing processes on time-scales of days to
weeks (Moore and Arnold 1996; Moore 2000a and 2000b). In addition, streamlined
processes for collection and analyses of the Ra quartet in the deep ocean (Henderson et al.,
2013) allowed for their inclusion as part of the international GEOTRACES project, which
has set out to “identify processes and quantify fluxes that control the distribution of trace
elements and isotopes (TEIs) in the ocean and to establish the sensitivity of these
distributions to changing environmental conditions”. Their inclusion in the program has
been driven by the idea that measurements of the distribution of a stable trace metal alone,
for example Fe or Al, no matter how accurate, are not sufficient for determining controlling
processes or quantifying fluxes-a central goal of the GEOTRACES program.

Here we present an overview of Ra isotope distributions during the U.S. GEOTRACES
North Atlantic survey. The Atlantic Ocean is relatively small and narrow and thus, even
more so than other basins, lateral transport from ocean boundaries will affect TEI
distributions. The chosen transect line was designed to intersect a wide range of
biogeochemical regimes, with TEI distributions being controlled by, for example, (1) shelf-
basin interactions including lateral input of intermediate and benthic nephloid layers, (2)
benthic inputs on the abyssal plain, (3) hydrothermal inputs and TEI scavenging associated
with plume Fe and Mn (hydr)oxides, (4) oxygen minima in the shadow of an eastern
boundary upwelling, (5) water mass mixing from major subbasin outflows, and (6)
submarine groundwater discharge (SGD). Examples of how Ra isotopes can be used to
better understand these various processes are the main focus of this paper.

2. Methods

The samples described herein were collected on the R/V Knorr during the U.S.
GEOTRACES North Atlantic expedition (GEOTRACES GAO3). Originally scheduled to be
completed in a single, two month cruise between Portugal and Woods Hole, the ship
experienced propulsion problems after only three weeks so the cruise was split into two



legs. The 2010 leg (hereafter USGT10) was from Portugal to Cape Verde while the 2011 leg
(USGT11) was from Woods Hole to Cape Verde.

2.1 Sample collection

The methods used for quantifying the four radium isotopes are described in detail
by Henderson et al. (2013) and therefore are only briefly described here. Figure 1 is a flow
chart that illustrates the sample collection, processing, and analytical procedures for Ra
isotopes employed on the 2010 and 2011 U.S. GEOTRACES cruises. In short, the main
sample collection system was a modified McLean in situ pump with dual filter heads and a
single MnO; adsorber cartridge holder for scavenging dissolved (<1 um) radium and
thorium isotopes from seawater (Lam and Morris, pat. pending). The pump collection
period was 4 hours at a setting of 8 L /min; depending on particle loading, sample sizes
generally ranged from 1300-1700 L. At these flow rates, the MnO? cartridge does not have a
100% scavenging efficiency for Ra and Th; hence, small volume samples for 226Ra (15-25 L)
and 234Th (4 L) were collected from a Niskin bottle mounted above the pump (>1000 m) or
on a CTD rosette (<1000 m). The cartridge scavenging efficiency was determined from the
ratio of 226Ra and 234Th on the cartridge relative to the small volume samples. Standard
errors for the four radium isotopes were propagated from the counting error (gamma or
RaDeCC) and the cartridge scavenging efficiency error. In the case of excess 223Ra and 224Ra,
the error was propagated from the errors for total 224Ra and 228Th and total 223Ra and 227Ac,
respectively.

2.2 Analysis of the short-lived Ra isotopes (??3Ra and %?4Ra) by delayed coincidence counting

Cartridge samples were rinsed with deionized water (passed through an MnO:
cartridge) and dried with filtered compressed air to remove excess moisture in preparation
for analysis via delayed coincidence counting (RaDeCC; Moore and Arnold, 1996). Each
sample was analyzed three times: ~36 hours, 4 weeks and 2 months post collection. The
second and third analyses were used to determine the supported 224Ra (from 228Th) and
223Ra (from 227Ac), respectively. The first and second counting cycles consisted of up to two
180 min periods separated by a ~10 minute flushing of the counting cells to minimize build
up of 222Rn and its progenies, which can adversely affect the chance coincidence
calculations for the 224Ra daughter 220Rn (Moore and Arnold, 1996). The third cycle was for
~20 hours with no flushing of the counting cell, since the chance coincidence corrections
for 219Rn are largely unaffected by 222Rn buildup in the system.

The RaDeCC counters were calibrated with cartridges doped with 226Ra, 232Th, and
227/Ac standards (with daughters in secular equilibrium). Briefly, the cartridges were placed
in 1-L plastic bags along with 300 ml of Ra-free seawater. The standard solutions were
added to the bags and placed on a shaker table for 72 hours. The cartridges were air dried
for 24 hours after which they were prepared for counting in the same manner as described
above. The residual solution was passed through a MnOz acrylic fiber and analyzed for
226Ra (via 222Rn emanation) and RaDeCC, which indicated that >99.9% of the added
tracers had sorbed to the cartridges.



2.3 Analysis of the long-lived Ra isotopes (?26Ra and 228Ra) by gamma counting

After the final RaDeCC analyses were completed, the cartridges were placed in
ceramic coffee mugs, covered with a ceramic tile, and placed in a muffle furnace at 820°C
for 48 hours. Ash weights typically ranged from 1.5 to 30 g with an average of 5.6 g. For
weights greater than 10 g, the cartridge ash was transferred to 25 mm diameter
polystyrene vials and sealed with epoxy (to prevent 222Rn loss); ash weights less than 10 g
were transferred to 15 mm diameter vials. Samples were counted for 2-3 days in high
purity, well-type germanium detectors to quantify 226Ra via the 214Pb photopeak at 352 keV
and 228Ra via the 228Ac photopeak at 911 keV or by 228Th ingrowth as described below. The
detectors were calibrated using ash prepared from cartridges soaked in a standard solution
containing 226Ra and 232Th (with daughters in equilibrium).

2.4 Determination of 2?8Ra via 228Th ingrowth

Measurements of 228Ra by gamma spectrometry usually involve the 228Ac daughter
peaks at 338 and 911 keV. However, these peaks have rather low intensities, 0.114 for the
338 keV peak and 0.277 for the 911 peak. Because of the decrease in detector efficiency (E)
with increasing energy, the two peaks are rather similar in their effectiveness. Further
down in the 228Ra decay chain is 212Pb at 238 keV, which has a 0.423 intensity (I). This is a
much more effective peak because of the higher intensity and lower energy, albeit some
gammas are lost by self absorption. Table 1 gives the relevant peak parameters for the
University of South Carolina detector used to measure the GEOTRACES samples in an ashed
MnO; matrix at 25 mm height.

Here the Factor (1/(I#E)) is used to convert cpm to dpm (Moore 1984). Clearly the
212Pp peak has the lowest factor and is therefore the most effective peak. However, it is
separated from 228Ra by 228Th, which has a 1.9 year half life. To use this peak we must know
the initial activity of 228Th in the sample and wait until a new generation of 228Th is
produced from 228Ra decay.

When 228Ra is extracted from sea water some 228Th is extracted as well. With time
the relative amounts of 228Ra and 228Th (assuming no 232Th is present) will change as
follows:

zsthm ) [Znghi exp(_ /Tht)]
1.499[exp(-  at) - exp(-/ Thf)] (1)

228 —
Ra. =

where 228Ra; and 228Th; are the initial activities of 228Ra and 228Th in the sample, 228Thp, is
the measured 228Th after an elapsed time = t, Ara and At are the decay constants of 228Ra
and 228Th, respectively.

This equation has been used in conjunction with RaDeCC systems to measure 228Ra
after elapsed times of 1-2 years (Moore 2008). The fibers are stored and recounted via



RaDeCC after the appropriate time has elapsed. We were not able to follow this simple
procedure because we also wanted to measure 234Th on the fibers to estimate the fractional
uptake of 228Th. In our procedure the fiber was ashed, then gamma counted for a short time
to measure 234Th. Later the samples were gamma counted for a longer period (1-4 days) to
measure the activity of 228Ra via the 228Ac peaks. Even with long counting periods some
samples did not yield enough counts to produce a peak that could be quantified. However,
in many of these cases a 212Pb peak could be resolved to estimate 228Th, which in turn could
be used to calculate the initial 228Ra from equation 1. However, to achieve the best results,
samples were recounted after about another year. In this case the initial 228Th had
decreased by about half and a new generation of 228Th equivalent to about 45% of the
initial 226Ra had grown in. These counts (~2 years post-collection) yield a 212Pb peak
approximately 3-4 times stronger than the initial 228Ac peaks.

In almost all cases the counting error associated with the 212Pb peak is smaller than
the one based on 228Ac. At station USGT10-1, the power of the 212Pb measurement is
especially evident (Fig. 2). The 228Ac result for the 420 m sample is 0.78+0.13 and for the
665 m sample it is 1.06+0.12, a difference of 0.28+0.18, but within 2-sigma. The 212Pb
results for the same samples are 0.36+£0.02 and 1.14+0.08. Here the difference is 0.78+0.08,
clearly beyond 3-sigma. The reason for the higher 228Ra in the deeper sample is recent
outflow from the Mediterranean Sea as noted by the higher temperature and salinity at 665
m (see discussion in section 6). Herein we report the 228Ra activity from the method with
the lowest counting uncertainty.

2.5 Analysis of small volume 226Ra via ?22Rn emanation

Radium recovery on the cartridges was determined by comparing 22¢Ra in the
cartridge ash with 226Ra on the small-volume Niskin bottle samples from the corresponding
pump depth. The small volume samples (15-25 L) were gravity filtered (~0.5 L min-1)
through ~15 g of MnO: acrylic fiber, which quantitatively removes Ra from seawater. The
samples were rinsed with deionized water, partially dried, and placed in a sealed fiber-
cartridge holder (Peterson et al., 2009). The fiber holder was flushed with He for 5 minutes
at 250 ml/min, sealed, and held for a minimum of 5 days prior to analysis via 222Rn
ingrowth and scintillation counting (Key et al.,, 1979). Samples were measured for 180 min,
which typically resulted in counting uncertainties of 2-5%, dependent on sample volume
and 226Ra content on the fiber. The method was standardized using NIST 226Ra (20 dpm)
sorbed to MnO: fiber and analyzed in the same manner as the samples. Standard
reproducibility was 2-3% on average. Taking advantage of its well known oceanic
relationship with barium (e.g. Chan et al., 1976) and silicate (e.g. Chung, 1980), 226Ra was
compared against the Ba (Shiller, 2013) and Si distribution for the same stations and
depths. This was used not only as an independent check on the quality of the data but also
in limited cases to provide an estimate of 226Ra activity where a sample was missing due to
an un-tripped Niskin bottle or for an outlier. Outliers were likely due to an incorrect record
of sample volume or leaks/bypass of MnO: fiber during filtration and were defined as a
deviation of 30% or more from the predicted 226Ra based on the Ra/Si or Ra/Ba
relationship. Two methods were used for 226Ra estimation in the case of a missing sample
or outlier: (1) linear interpolation based on measured 226Ra activities above and below the



sample depth of interest (majority of cases) or (2) use of the 226Ra/Ba relationship (limited
cases where sequential samples were not available due to un-tripped Niskin bottles).
Regarding the latter, Chan et al. (1976) demonstrated the constancy of this relationship for
samples collected in the Atlantic Ocean and the adjacent Arctic and Antarctic Oceans. They
noted “that while there is a general tendency for the deep water to have lower ratios than
the intermediate and bottom waters” the scatter in the data relative to the analytical
uncertainty of 5% precluded a detailed interpretation. Hence, rather than separate the
226Ra/Ba data according to water mass, we used a single curve fit (R?=0.91) and assigned
an uncertainty of 10% to such samples. According to the detailed data of Chan et al. (1976)
this 10% uncertainty should account for potential differences due to water mass variability
in the ratio. Data flags are provided for all the measurements and are detailed in the data
archive available through the Biological and Chemical Oceanography Data Management
Office (BCO-DMO) website (http://www.bco-dmo.org/dataset/3846).

2.6 Scavenging efficiency for Ra isotopes on MnO2 impregnated acrylic cartridges

Radium recoveries on the MnO: cartridges for the two Atlantic GEOTRACES cruises
averaged 52 + 22% (standard deviation). As discussed previously by Henderson et al.
(2013), we expected somewhat higher Ra preconcentration efficiencies based on a series of
controlled experiments using these same cartridges in surface seawater. The experiments
focused on the effect of flow rate through various Mn-coated media on Ra recovery and
suggested that the CUNO acrylic MnO: cartridges were nearly 100% efficient at flow rates
up to ~8 L min-1, but decreased significantly (~30%) at flow rates >10 L min-1. Since we
pumped at an average rate of ~6 L. min-1, our average of 52% is difficult to explain since
there was no clear controlling factor for variability in Ra recovery (e.g. Mn-content based
on the weight of the ashed cartridges, water temperature, depth). However, since the
cartridges were individually custom cut in half from single 10” cartridges, we cannot rule
out water flow around poorly fitting cartridges as an explanation for the low Ra yield.

3. Results and Discussion
3.1 Radium-226 relative to hydrographic features distributions

The radium isotope data discussed herein are not listed in tabular form but are
available for download through the BCO-DMO website (link provided above). Also, to aid in
the interpretation of Ra isotope distributions, we frequently refer to a water mass analysis
conducted by Jenkins et al. (2014), which was based on an Optimum Multi-parameter
Analysis (OMPA) of several conservative oceanographic properties measured during the
same GEOTRACES cruises.

The residence time of 226Ra in seawater is on the order of ~10% years, though its
mean life-time of 2300 years means that most 226Ra atoms will decay while resident in the
ocean (Ku and Luo, 1994). While non-conservative behavior of the three shorter-lived Ra
isotopes is not quantifiable in the open ocean relative to decay and mixing processes, such
behavior can be observed for 226Ra. Surface waters of all ocean basins are slightly depleted
in 226Ra due to uptake within planktonic Ca- and Si-based tests or co-precipitation with



barite (BaS04) followed by export with sinking particles (Moore and Dymond, 1991; van
Beek et al., 2007). Intermediate and deep water are enriched above surface values due to a
combination of particle remineralization (Broecker et al., 1976) and diffusion from
sediments (Cochran, 1980); hence, 226Ra displays a nutrient type distribution in the ocean
with higher values in the deep Pacific relative to the Atlantic corresponding to an increase
in deep water age (Broecker et al., 1967; Chung, 1980).

Radium-226 sections for the North Atlantic GEOTRACES cruises are shown in Figure
3 (cruise station numbers are also found in this figure). Surface activities are relatively
constant at between 8-9 dpm/100 L across both sections, consistent with previously
reported 226Ra values for this ocean basin (Broecker et al., 1976). A terrestrial 226Ra source
is only observed for the two innermost stations along the mid Atlantic Bight (~10-15%
enrichment above open ocean values), near where Moore (1996) attributed elevated 22¢Ra
activities to input via submarine groundwater discharge.

Subsurface 226Ra activities are generally lower to the west of the mid Atlantic Ridge
(MAR) corresponding to the lower age of the deep water found there. Specifically, the
western basin subsurface is dominated by recently ventilated North Atlantic Deep Water
masses including Labrador Sea Water (~1000-3000 m; 10-12 dpm/100 L) and Iceland
Scotland Overflow Water (ISOW; >3000 m; 12-16 dpm/100 L; Jenkins et al., 2014).
Evidence for Antarctic Bottom Water (AABW) is observed in the deep (>5000 m) western
basin (station USGT11-12), with 226Ra activities in excess of 18 dpm/100 L. At 5100 m, for
example, the OMPA of Jenkins et al. (2014) indicates the presence of 40% AABW with the
balance supplied by various contributors to North Atlantic Deep Water (NADW). If NADW
contains at most 12 dpm/100 L 226Ra and the AABW source is 23 dpm/100 L (Ku and Lin,
1976), then simple two endmember mixing would suggest that the AABW component is
closer to 65%. Since the recently ventilated NADW 226Ra endmember cannot be
significantly higher and the AABW activity is well constrained, an additional 226Ra source
equivalent to ~7 dpm/100 L is required to explain the discrepancy. Possible sources
include 226Ra diffusion from bottom sediments or biogenic recycling of particulate 226Ra. If
the transit time for AABW to 30°N is ~100 y (Broecker, 1979) and the excess 226Ra is
distributed over the lower 500 m of the water column, then the 226Ra flux required to
balance the excess is ~350 dpm/m?y. Cochran (1980) found an inverse correlation
between sediment 226Ra flux and sedimentation rate. As such, the productive Atlantic
Ocean had the lowest sedimentary 226Ra fluxes, which ranged from 15-22 dpm/m? y, nearly
two orders of magnitude lower than North Pacific Ocean sediments. Since the sediment flux
is only ~5% of the total flux required to explain 226Ra excess, particle regeneration must
supply the majority of deep water 226Ra in the Atlantic Ocean (Broecker et al., 1976; Chan et
al,, 1976). This process is also responsible for enriched Si and Ba at depth in the North
Atlantic (Chan et al., 1976).

To the east of the MAR, the AABW 226Ra signature is even stronger (18-21 dpm/100
L), extending from ~3000 m to the seafloor. These GEOTRACES sections suggest that the
water column between 1000-3000 m is a mixture of 226Ra rich Antarctic Intermediate
Water (AIW)/Upper Circumpolar Deep Water (UCDW) and 22¢Ra poor Labrador Seawater
(LSW), which results in the intermediate 226Ra values observed here (12-16 dpm/100 L).



At the southern end of the meridional transect, 226Ra activities indicative of the
same water mass features observed to the west of the MAR were generally present (in
order of increasing depth below 1000 m): AIW, UCDW, LSW, and AABW. At the northern
end, low 226Ra activities (8-10 dpm/100 L) between ~600-2000 m that are
indistinguishable from surface water are associated with the Mediterranean Outflow Water
(MOW; Schmidt and Reyss, 1996; Jenkins et al., 2014).

While the coupling between the ocean 226Ra and silicate cycles has been well
established, the relationship between the two in the North Atlantic is somewhat unique.
The 226Ra/Si ratio (units of 103 dpm/mol) typically ranges from 0.8 for the circumpolar
region (Ku and Lin, 1976; Chung, 1980) to 1.9 for the central North Pacific (Chung, 1980).
For the North Atlantic however, 226Ra/Si ranges from 2.1 for the mean water column) to 2.4
for samples excluding the upper ocean (defined as Si > 5uM; Fig. 4). This is a result of
mixing between NADW, which is recently ventilated and therefore is depleted in Si but
composed of 226Ra activities near those of typical surface water (i.e. high 226Ra/Si), and the
two main circumpolar sources (AABW and AIW) with lower 226Ra/Si ratios (Broecker et al.,
1967).

3.2 Controls on 2?28Ra distributions in the North Atlantic

The main source of 228Ra in the ocean is from 232Th decay in sediments and
subsequent exchange between sediment porewater and the overlying water column
(Moore, 1969; Kaufman et al., 1973). Combined with its relatively short half-life with
respect to ocean-basin scale mixing processes, its presence in seawater is indicative of
recent (~years-decades) contact with ocean boundaries such as continental shelves and
pelagic sediments (Sarmiento et al,, 1982; Hammond et al., 1990). Furthermore, though it
has been used as a tracer of particle source in the mesopelagic (van Beek et al., 2006),
unlike 226Ra, rates of particle uptake and remineralization are small relative to 228Ra input
and decay.

A section plot for 228Ra is shown in Figure 5. In the surface ocean along the zonal
transect, 228Ra activities are significantly higher in the western basin (4-8 dpm/100 L vs.
2.5-4 dpm/100 L). This is due to the large SGD-derived Ra source along the eastern coast of
the United States (Moore et al., 2008). Minimum surface values of 2.5-3 dpm/100 L,
generally centered over the MAR, are due to mixing and decay during transit away from the
boundary source. Penetration of 228Ra into the thermocline is largely driven by mixing
processes (Moore, 1972; Trier et al., 1972), and density gradients retard mixing. Hence, the
maximum upper ocean 228Ra activities are well correlated with potential temperature (Fig.
5), the nutricline (not shown), and the distribution of North Atlantic Central Water (NACW;
Jenkins et al., 2014). The NACW extends to 600 m through most of the western basin, but
shoals to the east as it is displaced by Atlantic Equatorial Water (AEW; Jenkins et al., 2014).
This feature, combined with upwelling off West Africa results in sharper 228Ra gradients
and low 228Ra activities as shallow as 200 m. In the thermocline waters of the meridional
transect, 228Ra activities largely mirror those of the east-west transect with 228Ra
penetration extending to 400 m to the north while shoaling to <200 m in the south. This



distribution is consistent with the NACW and AEW water masses identified by the OMPA
(Jenkins et al,, 2014).

In the intermediate waters at USGT10-1, the MOW influence imparts an anomalous
mid-water column 228Ra enrichment obtained from enhanced sediment-water interaction
as MOW exits the Straits of Gibraltar (Schmidt and Reyss, 1996). This feature extends
southward to USGT10-3 and is discussed in more detail below. Elsewhere, mid-water
column anomalies in 228Ra are generally restricted to the western and eastern basin ocean
margins, where activities rarely fall below 0.5 dpm/100 L regardless of depth. These
subsurface enrichments are likely due to sediment-water interaction and transport along
isopycnal surfaces (Sarmiento et al., 1982).

Near-bottom 228Ra activities are generally in the range of 0.5-1 dpm/100 L, with
higher values at the western and eastern ends of the transect and along the full length of
the meridional transect, which follows the eastern boundary of the North Atlantic. One
exception is offshore of Mauritania (USGT10-9), where benthic 228Ra activities are in excess
of 3 dpm/100 L. This region receives among the highest dust fluxes in the global ocean
(Jickells et al., 2005; Measures et al., 2014) and we surmise that the underlying sediments
are rich in terrestrially-derived 232Th. In addition, upwelling in this region supports high
biological productivity and export production. The associated accumulation of organic
matter in the shelf/slope sediments leads to strong reducing conditions in the sediments
and remobilization of Fe and Mn from sediments into the overlying water column.
Together, these processes likely explain the co-occurrence of the highest near bottom 228Ra
activities and dissolved Mn concentrations recorded during the U.S. GEOTRACES cruises
(Hatta et al.,, 2014).

3.3 Ra isotopes at the TAG hydrothermal vent field

Early work on radium in hydrothermal systems focused on ratios in high
temperature fluids as a means to derive their residence time in the crust (Turekian and
Cochran 1986; Kadko and Moore 1988). Other studies used Ra and Th/Ra activity ratios in
active and inactive vent chimneys to glean information on both the duration and age of
active venting (Stakes and Moore 1991). However, at present, no data exists on the radium
isotope systematics within large-scale hydrothermal plumes despite the fact that like 3He,
radium is highly enriched in high temperature fluids (Krishnaswami and Turekian, 1982;
Kadko, 1996) and may be detected many 100s of kilometers downstream of active ridge
crests.

The TAG hydrothermal vent field (Rona et al., 1984) neutrally buoyant plume was
successfully sampled at station USGT11-16. Both 226Ra and 228Ra display maxima at 3400
m, approximately 280 m from the seafloor (Fig. 6). Peak activities are 16.5 and 0.40
dpm/100 L, respectively. These maxima are slightly deeper than other geochemical
indicators of the hydrothermal plume such as 3He (Jenkins et al.,, 2014), Ba (Shiller, 2013),
and dissolved trace metals (Fe, Mn, Al; Hatta et al., 2014), due to either cast-to-cast
variability in plume height or that the lower resolution pumping casts (16 vs. 24 depths per
station) may not have captured the true core of the plume. Furthermore, the signature of
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the Ra-enriched hydrothermal-fluid has clearly been dispersed to a certain extent
vertically. Near bottom 226Ra activities are 14.2 dpm/100 L; compared with this
background value, the 226Ra enrichment is relatively low, but consistent with the expected
rapid dilution of hydrothermal fluids upon mixing with seawater (Rudnicki and Elderfield,
1992). The 228Ra enrichment is less obvious due to a near bottom increase from sediment
228Ra diffusion, but of the same order of magnitude as 226Ra (0.35 vs. 0.40 dpm/100L or
~13%). There is also evidence of the hydrothermal plume in the form of enriched mid-
water column 228Ra (2500 m) to the west of the ridge crest (USGT11-14; Fig. 5); this was
also evident from the distribution of a number of other TEIs with a strong hydrothermal
source (e.g. Jenkins et al., 2014b; Hayes et al.,, 2014; Measures et al., 2014).

3.4 Comparison with historical open ocean radium isotope distributions

There are a number of historical Ra isotope data sets with coverage in the North
Atlantic, which allow for a comparison with our GEOTRACES results. Schmidt and Reyss
(1996) used 228Ra as a tracer of Mediterranean Outflow Water during two cruises in 1989
with a focus on two MOW eddies due west (500-1000 km) of the Straits of Gibraltar (Fig.
7e). The signature hydrographic characteristics of MOW are subsurface (~500-1500 m)
peaks in both salinity and temperature. Schmidt and Reyss (1996) reported subsurface
maxima in 228Ra (eddy Nicole: 0.93 dpm/100 L; eddy Yseult: 0.83 dpm/100 L) associated
with peaks subsurface salinity (36.457 and 36.122 for Nicole and Yseult, respectively)
within both eddies. Station USGT10-3 is the closest proximal station to the earlier study
stations, though USGT10-1 contains the least diluted MOW signature according to the
water mass analysis of Jenkins et al. (2014) (Fig. 7d). Indeed, USGT10-1 has the highest
228Ra in the MOW region (0.82-1.4 dpm/100 L; Fig. 7c) with activities slightly above but
consistent with the MOW 228Ra anomalies observed in 1989. In addition to 228Ra, 226Ra is
slightly elevated in the MOW (Fig. 7b) at USGT10-1 and approximately 10-20% higher than
the 226Ra in MOW from 1989 (not shown). Aside from the MOW-related Ra isotope
anomalies, the surface 226Ra and 228Ra are highly enriched compared with the historical
data (?26Ra: ~9 vs. 6 dpm/100 L; 228Ra: ~2-3 vs. 1 dpm/100 L), suggesting a greater degree
of coastal influence in this region of the North Atlantic at the time of the GEOTRACES
cruise.

While sediment-water interaction imparts 228Ra on MOW as it transits the Straits,
transport time and mixing will determine the 228Ra activity as MOW propagates through
the North Atlantic basin. USGT10-1 had the highest 228Ra activity at 1.4 dpm/100 L within
the MOW plume, consistent with the OMPA-derived MOW fraction of 94-100% within the
same depth horizon (Fig. 7d). Peak 228Ra values at USGT10-3 were only ~0.45 dpm/100 L,
slightly lower than the nearby historical station (0.7-0.9 dpm/100 L). If we assume that the
USGT10-1 228Ra activity at 665 m is equivalent to the MOW endmember (1.4 dpm/100 L),
then we can calculate the advection velocity of the MOW into the North Atlantic Ocean
through comparison with dilution-corrected 228Ra activity at the same density horizon at
USGT10-3 (775 m). Assuming no 228Ra contribution from outside the plume at this depth
and a MOW fraction of 64% (Fig. 7d, Jenkins et al., 2014), the dilution corrected 228Ra
activity is 0.701 dpm/100 L compared with 1.4 dpm/100 L at the source. This implies a
transit time of one 228Ra half-life (~6 years) between the Straits of Gibraltar and USGT10-3
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located ~1000 km to the west or ~0.60 cm/s. A similar analysis for samples closer to the
lower boundary of the MOW plume (1000 m) yields a velocity of ~0.52 cm/s. These
estimates are consistent with a theoretical estimate of 0.55 cm/s for the mean southward
motion of MOW (de Verdiere, 1992), but significantly slower than MOW transported via
eddies (~3 cm/s; Armi et al., 1989).

The GEOSECS and Transient Tracers in the Ocean (TTO) programs both included
measurement of the two long-lived Ra isotopes. The GEOSECS North Atlantic test station
(Aug. 1970; 35.8°W, 68°W; Trier et al.,, 1972) and TTO station 6 (Apr. 1981; 34.7°N,
67.4°W; Key et al,, 1990, 1992a,b) are the closest historical stations to USGT11-8 (Nov.
2011; 35.4°N, 66.7°W). For 226Ra, the three profiles are quite similar except for the upper
400 m of the GEOSECS data where activities range from 7-7.4 dpm/100 L compared with
8.1-8.7 dpm/100 L for TTO and GEOTRACES (Fig. 8b). However, Chung et al. (1974)
compiled 226Ra data from multiple labs at the same station and found that the earlier upper
ocean results were systematically lower by 20%. Hence, subsequent GEOSECS data from
the same location are consistent with TTO and GEOTRACES 226Ra water column
distributions. We further compared TTO and GEOTRACES 226Ra distributions by comparing
the water column inventories (full ocean depth) from 15° x 15° boxes through the North
Atlantic (Table 2). The agreement is excellent, with the highest divergence between the two
datasets for an individual box being less than 5%, and the total inventory across all boxes
agreeing to within 1%. These results not only validate the quality of the GEOTRACES 226Ra
data, but also imply that ocean 226Ra sources and sinks (at least for the North Atlantic) are
in steady state on a time scale of ~30 years.

There is also good agreement between 228Ra for the three datasets (Fig. 8c). Surface
228Ra activities range from ~3.7-4.5 dpm/100 L, near background values are present
between ~2000-4000 m, and near bottom activities increase to ~1 dpm/100 L. Higher
228Ra activities are seen in the older profiles at 500 m and between 3000-4500 m, which
might be attributed to subsurface horizontal advection of 228Ra from the ocean margin
along constant density surfaces (Sarmiento et al., 1982; Charette et al,, 2007). Alternatively,
the radium samples collected on the GEOSECS cruise were collected with large volume
Niskin bags or Gerard bottles, which showed evidence (from salinity) of leakage of 228Ra-
rich near-surface water into the samplers (Trier et al., 1972). The deep-water data were
not corrected for this 228Ra “blank” since the extent of the problem was not entirely known.
The possible bottle leakage issue for the GEOSECS profile only impacts the 228Ra
distribution since mid-water column activities are low relative to surface water (unlike
226R3).

3.5 Using Radium-228 inventories to quantify submarine groundwater discharge

The inventory of 228Ra in the upper Atlantic has been used to estimate the total flux
of submarine groundwater discharge to the Atlantic Ocean (Moore et al., 2008). We present
a brief summary of this technique. The authors assumed that 228Ra was in steady state in
the upper Atlantic, thus the total flux of 228Ra would be equivalent to the amount that
decayed each year plus a small fraction (~1%) removed on particles via the biological
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pump. Using data obtained during the TTO project, 1981-1986, the authors constructed a
map of 228Ra inventories (dpm m-2) for the entire Atlantic. They grouped the data from each
station (0 to 1000 m) into 15° x 15° boxes and averaged all stations in each box to obtain a
box average. They then averaged all boxes to obtain a grand average and multiplied this by
the surface area of the Atlantic to obtain the total inventory of 228Ra in the upper 1000 m.
This inventory has recently been confirmed by Kwon et al. (2014) who used the TTO 228Ra
data set in conjunction with a global ocean circulation model in which the ocean circulation
field was constrained by observed temperature, salinity, radiocarbon, Chlorofluorocarbon-
11, sea surface height and air-sea exchange of heat and freshwater fluxes. The inventory of
228Ra defines its steady state flux (Flux = Inventory x decay constant). Moore et al (2008)
then estimated the fluxes of 228Ra from (1) rivers, including desorption from suspended
particles, (2) diffusion from continental shelf and slope sediments, including the effects of
bioturbation and irrigation, and (3) desorption from atmospheric dust. The sum of these
fluxes was less than half the required input flux of 228Ra. They attributed the missing flux to
SGD. Using data from groundwater samples collected along the Atlantic coast, they
estimated the volume of SGD required to balance the missing 228Ra flux. A significant
conclusion of this study was that the volume of SGD entering the Atlantic was similar to the
volume of river water. They clearly emphasized that this was not a flux of fresh water, but
rather a mixture of fresh and salty groundwater with unknown salinity.

A key assumption in the Moore et al. (2008) study was that 228Ra is in steady state in
the upper Atlantic. Without this assumption, there would be no way to derive the total flux
of 228Ra. Virtually all (~95%) of the 228Ra present in the ocean during TTO has now
decayed. Radium samples collected on the USGT10 and USGT11 cruises provide an
opportunity to compare the data sets to determine if the steady state assumption is valid.
These sections comprise a large swath of the central North Atlantic where some of the
highest 228Ra inventories were measured during TTO.

We used the same technique used by Moore et al. (2008) to estimate the inventory
of 228Ra in each 15° x 15° box from 15°- 45°N across the Atlantic to 1 km depth. The
comparison of the TTO and GEOTRACES inventories are shown in Figure 9. The agreement
within individual boxes is very good; the overall average of data in 6 boxes agrees within
+7%, similar to the errors on the measurements (Table 3). Most boxes contain several
stations, the exception being the box just west of Portugal and Gibraltar, where
GEOTRACES had only one station. This station (Station 1) sampled a distinct subsurface
plume of high salinity Mediterranean water containing elevated 228Ra activities compared
to samples from other stations at this depth. Thus, the GEOTRACES average for this box is
not representative. TTO had 3 stations in this box, so the Mediterranean influence was
significantly diminished. If we exclude this box from the grand average, the TTO and
GEOTRACES inventories for 5 boxes agree to within 2% (Table 3). We take this as strong
evidence that 228Ra has been at steady state during the past 3 decades; thus, the estimate of
the SGD flux based on this assumption is valid.

3.6 Short-lived Ra isotopes in the open ocean
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All GEOTRACES samples underwent an initial RaDeCC analysis immediately after
collection onboard the ship, which allows us to report the first data on deep ocean short-
lived Ra isotopes. Given their half-lives, 223Ra and 224Ra allow for quantification of mixing
processes on time-scales of ~2 months and ~3 weeks, respectively. Hence, they will only be
detected within a relatively short distance from the source: typically 10-100 km from a
coastline in the surface mixed layer or 10-100 m from the sediment-water interface over
the abyssal plain. Furthermore, in the coastal ocean the short-lived Ra isotope activities are
largely unsupported via parent isotope decay. In the abyssal ocean, however, water column
228Th and 227Ac can support a large fraction of the measured 224Ra and 223Ra, respectively.
Hence, the vast majority of our samples are below detection for the “excess” or
unsupported activities of these two Ra isotopes. Here, since Moore (2000a,b) and others
have reported surface ocean transects for 223Ra and 224Ra, we focus on near bottom
examples from the GEOTRACES dataset.

As previously noted, station USGT10-9 displayed an unusually high 228Ra
enrichment in the bottom boundary layer. The same is true for 223Ra and 224Ra (Fig. 10;
reported as the excess Ra isotope [Raxs] activity not supported by decay of their parent
isotopes). The deepest sample, which is located approximately 50 m above the seafloor,
contained a 224Rays activity of 0.71 dpm/100 L and a 223Raxs activity of 0.13 dpm/100 L. For
both isotopes, activities decrease sharply for the initial 100 m above the seabed, then
somewhat linearly from 2900 m to 1250 m. The former distribution fits the expected
pattern for isotope decay during diapycnal mixing, whereas the latter might be indicative of
vertical water mass advection (i.e. upwelling). However, since there is a density gradient
across this depth range, we can explain this contradiction via lateral Ra input along
isopycnal surfaces from slope sediments given the very close proximity of USGT10-9 to the
coastline.

As noted previously, the hydrothermal station (USGT11-16) included measureable
226Ra and 228Ra anomalies associated with the neutrally buoyant plume. However, while
there is also clearly an anomaly in 224Raxs centered on 3400 m, peak activities in 223Rays are
associated with the deepest sample located at 3600 m (~80 m above the ridge crest; Fig.
6¢). Hence, there appears to be a strong bottom source of 223Rays that is obscuring 223Raxs
being supplied by the plume. Notably, the 223Rays activity in the bottom most sample is 0.97
dpm/100 L while 224Rays is significantly lower at 0.16 dpm/100 L. Crustal activity ratios of
the short-lived Ra isotope parents (235U:232Th) are typically 0.05 (Rama and Moore, 1996),
similar to the 223Ra:224Ra ratio observed at depth for USGT10-9 (0.18). While Mid Ocean
Ridge Basalts (MORB) are generally enriched in 231Pa (relative to 235U), they are only
moderately so with activity ratios (#31Pa:232Th) of 0.08-0.19 (Bourdon et al,, 2000). Here
they are ~6, which can only be explained by an additional benthic 231Pa or 227Ac source.
One possibility is low temperature fluid circulation from the ridge similar to that proposed
Moore et al. (2008) for the Puna Ridge. Alternatively, diffusion from metalliferous
sediments at the base of the TAG hydrothermal mound may be providing the additional
223Ra. Support for this idea is detailed in German et al. (1993), who found excess 231Pa in
metal-rich sediments at the base of the TAG mound, which they attributed to scavenging
and removal from the overlying buoyant hydrothermal plume (German et al,, 1991).
Furthermore, as we will report in a follow-on paper, 227Ac is even further enriched over
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231Pa in plume particles due to scavenging from a previously unrecognized deep ocean
source of 227Ac originating from hydrothermal vents (Kipp et al,, 2014). Once deposited,
these 227Ac-rich sediments could supply significant activities of 223Ra to the benthic
environment over hydrothermally-active ocean ridges. This process would be made
possible due to the differential scavenging removal of Ac and Ra in the neutrally buoyant
hydrothermal plume and a decoupling of Ac/Ra retention near field metalliferous
sediments. Specifically, Lam et al. (2014) reported on the composition of particles in the
plume sampled during GEOTRACES and found that 52% of the particle load (by weight)
was comprised of Fe oxyhydroxides with no enrichment of Mn oxyhydroxides. While Ra
isotopes have a well known affinity for Mn oxyhydroxides (Moore and Reid, 1973), their
retention by Fe oxyhydroxides is quite poor (Krishnasawami et al., 1972). Hence, some
fraction of the 223Ra produced by decay of 227Ac in the sediments would be available for
release into the overlying water column.

4. Conclusions

We presented the results of high resolution 226Ra and 228Ra measurements along the
2010-2011 U.S. GEOTRACES North Atlantic cruises. The large-scale distribution of 226Ra is
reflective of the major water masses present in this region while 228Ra with its shorter half-
life is a tracer of continental (upper ocean) and sedimentary (continental slope, deep
ocean) sources. Deviations from the large scale features are due to Ra isotope inputs from
the Mediterranean Outflow Water, hydrothermal vents from the TAG field or elevated
benthic fluxes associated with lithogenic-rich sediments in the shadow of the Saharan dust
plume. Follow-on papers will use the Ra isotopes to provide TEI rate processes such as
benthic exchange, hydrothermal plume particle and mixing dynamics, and upper ocean
mixing and transport.

Near the seafloor, pore water sources of dissolved TEls can also be tracked by near
bottom gradients in Ra (Sarmiento et al., 1982). In essence, concurrent measurement of Ra
isotopes on the spatial resolution necessary to match that of GEOTRACES key TElIs allows
one to quantify rates of key TEI input and transport processes with similar ocean boundary
sources such as iron in Fe-limited ocean biomes (e.g. Windom et al., 2006; Charette et al,,
2007; Dulaiova et al.,, 2009), manganese in oxygen minimum zones (e.g. Hatta et al., 2014),
and cobalt along ocean margins (e.g. Noble et al., 2008). However, the importance of
horizontal transport on Ra isotope distributions means that 1-D mixing models cannot
adequately resolve vertical mixing rates through the thermocline or near the ocean bottom.
More sophisticated 2-D or 3-D models will need to be developed in order to fully exploit the
utility of these valuable ocean tracers.
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Tables

Table 1. Relative parameters for measuring 228Ra by 228Ac or 212Pb (after 228Th ingrowth)
via gamma spectroscopy. The detection factor is equal to the inverse of the product of
detector efficiency, including self absorption in the sample matrix (E) and peak intensity
(I). A lower factor will result in more intense peak on the gamma spectrum and therefore a
higher probability of detection and lower analytical uncertainties for the same counting
period and sample count rate.

Radionuclide energy (keV) I (peak intensity)  E (relative efficiency) Factor
228Ac 338 0.114 0.26 333
228Ac 911 0.277 0.08 45.3
212Pp 238 0.423 0.43 5.5

Table 2. Comparison of 15° x 15° box average inventories (full water column) of 226Ra (x
1013 atoms m-2) for samples collected on the GEOTRACES Atlantic section (2010-2011) and
the Transient Tracers in the Ocean cruises (1981-1986). Errors are the standard deviation
of values in each box. There was only one GEOTRACES station in box 3.

GEOTRACES Atlantic section Transient Tracers in the Ocean

10.7+£0.8 11.3+£0.6
10.6+£0.8 10.4+£0.6

(10.9) 10.4+0.3
10.4+0.4 10.9+0.9
10.8+0.3 11.1+0.6
11.6£0.5 11.6+0.8

Total 65.0+1.3 Total 65.7+1.6

Table 3. Comparison of box average upper ocean (0-1000 m) inventories of 228Ra (x 1010
atoms m-2) for samples collected on the GEOTRACES Atlantic section (2010-2011) and the
Transient Tracers in the Ocean cruises (1981-1986). Errors are the standard deviation of
values in each box. There was only one GEOTRACES station in box 3. The number in
parenthesis is inflated due to a deep component of high 228Ra Mediterranean Outflow
Water. Data are also shown in Figure 9.

GEOTRACES Atlantic section Transient Tracers in the Ocean

5.9+1.3 5.4+1.5
3.8+0.9 4.1+0.5

(4.6) 3.5+0.9
4.4+0.3 4.0£1.0
3.4+0.5 3.6+£0.8
2.5+£0.8 2.4+0.4

Total 24.6+1.9 Total 22.9+2.3
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Figures

~1500 L Large volume in-situ pump sample

142mm dia. filters

3. Particulate 234Th

51 pm — Direct beta count at sea
2nd beta count in lab after t>6 mo.

1um I

30 L Niskin bottle sample

1. Total 234Th
1st beta count at sea
2nd beta count in lab
after t>6 mo.

Yield by ICPMS

2. 225Ra

222Rn via alpha
scintillation

Mn
Cart.

4. Particulate 222Th
RaDeCC counting in lab

5. 223Ra’ 224Ra
RaDeCC counting at sea

6. Dissolved 228Th

Delayed Coincidence Counter for
22%Ra in lab at 3-4 weeks post
collection

7. Dissolved 227Ac
Delayed Coincidence Counter for
223Ra in lab at 2 mo. post collection

8. 228Ra, 226R3, diss. 234Th
Ash and gamma count in lab

Figure 1. Flow chart illustrating sample collection and processing procedures for Ra and Th
isotope determination on the GEOTRACES North Atlantic Zonal Transect cruises.
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Figure 2. Comparison of 228Ra determination by gamma counting using the 228Ac daughter

photopeak (338 or 911 keV) or 212Pb (238 keV) for station USGT10-1.
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Figure 3. Radium-226 distribution (dpm/100 L) along the USGT10 & USGT11 cruise tracks.
The left panels are the zonal transect while the right panels are the meridional transect.
Station numbers for USGT10 (yellow) and USGT11 (white) are shown along the illustrated
seafloor. All panels are overlain with silicate concentrations (uM; white contour lines and
labels) and the location of major water masses as reported in Jenkins et al. (2014). Water
mass abbreviations are as follows: North Atlantic Central Water (NACW), Atlantic
Equatorial Water (AEW), Labrador Sea Water (LSW), Antarctic Intermediate Water (AIW),
Upper Circumpolar Deep Water (UCDW), Iceland Scotland Overflow Water (ISOW),
Antarctic Bottom Water (AABW), and Mediterannean Outflow Water (MOW).
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Figure 4. Radium-226/silicate relationship for US GEOTRACES North Atlantic. The reported
Ra/Si ratios have units of 103dpm/mol. The solid line is the curve fit for all samples

(R2=0.89) while the dashed line is for only samples with silicate > 5 uM (R2=0.89).
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Figure 5. Radium-228 distribution (dpm/100 L) along the USGT10 & USGT11 cruise tracks.
The left panels are the zonal transect while the right panels are the meridional transect.

The upper panels are overlain with potential temperature (°C; white contour lines and
labels).
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Figure 6. Radium isotope distributions in the lower water column at station USGT11-16

(TAG hydrothermal plume). Panel (a) turbidity and potential temperature, (b) 226Ra and
228Ra, and (c) 223Raxs and 224Rags.
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Schmidt & Reyss (1996)
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Figure 7. Mediterranean Outflow Stations (USGT10-1 and USGT10-3) (a) salinity, (b) 22¢Ra,
(c) 228Ra, (d) fraction of MOW derived from the OMPA analysis of Jenkins et al. (2014), and
(e) 228Ra from MOW eddies in 1989 as reported by Schmidt and Reyss (1996). The core of

the MOW plume is indicated by the grey shading.
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Figure 8. Comparison of Ra isotopes at USGT11-8 with proximal GEOSECS and TTO

stations. Panel (a) shows density, (b) 226Ra, and (c) 228Ra. Error bars may be smaller than
the symbols in some cases.

29



Figure 9. Box average 0-1000 m inventories (15° x 15°) of 228Ra (x 101° atoms m-2) for
samples collected on the GEOTRACES Atlantic section (GT) (2010-2011) and the Transient
Tracers in the Ocean cruises (TTO) (1981-1986). Each solid black dot is a TTO station, each
red x is a GT station.
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Figure 10. Mauritanian Upwelling Zone station USGT10-9 (a) salinity/temperature, (b)
transmittance/dissolved oxygen, and (c) 223Raxs/228Ra/2?24Raxs. The transmittance is plotted
on a reverse scale so that high values indicate higher particle concentrations.
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Highlights for Charette et al. (2014)

-Benthic radium isotope fluxes are highest beneath the west African upwelling zone
-Mediterranean outflow transport rate of 0.5-0.8 cm/s quantified using 228Ra
-Enhanced 223Ra fluxes from Mid-Atlantic Ridge sediments

-Elevated radium isotopes observed in a neutrally buoyant hydrothermal plume

-Atlantic Ocean submarine groundwater discharge is at steady-state over 40 years
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