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1. Introduction

1.1 The relationship between carbon dioxide and global climate change

Natural variability of the global climate is also affected by human activities. These activities
strongly influenced the modern climate change, which are now large enough to exceed the
bounds of natural variability. The main source of global climate change is human-induced
changes in atmospheric composition (Karl and Trenberth, 2003).

Atmospheric carbon dioxide (CO,) is a “greenhouse” gas, gas that is transparent for
ultraviolet radiation (the one that arrives to Earth from the Sun) but absorbs infrared radiation
(radiation emitted from the Earth) causing the surface of the planet to warm. To maintain
normal surface temperatures, it is necessary to have a certain concentration of these gases in
the atmosphere (Rye et al., 1995). Atmospheric carbon dioxide emissions increased at a rate
of 2.8 petagrams of carbon per year (Pg C year !) during 1988 to 1992 (1 Pg = 10'° grams).
(Fan et al., 1998) The increase of the concentration of this “greenhouse gas” is from 317.66
ppmv in 1961 to 383.57 ppmv in 2007 (Keeling et al., 2008), like various scientific data
suggests, might be in fact the cause of increase in temperature (Houghton et al., 1990).

Global analysis shows that the biosphere systems absorb approximately about 60% of
anthropogenic fossil fuel emissions, partitioned between absorption by the oceans and storage
in terrestrial ecosystems (Quay et al., 1992; Le Quéré et al., 2007). These sinks are highly
variable and sensitive to climate but they are essential to understand these natural
mechanisms of CO, uptake that, at the same time, will give us a better comprehension about
forecast changes in atmospheric carbon dioxide related with temperature and we will be better
able to predict possible changes in the Earth’s climate.

1.2 The ocean carbon cycle

The ocean plays a crucial role in the climate system through thermohaline circulation, which
transfers warm water from the tropics to the polar regions, and it seems to be sensitive in
regards to the rate of change of atmospheric CO, concentrations (Stocker and Schmittner,
1997). In addition, oceans are a significant sink for anthropogenic carbon dioxide, taking up
about a third of the emissions arising from fossil-fuel use and tropical deforestation
(Siegenthaler and Sarmiento, 1993).

The carbon dioxide is permanently exchanged between the atmosphere and water through
the process called ‘diffusion’ to arrive to an equilibrium (Fig. 1). The final equilibrium between
the ocean and the atmosphere finds 70-83% of the fossil fuel release sequestered in the ocean
that will last for hundreds to thousands of years (Archer et al., 1998). Thus oceans are also
the main long-term sink for atmospheric carbon dioxide and play an important role in
controlling the rate at which carbon dioxide is increasing in the atmosphere.
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Approximately 93% of the carbon in the biosphere is located in the ocean (Feely et al,
2001). Phytoplankton converts carbon dioxide and water to carbohydrates and oxygen
through photosynthesis and these carbohydrates are then used by all forms of ocean life in
order to obtain energy. Thus, the CO, fixed in photosynthesis is transferred to the interior of
the ocean resulting in a temporary or permanent storage of carbon, keeping it outside of the
atmosphere for long periods of time. This process removes carbon from surface waters by
gravitational settling, diffusion, and active biotransport of organic carbon and inorganic carbon
(namely CaCOs) derived from biological production in the surface ocean and it is known as the
‘biological pump’.

A large part of the CO, taken up by phytoplankton is recycled near the surface while the rest
sinks into the deep waters. This part of photosynthetic carbon that settles in the deeper waters
is better known as “marine snow”. Marine snow, constituted by phytoplankton, bacteria and
detritus, is therefore important for the removal of particulate organic carbon (POC) from the
euphotic zone to the sediments or the deep ocean (Plougl et al., 1999). The study of flux of
POC could determine the efficiency of the biological pump, which in turn would give us more
information about the sequestration of carbon from the atmosphere into the deep ocean and
the enrichment of the seafloor.

The Figure 2 shows a schematic illustration of the role of the biologic pump in the oceans:
Phytoplankton synthesizes organic matter from dissolved carbon dioxide (CO,) and nutrients
using light as a source of energy. Some of the organic matter that is formed by the
phytoplankton settles or is transported below the surface ocean, past a depth of about 100 m
where light is sufficient for photosynthesis. Biological processes in the deep ocean consume the
organic matter and oxygen, eventually converting it back into dissolved carbon dioxide and
nutrients. The loop is closed by transport of these inorganic substances back into the surface
ocean (Sarmiento and Gruber, 2004).



%
[
[
L

LI TR T

L
L
1
I-LI

4

Dissolved CO4 Organic Matter
and Nutrients b PHYTOPLANKTON [; and Oxygen

.

SURFACE OCEAN

~100m—
DEEP OCEAN

TRANSPORT
SETTLING
AND TRANSPOR
|

3 BACTERIA :
Dissolved CO; : Organic Matter
and Nutrients d:' ZOOPLANKTON q and Oxygen

AEMINERALISATION
SIMKIMG

SEABED

Fig. 2: Simplified diagram of the principal components of the biological pump
(Adapted from Sarmiento and Gruber, 2004).

The estimation of the export flux of POC is necessary to understand the global carbon cycle,
and it could be done using nutrient balances in the euphotic zone (Ducklow et al., 2001) or
geochemical mass balance (Emerson et al., 1997). It can also be used sediment traps, which
are the only direct approach for collecting and measuring the vertical particulate flux (Burns
and Rosa, 1980; Honjo and Doherty, 1988), or a naturally occurring particle-reactive short-
lived radionuclide as a tracer of sinking particles (Cochran et al., 2000; Cochran and Masqué,
2003, Buesseler et al., 2006; Stewart et al., 2006 and 2007; Verdeny et al., 2008), but
Buesseler (1991) compared 2**Th flux estimates with sediment trap data, and concluded that
the radionuclide disequilibrium model (?*8U-23*Th approach) provided a more reliable way of
estimating vertical fluxes.



1.3 Disequilibrium of pairs of isotopes to study cycles of particles

The study of particle fluxes using radioactive tracers requires that the radioisotopes used as
tracers have specific characteristics, such as an affinity for particles, or particle reactivity, so
that they can track the progress of the particles along the water column. Besides, the half-life
of the radionuclide is an important parameter if we are interested in quantifying the particle
export fluxes. Indeed, the radionuclides are produced and decay at known rates, and so can be
used as ‘biological’ clocks, and can integrate changes in the water column over different time
scales depending on the tracer used, ranging from days (°°Y, Ty, = 64.3 h), to weeks (***Th,
T.2 = 24.1 d), to months (**°Po, Ty, = 138.4 d).

Good indirect estimates of POC export using radioactive tracers have been done studying the
disequilibrium within the natural radioactive decay series and the ratios between carbon and
the radionuclide, like 2**Th. In principle, radioactive isotope should be in secular equilibrium
with its progeny but, if the parent is soluble and its decay products are particle-reactive, then
they can be removed by uptake on particles and the reactive daughter nuclide will be deficient
in seawater, relative to the concentration it would have in radioactive equilibrium with its
parent. In these cases the equilibrium does not occur, which indicate exportation to deep
water (Livingston, 2004). The process can be described and quantified by reservoir models of
varying complexity. One of the simplest is the two-box model (Fig. 3), where the total activity
of the radionuclide of our interest is divided between two compartments, the dissolved and the
particulate phase (for further information see Matsumoto, 1975).
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Fig. 3: Schematic diagram of the cycling of a radioisotope in the ocean using a
two-box irreversible model. F refers to the father and D to the daughter
radionuclides. The figure shows a model of two boxes he first one represents
the daughter activity of the dissolved phase and the second one of the
particulate phase. Az and A, are the father and daughter decay constants,
respectively, k is the first order scavenging rate constant for uptake of
dissolved daughter onto particle surfaces, S accounts for the removal of
particles from water column and &’ is the removal constant rate, accounting
for removal of daughter onto sinking particles. (Adapted from Cochran and
Masqué, 2003)

Particle reactive nuclides with relatively short half-lives have been used as tools to determine
the export rate of particles from the euphotic zone to the deep ocean. Particle settling velocity
has been obtained directly from measurements of the 233U-23*Th and 2!°Pb-?'°Po disequilibrium
in salt water (Santschi et al., 1979; Kershaw et al., 1988). #**Th (T, = 24.1 d) and ?*°Po (T
= 138.4 d) are produced by in situ decay from their longer lived soluble parent, as it is the
case of U (T, = 4.5-10°y). ?!°Pb (T;, = 22.3 y), however, is particle reactive, but differs
from %°Po, which also becomes incorporated into the cells. Thus, %°Po is more efficiently
removed from surface waters than 2'°Pb (Bacon et al. 1988) In addition, their short half-life
makes them sensitive to seasonal changes in the processes of POC production and export
(Cochran and Masqué, 2003).



Recent studies like Stewart et al. (2007) and Verdeny et al. (2008) combine the use of these
two tracers to study the POC export. The water column profiles of 2**Th or ?'°Po provide
information on the processes that occurred previous to the sampling time. Depending on the
half-life of the radionuclide that one using the processes are integrated over different time
scales, of days to weeks for 2**Th, and months for ?'°Po. Therefore the combined use of these
two tracers gives a complementary and more robust approach to study the particle settling
along the water column (Cochran and Masqué, 2003).

1.3.1 POC flux estimates derived from radioisotopes

Buesseler et al. (1992) proposed an approach using the deficiency in total 2**Th with respect
to 28U. This difference indicates a flux of ***Th associated with particles sinking out of the
euphotic zone, and if the POC/>*Th of these sinking particles is known, a POC flux can be
calculated as follows:

_p, x2OC (1)

POC
234

flux

where Py, is the flux of 23*Th

The formula need to quantify Py, it is necessary to integrate **Th deficit as (Equation 2):

IS [//;'ThJ.(AU - Ap,)dz] (2)

As it is shown in Equation 1, the POC/?**Th ratio on sinking particles has to be estimated
hence, it is necessary to take particle samples from sediment traps or from the in situ pumps
besides the water samples. Doing this approach it is assumed that sinking biogenic particles are
the most important carriers of ***Th. The POC/?**Th ratio is usually obtained from particles
collected below the photic zone, considering them as representative of those being exported at
depth.

In a similar way it is possible estimate the POC flux with other pairs, like *!°Po-2°Pb (see
Verdeny et al. 2008) or 2°Y-2°Sr,

1.4 °°sr-?°Y disequilibrium

Strontium-90 (°°Sr) is a radioactive isotope of strontium, with a half-life of 29.1 years. When
it decays emits a beta particle, the average decay energy is 0.2 MeV and maximum decay
energy of 0.5 MeV. Its daughter, yttrium-90 (°°Y) (T;, =64.3h), is also a beta-emitter with
decay energy of 0.9 MeV of average decay energy and 2.3 MeV of maxim decay energy. °°Y
decays in °°Zr, a stable isotope. The decay diagram is showed in Fig. 4.
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Fig. 4: °°Sr decay chain. Type of emission, half-life, average decay
energy and maximum decay energy of °°Sr and its daughter (Choppin,
2001)

1.4.1 Sources of °°Sr

5r is one of the main anthropogenic radionuclides of environmental significance, together
with the *’Cs and 23°2*°pu, produced from nuclear fission of uranium and plutonium in nuclear
reactors and in nuclear weapons. For that reason is present in significant amount in spent
nuclear fuel and in radioactive waste from nuclear reactors and in nuclear fallout from
atmospheric nuclear weapons tests.

The main contribution to the global manmade-radiation environment has come from the
testing of nuclear weapons in the atmosphere (Livingston, 2004). The accident at the
Chernobyl nuclear power plant (April, 1986) also introduced a large amount of this
radionuclide in the environment but °°Sr is found in the environment principally for the widely
dispersion that it had from the 1950s until 1980 from the atmospheric testing of nuclear
weapons.

The first atomic bomb (called Trinity) was detonated by the United States in July 1945 in
New Mexico. This was the first atmospheric nuclear explosion of a total of 520 atmospheric
nuclear explosions (including 8 underwater) that took place between 1945 until 1980
(UNSCEAR, 1993).

The periods of intensive testing were in the years 1952-1954, 1957-1958 and 1961-1962
(UNSCEAR, 1993). In 1963 the Union of Soviet Socialist Republics, the United States and the
United Kingdom of Great Britain and Northern Ireland agreed to an atmospheric test-ban
treaty (Treaty Banning Nuclear Weapon Tests in the Atmosphere, in Outer Space and Under
the Water) according of the United Nations which would try to reduce or suppress the
production and testing of all kinds of weapons, including nuclear weapons, and in order to put
an end to the contamination of environment by radioactive substances.

The amount of °°Sr produced in all atmospheric nuclear tests to 1980 is around 733 PBq and
about 1.4 PBq of the °°Sr deposit was associated with Chernobyl accident. All this strontium
has been slowly decaying since then so, by 2000, the °°Sr deposit was about 245 PBq
(Livingston, 2004).
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Fig. 5: Schematic diagram of transfer mechanisms between atmospheric compartments (to right)
and the measured latitudinal fallout deposit of °°Sr (through 1990, to left) (Hamilton, 2001).

As is showed in Figure 5, the distribution of fallout is not the same in the two hemispheres.
These differences are basically due to the locations of the test sites. Between the hemispheres
the atmospheric exchange in the stratospheric layer is not too high and the majority of the
atmospheric nuclear weapons tests have been done on the Northern hemisphere, for that
reasons the amount of fallout in this hemisphere is remarkably bigger.

1.4.2 °°Sr in the oceans

About 70.8% of the Earth surface is covered by oceans, therefore constituting the largest
pool of the anthropogenic radionuclides. The inputs of these radionuclides can be directly from
the atmospheric deposition, indirectly through the rivers or discharged in the oceans as liquid
or solid waste.
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Different measurements of radionuclides in the oceans demonstrated that global fallout from
atmospheric nuclear weapons tests penetrated into the deep ocean but more studies are
required in order to obtain a consensus about the significance of °°Sr penetration into the deep
ocean or on the total oceanic inventory (Livingston, 2004).

Other important sources of artificial radioactivity in the marine environment include the
dumping of nuclear waste from research, medical or industrial activities, controlled effluent
discharges associated with nuclear fuel cycle and nuclear weapons production activities,
accidents and/or losses at sea involving nuclear materials, but the amount released by this
kind of sources are not always clear because lack information.

The observed activity concentration of °°Sr in surface waters of the Southern hemisphere is
much lower than those measured for northern latitudes. Regional anomalies are also identified
in association with discharges from reprocessing plants, upwelling and other oceanographic
processes (Livingston, 2004).

The total input from all sources of °°Sr to the world ocean has been 383 PBq (377 PBq from
global fallout, that includes the inventory on land removed by runoff (~9%), and 6.5 PBq from

reprocessing) (IAEA, 2005).

The inputs of °°Sr into the oceans from global fallout are synthesized in Table 1.

Table 1: Summary of %°Sr input to the world ocean from global fallout (PBq)

Latitude Arctic  Atlantic  Indian Pacific Total  Ocean area 107m”
Ocean Ocean Ocean Ocean
N 90=-50" 46 102 0.0 13 16.1 172
N 60°-30° 0.0 573 0.0 71.6 1289 46.8
N 30°-0° 0.0 308 133 658 1099 00.6
S Qe300 0.0 103 146 26.6 515 03.0
S 30°-60° 0.0 154 225 258 63.7 832
S 60°-00° 0.0 1.7 2.1 3 6.8 204
Total 4.6 125.7 525 194.1 376.9 i6l.1

Data source: IAEA, 2005

For the study of the distribution of radionuclides in seawater the International Atomic Energy
Agency (IAEA) made a report of a coordinated research project. The Figures 6 and 7, represent
the oceans and seas divided according to their latitude on the basis of known ocean current
systems, the location of nuclear test sites, the availability of recent data and, the probability of
a relatively uniform distribution of some radionuclides. The Table 2 shows the activity
concentration of °°Sr in surface waters of the world’s oceans and seas and the geographical
zone of the data is indicated with name of the water mass and with its corresponding
latitudinal box number shown in Figures 6 and 7.



11

stk -

a0 = = = _ . I =

L] 20 40 &0 80 100 120 140 1460 180 200 220 240 250 280 300 320 340 360
Longitude
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Fig. 7: Latitudinal boxes in the Atlantic Ocean (IAEA, 2005)
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Table 2: °°Sr in surface water of the world’s oceans and seas

Area Box Number of  Averaged value on 01.01 2000
No. data {mBg/L)
Box Areaxlo

North Pacific 1 3 13 14=02

2 31 16

3 3 14

4 13 15

5 5 11
Equatorial Pacific i 2 1.5 13+03

7 3 11
South Pacific 8 1 12 08=03

9 4 11

10 3 08

11 4 0.6

12 2 0.4
Antarctic 13 1 0.1 01
Sea of Japan 14 42 16 1603
Arabian Sea 15 15 10 10=02
Indian Ocean 16 7 11 1.1+02
Southern Ocean 17 12 07 07=04
Arctic 18 1 23 23

19
Barents Sea 20 7 19 1004
Baltic Sea 21 71 111 11129
North Sea 2 118 40 40x12
Irish Sea 3 14 49 40+ 83
English Channel 24 43 41 41x14
North N_ Atlantic 25 17 2.1 2109
Black Sea 26 15 17 17+ 6
Mediterranean Sea 27 15 ) 1.7+0.2
North Atlantic 28 17 12 1206
Central Atlantic 20 5 0.8 08=01
South Atlantic 30 2 0.4 04=02

Nommal Font: Standard deviation for area-averaged value
Italic Font: Standard deviation for box-averaged value

Data source: IAEA, 2005

The most appropriate places to carry out future work using the method of ?°Y/?°Sr to study
the particle cycling are seas with a high activity concentration of °°Sr like the Baltic Sea, the
Black Sea or the Irish Sea (see Table 2). Also, they are shallow seas, overall the Baltic Sea and
the Irish Sea, with low rates of water renovation, hence they have a high particle
concentration, with a range between 5mg/L and 55mg/L, (Kriztsov et al., 2008; Siegel et al.
2009) so, probably making it easier to observe disequilibrium between both radionuclides.

Collected samples for this project have been taken from the Mediterranean Sea, due to
proximity, and the Pacific Ocean, because we had the opportunity of participate in a cruise that
took place in the Eastern Tropical North Pacific, therefore, the inventories below are focused in
these areas.
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Mediterranean Sea

The Mediterranean Sea is the biggest interior sea of the world communicated with the
Atlantic Ocean through the Strait of Gibraltar. It is a concentration basin which means that the
amount of water evaporated is higher than the contributions of precipitation and runoff. That
negative balance makes that the salinity of the sea increase (37.5 g/L) and it becomes
superior to that of the Atlantic Ocean (36-36.5 g/L) (IAEA, 2005). This characteristic must be
taken in consideration to understand the water circulation of the sea.

Artificial radionuclide concentrations and inventories are highly variable in the Mediterranean
Sea, highest on the continental shelf and near river mouths and lowest in deep-sea
environments (IAEA, 2005), as a consequence of the land inputs carried by the runoff or the
controlled effluent discharges.

The major source of anthropogenic radionuclides to the Mediterranean Sea is fallout from
atmospheric weapons testing in the early sixties but, due to the proximity of the nuclear power
station of Chernobyl the fallout released from its accident was significant, but nowadays, as is
presented in the Table 3, °°Sr has decayed and the inventory due to the Chernobyl accident is,
in PBq, negligible.

Table 3: °°Sr inventories in the year 2000 in
the Arctic and Atlantic Oceans (PBq)

Latitade Global Local Repro- Chemobyl Subtotal
fallout fallout cessing

gy

N o0=-30° 28 8 0.0 30 0.0 327
N300" 123 0.0 0.0 0.0 123
S0-30°0 41 0.0 0.0 0.0 41
S30r00°F 68 0.0 0.0 0.0 0.8
TOTAL 521 0.0 30 0.0 56.0

Data source: IAEA, 2005

The mean activity concentration of °°Sr in the Mediterranean if of 1.7+0.2 Bg/m® (decay
corrected for 2000) (IAEA, 2005).

Pacific Ocean

The Pacific Ocean is the largest of the Earth’s oceanic divisions. It represents about 46% of
the Earth’s water surface. The latitudinal variation is so large that the rank of temperature,
salinity, and other water characteristics is very wide.

The major source of anthropogenic radionuclides in the Pacific Ocean and its marginal seas
can be traced to global and local fallout from nuclear weapons testing. The total amount of *°Sr
from global fallout is 605 PBq and about 113 PBq are inputs from local fallout due to the United
States Pacific tests (IAEA, 2005). The amounts of radionuclides introduced by other sources
are smaller.
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Fig. 8: °°Sr in surface water (1991-1995), decay-corrected to 01-01-2000, in
mBa/L (IAEA, 2005)

The activity concentrations of °°Sr show a relationship with latitude: the highest values of its
specific activity (1.8 mBg/L) are found in the North West of the Pacific Ocean (Fig. 8), and the
lowest concentrations reported by IAEA (2005) are found near to the Southern Ocean (0.4
mBq/L).

1.4.3 °°Sr-°Y disequilibrium to estimate the POC export

Strontium is a quasi conservative element in seawater, thus its distribution in the oceans is
determined by physical processes like mixing and diffusion. Strontium and calcium have similar
behaviors and both can be accumulated by organisms. The mechanism of accumulation could
be the precipitation as insoluble inorganic structures (in mollusks and corals) or retained in the
ion-exchange system (as in sea weeds) (Bowen, 1956). The microorganisms also assimilate
these elements, and Sr could substitute Ca from CaCOs in order to form SrCOs, but the fraction
of Sr that substitute Ca is small (2%-3%) (De Villiers, 1999).

Yttrium is a particle-reactive element, and thus it has a more rapid removal from the
surfaces due to its affinity for particles, and is removed with them as particles settle to deep
waters. This enables to use this pair of radionuclides to study the POC export from the upper
ocean. The short half-life of °°Y, of only 64.3 h, implies that it could be used to estimate daily
timescales of this export.

Orlandini et al. (2003) proved this proxy in freshwaters from the Savannah river where
concentrations of °°Sr are large enough to carry out studies of particle dynamics employing the
205r-0y disequilibrium.
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In this work we expand the measurement of radiogenic disequilibrium to a seawater system
under the hypothesis that the disequilibrium between °°Sr and its daughter °°Y can be used to
gather information about the export fluxes of POC in the oceans. We shall eventually compare
this data with the information obtained from other short-lived radionuclides like ***Th (Ty; =
24.1 d) and #'°Po (T, = 138.4 d), that are appropriate for a larger time scale.

In order to be able to carry out this final objective, first it is necessary to test a method to
separate °°Y from its father, °°Sr.
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2. Materials and methods

The quantification of the disequilibrium between °°Sr and its daughter (°°Y) requires that they
are concentrated and isolated from the sample.

Low activities make necessary to use large volume sample (of about 50-100 L). The
minimum detectable activity (MDA) had been calculated in order to know the sea water volume
that must be collected to ensure that we will be able to measure the activities of “°Sr and °°Y
with enough precision. The MDA for the beta counter used in this work (see below) is 8.3 mBgq,
while the average activity of ?°Sr in seawater is 1.4 mBq/L (calculated using the data from
IAEA (2005) decay-corrected to 01-01-2009). Sampling 10 L of water the sample will have an
activity of the same order of the MDA but this is the worst situation because if we have losses
during the procedure the activity will be below this limit, for that reason is important to collect
~100 L of seawater in order to be above the MDA at least by an order of magnitude.

These samples need to be concentrated to obtain detectable concentrations in small
volumes. Moreover, °°Y is a beta emitter, and therefore radiochemical analysis and purification
of the samples to eliminate the interference of other beta emitters as ***Th, must be carried
out to ensure that the measured activity comes only from °°Y.

The radiochemical protocol is shown in Figure 9, and was developed by adapting the method
used by Orlandini et al. (2003).

Separation of °°Y from the sample: First co-precipitation

Concentrated hydrochloric acid (HCI, PA grade) (~80 mL) is added and well stirred, and then
wait a few minutes before adding 2 mL of Y*2 carrier (1 mg/mL) and 2 mL of Fe*® (30
mg/mL)’. The sample is gently stirred for a few minutes, and then allowed to equilibrate for an
hour.

After 30 minutes the sample is neutralized with NH,OH or NH3 to pH 8.5. It will then form a
precipitate of iron hydroxide, Fe(OH)s;, and °°Y will co-precipitate. The precipitate is left to
settle from 1-2 hours before filtering.

Filtration and dissolution of the iron-precipitate

The iron precipitate is filtrated through GF/F filters (Schleicher & Schill) 142mm, 8um of
porous diameter, using a peristaltic pump. The filtered sample is stored for 15 days, the time
necessary to have °°Sr and °°Y in equilibrium for a later measurement of °°Y to get the activity
concentration of its father.

The iron hydroxide from the filter must be dissolved with 20mL 8M HNOs. Aliquots are taken
to assess losses through the process by measuring stable Y by Inductive Coupled Plasma Optic
Emission Spectrometry (ICP-OES).

! 145.29g FeCl5-6H,0 up to 1L in deionized water
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Purification: Ion-exchange columns

Anion column AG 1-X8

The 20mL of sample are transferred to an anion column consisting of 3.5mL BIORAD AG1-X8
resin (100-200 mesh). The column has been pre-conditioned with 10mL of 8M HNOs;. This
column retains thorium, and yttrium is elutes in 8M HNOs. To ensure that all the yttrium is
eluted, the column is washed with additional ~20mL 8M HNOs (in four rinses). The eluted
solution (yttrium fraction in 8M HNOs) is collected in a Teflon beaker and heated to state of
dryness.

Cation column AG 50W-X8

The yttrium fraction is dissolved in 20mL of 1M HCI and transferred to a cation column of
3mL BIORAD AG 50W-X8 (100-200 mesh) resin, preconditioned with 10mL of 1M HCI. The
resin retains the yttrium while Sr, Fe, or Ca are eluted. Then, the column is washed with 80 mL
1M HCI in various rinses. Yttrium is eluted adding 30mL of 6M HCI in three rinses. This fraction
is saved and an aliquot is collected to determine the chemical recovery.

Recovering the °°Y. Last co-precipitation
Next, 1.8mg of Fe*? is added to the Y fraction, and NH4OH or NH; to raise the pH to 8.5 and
makes Fe(OH);. The precipitate was filtered through a 25 mm diameter Whatman (cellulose

nitrate) 0.45um.

Finally, the filter is dried and placed on a beta holder, covered with a plastic foil for a beta
counting using a gas-flow proportional beta counter.
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Fig. 9: Radiochemical protocol to purify yttrium from seawater samples.
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2.1 Testing the method (I): Mediterranean samples

To test this procedure, several samples of 50 L of pre-filtered surface seawater were
collected from the Aquarium of Barcelona.

The procedure employed to do this samples was different from the former, which has been
explained above because at the beginning we have used different quantities of reactive,
tracers or resins in order to test and improve the procedure.

After some tests, we proved that the volume of hydrochloric acid used to acidify the sample
could be reduced from 500mL to 80mL. The volume of iron added at the end for the last
precipitation of the yttrium has been tested too, and it has been reduced from 500ul to 60ul.
The amount of iron added was therefore a compromise between being sufficient to scavenge
the yttrium and small enough to obtain a reproducible geometry for determination in the beta
counter. This last constrain is based on the fact that if the iron precipitate forms a thick layer
when filtered, the beta emission are self-absorbed before they can be detected.

Fifteen days later the procedure was repeated with the filtrated water that we had saved
from the first filtration to calculate the activity of °°Sr by means of the measurement of °°Y
produced by ingrowth from °Sr.

With these tests we proved the method in order to be able to isolate and measure the
yttrium with good recoveries, and we also improved the initial method thinking in the future
applications.

2.2 Testing the method (II): GoCAL4 cruise, oceanographic campaign in the
Gulf of California

The GoCAL4 cruise took place from the 10 of July to the 8™ of August of 2008, within the
framework of the project “Nitrogen Fixation and its Coupling with Denitrification in the Eastern
Tropical North Pacific (GoCal)” (National Science Foundation, USA), co-leaded by Fred Prahl,
Brian Popp and Claudia Benitez-Nelson. The main objective of this project was to study the
organisms that fix atmospheric nitrogen gas (N,) converting it into bioavailable forms (NH**,
NO* and NO) and its consequences into the particulate flux in this area. These organisms can
increase the primary production and the exported carbon flux, and one of the main objectives
of the project is to better understand the processes that regulate the capacity of the oceans to
absorb COy

Our contribution to this project consisted on using the natural radionuclides ?**Th/**®U and
210pg/21%h to study the export fluxes and remineralization of organic carbon and nitrogen
along the water column. This was a very suitable opportunity to test the °°Y/°°Sr method that
we had been developing in the laboratory.
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2.2.1 Study area

The GoCAL4 cruise was carried out in the Gulf of California (also known as the Mar de
Cortés) and the adjacent waters of the eastern tropical North Pacific (Fig.10). The Gulf of
California is a mass of water that separates the Baja California Peninsula from the Mexican
mainland. It is unique because this area has been detected as one of the highest in primary
productivity in the world oceans (Bustos-Serrano, 2006).

Fig.10: Gulf of California

The main objective of this cruise was to study the nitrogen fixation and its coupling with
denitrification and this area was interesting for its rich biological productivity and also, because
these waters are subjected to the inflow of denitrified (N poor) waters from the subtropical
Pacific during the summer, when thermally stratified waters promote high rates of N, fixation
(Benitez-Nelson, Annual Report, 2008).

During the GoCAL4 cruise 7 stations were occupied (Fig. 11). The samples to study the
disequilibrium between °°Sr and °°Y were collected of the 20.5°N 106.5°W.

120 W 114" W 108" W 102" W
. +
32°N
28"N
24" N
20N

Fig. 11: Study area with the 7 stations. The circle
corresponds to the station where water to study
90y/%0Sr disequilibrium was sampled.



21

2.2.2 Sampling

To obtain the water samples we used a CTD rossette equipped with
24 Niskin bottles (Fig. 12). The CTD is a sensor which provides
information on chlorophyll a, temperature and density, as well as
salinity and transmissivity. This equipment is deployed to the sea and
descends to a depth of approximately 1000m), picking up data from
the water column, which gives the results in the computer.

Having the profile of the different characteristics from the water
column, we chose the depths where we wanted to pick up samples.
The equipment must be programmed in this manner, as it is going
up, the Niskin bottles, of ~10L each, are closed at the particular

depths and collect the water. Fig. 12: CTD rossette
equipped with 24 Niskin
bottles.

To study the °°Sr/°°Y disequilibrium it was necessary to use
large volumes of sample (50-100L). For that reason we
decided to divide the 24 Niskin bottles into three groups, 8
bottles per group. Each group was used to sample water from
one depth (Fig. 13; Table 4). Thus, to obtain a profile of 6
depths, it was necessary to cast the CTD rosette with the
Niskin bottles twice. The depths for each sample are shown in
Table 4.

Fig. 13: Sampling barrel

Table 4: Sampling data

ID sample | Cast | # Bottles | Depth (m)
Y1 1 1-8 130
Y2 1 9-16 100
Y3 1 17-24 70
Y4 2 1-8 40
Y5 2 9-16 20
Y6 2 17-24 5

Fig. 14: Filtering the iron precipitate

The water samples for our study were collected and processed (Fig. 14) using the iron co-
precipitation method, further explained in the Materials and Methods section, and they were
directly counted using a gas-flow proportional beta counter. After 15 days we repeated the
procedure to estimate the quantity of strontium in the samples.

At the radiochemistry laboratory of the Grup de Fisica de les Radiacions (LRA) of the
Universitat Autonoma de Barcelona (UAB) we continued counting the samples to be sure that
we only detect counts of the background (all the °°Y must be decayed). The aliquots collected
along the procedure were analyzed in the Servei d’Analisi Quimica (SAQ) of the UAB, using
ICP-OES, to know the chemical recovery.
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2.3 Beta counting and decay corrections

Counting the beta emission has to be done instead of measurement by mass spectrometry
because atom abundances of °°Y is not sufficient to permit this kind of measurement.

The beta counter detects charged particles that arrive at the gas and ionize it generating a
pulse. All the betas emitted from the samples can be a possible pulse because the beta
counting does not discriminate beta measurements. This point has to be considered in order to
evaluate the activity of a sample and also, the possible biases induced from the self-absorption
(Rutgers van der Loeff et al., 2006).

After the co-precipitation with Fe(OH); and the subsequent purification steps via ion
exchange columns, all of the beta activity in the sample must be derived from °°Y decay but,
as beta counting is not isotopic specific, the possible contribution of other beta emitters (like
24Th) must be considered. For that reason, it is important that samples are counted
repeatedly at regular intervals in order to confirm that decay rates of °°Y follows the 64h half-
life. °°Y has a very short half-life so, the purification process should be done in the minimum
time possible and the repeated counting is especially important soon after collection.

The background was obtained measuring samples from the GoCAL4 cruise when all the °°Y
had been decayed. The value obtained was 0.31+0.06 cpm. In the sea we used an empty filter
to measure it. Due to the timing, it was not possible to obtain a background from samples
once °°Y had decayed and strontium samples were not measured on the sea. The strontium
samples were measured at UAB, once decayed. After comparing both backgrounds, a slight
increase of counts over the background measured at UAB was observed. Considering that, we
did a quotient between the background measured in the sea and the ones measured at UAB,
then, the background counts measured in the sea were multiplied by this value to make better
background corrections.

During the counting process, the °Y decays. It has a half-life of the same order of
measurement, so we have to calculate its activity according to the date of separation from its
father as usual but, also, considering the time of measurement. The decay correction that
must be done, including the correction for the measurement time and for the elapsed time
between °°Y/*°Sr separation and the beginning of the measurement, is presented below in the
equation 3:

A (N,=N,)-Ln2 72 1
‘;"2'% Yield -€-V (3)
Ty | 1—e
N N )
Measurement Decay
correction correction
Where:

N; are the counts of the sample t is the elapsed time between
Ng are the counts of the 90y/05r  separation and the
background beginning of the measurement
T1/2v is °°Y half-life Yield is the chemical recovery
tm is the time of the € is the efficiency of detection

measurement V is the volume of sample.
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The detection efficiency of the beta counter obtained for °°Y was checked to be about 50%
(pers. com. Maria Villa), similarly to what is obtained for other beta emitters with the same or
higher decay energies.

2.4 Chemical recoveries

High chemical recoveries are necessary to be sure that we can detect the activity of yttrium
by beta counting and to estimate the losses along the process. With this purpose a spike of
stable Y was done in the samples. The volume added of this tracer was 2 mL of solution with a
concentration of 1 mg/mL of Y*2,

During the process several aliquots had been taken and they have been measured at the
SAQ by ICP-OES. The data obtained from these measurements have been used to calculate the
recovery of the °°Y extraction that will be used to calculate the activity of the samples and the
uncertainty of the results. The volume of the aliquots depends on the concentration of tracer
that we have in the sample, assuming a 50% recovery, in order to collect aliquots that were
above the detection limit of the ICP-OES of 1 ppm. Based on laboratory experiments, recovery
of °°Y on the GF/F filters was always greater than 90% (pers. com. Maria Villa).

In addition, some filters have been re-dissolved into 8M HNOs to recover the stable yttrium
and measured it by ICP-OES in order to compare these results with the ones from the aliquots.
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3. Results

3.1 Mediterranean samples

In order to confirm that the decay rate follows the half-life of °°Y the samples were counted
repeatedly at regular intervals. An example is shown in Figure 15 which represents the cpm’s
of different samples that have been measured for 16 days, and we can see how the activity
decays exponentially during the counting period.

18
16 & Y= 2210360719y = 16,7456
14 A‘i.“. R® = 0,984 R? = 0,979
121 % “&.( y=14,473e02532  y = 14,199¢ 0252
& 10 A A R® = 0,9723 R? = 0,9646
£ s
o
6 -
4 -
2 4
0
1 3 5 7 9 11 13 15 17

Elapsed time (days)

Fig. 15: °°Y exponential decay during the measuring time from several samples

To calculate the decay rate, the data must be corrected considering that °°Y has a half-life of
the same order that the elapsed time of the counting, as in equation 4:

(N, =N,)-Ln2 1 )

A= .
’;’ﬂ Yield -€-V
Ty | 1—e

Figure 16 represents the decay during the counting time (t,, = 192 h) of a sample with the
corrections done. The half-life obtained indicates that we are effectively measuring °Y.
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Fig. 16: °°Y decay during the measuring time

3.2 GoCAL4 samples

The data of the °°Sr and °°Y activity profiles collected from the Gulf of California are given in
Table 6. The samples were measured in 15 minutes cycles for almost one complete day (see
Table 5). In order to calculate the activity of the samples it was necessary to use the equation
3. The sample volume was ~80L and the efficiency of counting was 50%. The chemical
recovery was obtained from the aliquot collected after passing the sample through the second

column.

Table 5: Information about timing during the procedure

] Measuring start Measuring finish Total measuring
ID | Separation date date date time
Y1
Y2 19-7-08 1:15 22-jul-08 4:18 23-jul-08 2:46 22h 27min
Y3
Y4
Y5 20-7-08 15:00 24-jul-08 18:46 25-jul-08 14:55 20h 9 min
Y6
Table 6: Activities of °°Y and °°Sr for different depths and recoveries
Depths Ny Ogy
ID ) A Bg/m?) Recovery A (Bg/md) Recovery
Y1 130 1.0 =+ 15 0.300 + 0.003 0.2 £+ 0.1 | 0.284 £0.003
Y2 100 1.0 = 1.0 0.294 + 0.003 0.1 = 0.1 | 0.371 £0.004
Y3 70 1.0 + 1.3 0.137 £ 0.001 0.2 * 0.2 | 0.354 £0.004
Y4 40 13 = 1.2 0.385 +£ 0.004 0.1 = 0.2 | 0.140 £0.001
Y5 20 11 + 0.75 | 0.418+0.004 | 0.08 + 0.1 | 0.453 +£0.005
Y6 5 1.0 + 1.0 0.437 £ 0.004 0.1 £+ 0.1 | 0.449 £0.004
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4. Discussion

4.1 Procedures

Large sample volumes have to be used due to the low activities of °°Sr in the oceans. This
makes the sampling difficult as well as the subsequent procedure of precipitation and
separation of °°Y from the water, which takes a long time. In order to reduce the processing
time, instead of evaporating the sample after the first column, we make an iron precipitate and
we filter it. Then, we only need to dissolve the precipitate with the desired acid and molarity
and transfer the sample to the second column.

In relation with timing, another problem often arose when filtering the Fe(OH); precipitate
from the 80 L initial sample and the filters sometimes were clogged, the flux decreased and
then the filter needed to be exchanged, to save time during filtration. Additionally, the working
conditions were far from being the best: on a cruise the boat moves, we sometimes needed to
work overnight with little light and the wind was usually blowing strongly, so that the
processing of the filters was not easy.

Another point that must be considered is the pH for the Fe(OH); precipitation. If it exceeds
8.5 then we will obtain a precipitate with a lighter color and it will be very difficult to filtrate.
Also, some results suggest that with these precipitates the recoveries are lower. More tests
need to be done to estimate the influence of the pH on the final recoveries and on the filtering
time.

4.2 Results
4.2.1 Mediterranean samples
Our results proved that °°Y can be isolate from seawater samples using the iron co-
precipitation as shown in Figure 16, where the half-life obtained from several samples are in

accordance to the theoretical value (°°Y, T, = 64.3 h).

Another point to emphasize is the recoveries, which have been always greater than 90%
(pers. com. Maria Villa).

4.2.2 GoCAL4 samples
4.2.2.1 Counting, Recoveries and Corrections
Counting

During the cruise the time available for measuring was limited, compromised by the amount
of samples to be measured and the long measuring times, that °°Y samples shared with 2**Th
samples that were being collected in parallel and also being measured in the beta counter.
Therefore, for °°Y determination the counting was done for ~24 hours, performed in cycles of
15 minutes each in order to maximize the number of cycles. This way we could then group the
cycles the most convenient way to obtain more counts and reduce the uncertainty to
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determine the activity of the sample. In ideal conditions one would be interested in counting
the sample for as long as possible, i.e. over a week, in cycles of 60 min.

Once in the laboratory the tests were done in cycles of 60 minutes because we had more
available time. With more minutes of counting for each cycle we obtain higher number of
counts which means that the uncertainty is lower and we also can aggregate the data if it is
necessary.

Recoveries

The losses during the analytical procedure were assessed by determining the recovery of the
process. Stable Y, Y?*, was added at the beginning of the analysis for that purpose, and the
measured recovery was associated to be the same as for °°Y, because they are the same
element and should behave similarly. Thus, an aliquot was taken at the end of the purification
procedure to be measured at SAQ laboratory once back to UAB.

A second determination of the analytical losses was done after all the beta countings
necessary to determine the °°Y activity were carried out, i.e. after at least 2-3 weeks when the
%%y had decayed away. Then the filters were dissolved to have all the yttrium in solution and
an aliquot was taken and measured by ICP-OES.

The recoveries obtained for the °°Sr (Table 6) have been corrected because it has been
calculated that 7% of the stable yttrium added to trace was not retained in the filter and
remained in the strontium beaker, which would generate an over-estimation in case of not
being corrected.

The results are not too high but considering that was the first time that this experiment was
carried out at sea, and knowing the technical difficulties that took place, I think that the results
could be valued positively.

4.2.2.2 Profile

In Figure 17 is shown the profile obtained for total activities for °°Sr and °°Y over the upper
130 m of the water column. We can see that it does not show a clear difference between
activities of both radionuclides, indicating none disequilibrium between both radionuclides. If
these results are compared with the ones obtained by using other POC proxies (***Th and
21%p0) we could see that they do not estimate a high export flux of particles. Effectively, POC
export fluxes from the upper 150 m obtained using both drifting sediment traps and ***Th/?*%U
disequilibrium estimate a flux of 1 to 2 mmol POC m™ d™*. These low fluxes are consistent with
the observed little to no deficit of °°Y relative to in the upper waters.
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Fig. 17: Activity profile for °°Sr
and °Y over the upper 130 m of
the water column.

Very little is known about the chemistry of yttrium and more studies are needed but its kg,
representing its affinity for particles, seems to be lower than for Th (pers. com. J. Waples). For
that reason, with low particle fluxes it will probably be difficult to see °°Y/?°Sr disequilibrium.
The results suggest that the application of °°Y/°°Sr disequilibria to estimate POC export fluxes
is more suitable in higher flux environments. Further work is needed to confirm this
hypothesis.

4.3 Modifications and future applications

We want to continue with the improvement of this procedure and studying the potentially
valuable tool for examining short-lived episodic particle export events in marine systems that
90y /°°Sr disequilibrium could be, due to the short half-life of °°Y of only 64.3 h.

To reduce the processing time we are trying different strategies. The easiest one is to make
a precipitate after the first column and filter it instead of evaporate the sample to dryness.
Moreover, more test are required but, probably, it can be used an acrylic fiber instead of GF/F
filters. With the fibers we only need to prepare all the retention mechanism and then we can
leave it working. In addition, if the fibers are impregnated with manganese oxide (MnQ,), they
could be used to isolate other radioisotopes of our interest, like actinium or radium, as these
elements are scavenged by MnQO,. Thus, different radionuclides from the same sample could be
studied at the same time. More testes have to be done in terms to be sure that it works with a
good efficiency of extraction and giving better recoveries.
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Moreover, in order to avoid overestimates due to the residual yttrium that has not been
dragged by the iron hydroxide fifteen days before, the determination of °°Sr could be done
extracting it from the water sample by carbonate precipitation or by oxalate extraction (La
Rosa et al., 2001; Liong Wee Kwong et al., 2001)

Soon, during three cruises® that will take place this year (2009), we will study the
disequilibrium between °°Sr/°°Y in the water column and also, we will collect particle samples
from sediments traps and in situ filtration pumps to estimate the yttrium in particles and
calculate the ratio POC/°°Y. All these information will be compared with the data given for the
other POC proxies, 2**Th and 2!°Po. The combination of these different tracers is a potential
tool that should be used for the determination of the particle dynamics in marine systems over
timescales of days (°°Y, T, = 64.3 h), weeks (***Th, T;, = 24.1 d) and months (*°Po, T, =
138.4 d) to improve our understanding of particle dynamics.

Future applications of this method must be done in areas with a high concentration of °°Sr
due to the controlled effluent discharges associated with nuclear fuel cycle accidents, losses in
the sea and the dumping of nuclear waste (basically from the Shellafield plant) and with low
renovation rate of the waters what makes that the amount of particles were high too.
Considering this, the Irish or the Baltic Seas could be interesting zones to assay the method
and try to learn more about the Y behaviour in relation with particles.

2 FAMOSO is a Spanish Project funded by the Ministerio de Ciencia y Tecnologia that will take place in the NW
Mediterranean. The overall objective is to determine the fate of the organic matter of the open sea spring bloom. This
project encompasses 3 sampling cruises in 2009, the first one will take place during the bloom (from 6 of February to
23 of March), the second one after the bloom (from 29 of April to 8 of May) and thirst one at the end of the
stratification period (from 14 to 21 of September).
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5. Conclusions

Although a great deal is known about the carbon cycle, the scientific community is still
limited in its ability to make confident predictions about the likely response of the carbon cycle
to global environmental change. Oceanic circulation is one of the key processes that control
our climate and the use of radionuclides as tracers for oceanic processes could be a useful and
valuable tool to study the oceanic particle flux, like has been well demonstrated.

A lot of work needs to be done in order to understand better the behavior of Y in sea water.
This project is only the first step for the possible application of °°Y as a new POC proxy. We
have to do some tests in places with a higher activity concentration of °°Sr and also with much
particle concentration, like the Irish or the Baltic Sea, and it is also important to analyze the
%Y from the particles in order to calculate the ratio POC/°°Y, which should be representative of
the particles leaving the upper water column, using sediment taps and in situ filtration pumps.

From our point of view, °°Y could be a useful tracer of the particle export that takes place in
a short time scale (e.g. eddies or storms) and, unlike ***Th and 2!°Po, it can give us
information about the particle flux of determined moments, integrating a time scale of only a
few days, or even hours, while the other POC proxies estimated the flux for long periods of
time. Therefore, in order to improve our knowledge about POC fluxes in the upper ocean, for
future studies we promote the use of °°Sr-°°Y coupled with 2!°Pb-2°Po and 234U-***Th has a
proxy in seawater and particle samples because we will be able to integrate a wide timescales:
days (°°Y, Ty, = 64.3 h), weeks (***Th, T, = 24.1 d) and months (**°Po, T,, = 138.4 d).
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