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issolution du matériel particulaire de rivière dans l’eau de mer et ses implications pour

s cycles globaux des éléments
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A B S T R A C T

The total mass of material globally transported to the oceans as particulate material is as much

as 30 times greater that transported to the oceans in dissolved form. The degree to which

riverine transported particles impact ocean chemistry and influence global elemental cycles

depends on the reactivity of this particulate material in seawater and the relative

concentration of each element. The concentrations of elements in particulate material

relative to those of seawater range from less than 1 for soluble elements such as Na, to more

than 107 for insoluble elements such as Al, Fe, and the Rare Earths. The reactivity of particulate

material in seawater is difficult to assess directly because this fluid is saturated or

supersaturated with respect to numerous elements. As such, element release from the

particulate material is commonly matched by precipitation of secondary phases. The rates of

element release can, however, be quantified by monitoring the isotopic evolution of seawater

during its reaction with a variety of particulate material samples collected from rivers

throughout the world. This research focuses on the behavior of Sr and Nd, representative of the

most and least soluble elements transported to the oceans. Batch experiments demonstrate

that between 0.15 and 27% of Sr is liberated from volcanic and continental particulates when

interacted with seawater over 6 months. Similarly, from 1.5 to 8.5% of Nd is liberated from

volcanic sediments over this timespan. This observed elemental release rate from riverine

particulate material has important consequences for: (1) chemical and isotopic mass balances

in theocean; and (2) the application of theisotopicweathering proxiesto the geological record.

� 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

La masse totale de matériel globalement transportée vers les océans sous forme

particulaire est 30 fois supérieure à celle qui est transportée sous forme dissoute. Le degré

selon lequel le transport particulaire impacte la chimie de l’océan et influence les cycles

élémentaires globaux, dépend de la réactivité de ce matériel particulaire dans l’eau de mer

et de la concentration relative de chaque élément. Les concentrations des éléments dans le
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. Introduction and background

A critical aspect of the global cycles of the elements is
e transfer of material from the continents to the oceans.

ecent estimates of the total mass transferred from the
ontinents to the oceans via various processes are shown in
ig. 1. This mass transfer is dominated by particulate
aterial transported by rivers as bedload and suspended
aterial; these estimates suggest that this particulate flux

xceeds by a factor of �20 the combined mass fluxes of the
issolved riverine load and atmospheric dust (Gaillardet
t al., 2003; Jickells et al., 2005; Walling, 2006). The role of
articulate fluxes to the oceans has received increased
ecent interest because these fluxes are strongly sensitive

 climate changes (Gislason et al., 2009) and anthropo-
enic influences (Syvitski et al., 2005; Walling, 2006). If
nly 5% of the riverine transported particulate material
issolves after its arrival in the oceans, it will dominate the
hemical evolution of seawater as well as the feedback
etween continental weathering and climate (Gislason
t al., 2006).

The degree to which particulate material dissolution
ill influence the composition of each element in the

cean varies strongly among the elements. The ratio of the
oncentration of selected elements in riverine transported
uspended material to their concentration in seawater is
hown in Fig. 2. The relative concentration of the elements
aries by over nine orders of magnitude. Soluble elements
ke Br and Na are more concentrated in seawater than in
iver-transported suspended material. In contrast, insolu-
le elements, including Al, Fe, and the Rare Earths are more
an seven orders of magnitude more concentrated in

uspended particulate material than in seawater. It follows
at just a small quantity of seawater-particulate material
teraction could lead to large changes in the isotopic

omposition of the insoluble elements such as Fe and Nd,
ut would negligibly alter the corresponding compositions
f soluble elements such as Br.

As riverine particulate material is comprised of a
umber of different phases, each having distinct dissolu-
on rates and saturation states (e.g. Schott and Oelkers,

material may vary widely from element to element. This
manuscript assesses this possibility by comparing recent
results of two extreme examples: Sr and Nd. Strontium is a
soluble element whose average concentration in riverine
transported suspended material exceeds that of seawater
by only a factor of 23. Moreover, the total flux of Sr to the
oceans by dissolved riverine transport is approximately
equal to the flux brought to the oceans within particulate
material (e.g. Oelkers et al., 2011). Strontium transport to
the oceans is of high current interest due to the observation
that the present-day isotopic composition of the ocean is
inconsistent with the relative contributions of the global
dissolved riverine Sr flux and that inputted to the oceans at
mid-ocean ridges (e.g. Allègre et al., 2010; Davis et al.,
2003; Jeandel et al., 2011; Jones et al., 2012b; Palmer and
Edmond, 1989; Vance et al., 2009). In contrast, Nd is an
insoluble element; its average concentration in riverine

matériel particulaire comparées à celles dans l’eau de mer sont comprises entre inférieures à

1 pour les éléments solubles tels Na à plus de 107 pour les éléments insolubles tels Al, Fe et

les terres rares. La réactivité du matériel particulaire dans l’eau de mer est difficile à

apprécier, du fait que ce fluide est saturé ou sursaturé par rapport à de nombreux éléments.

Ainsi, la libération d’un élément à partir du matériel particulaire est généralement mise en

relation avec la précipitation de phases secondaires. Les taux d’éléments libérés peuvent

néanmoins être quantifiés, par contrôle de l’évolution isotopique de l’eau de mer pendant sa

réaction avec des échantillons de matériel particulaire variés recueillis dans les rivières à

travers le monde. La recherche ici présentée est focalisée sur le comportement de Sr et de Nd,

représentatifs des éléments les plus solubles et les moins solubles, transportés vers les

océans. Des expériences « batch » démontrent qu’entre 0,15 et 27 % de Sr sont libérés à partir

de particules continentales et volcaniques, quand il y a interaction avec l’eau de mer sur six

mois. De même, 1,5 à 8,5 % de Nd sont libérés à partir de sédiments volcaniques pour cette

tranche de temps. Le taux observé de libération des éléments à partir du matériel

particulaire de rivière a d’importantes conséquences pour : (1) les bilans massiques

chimiques et isotopiques; et (2) l’application d’analogues isotopiques d’altération aux

archives géologiques.

� 2012 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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Fig. 1. Estimates of total mass of material transported from the

continents to the oceans by selected processes.

Fig. 1. Estimation de la masse totale de matériel transporté des
ontinents aux océans par des processus sélectionnés.
995; Schott et al., 2009), the release rates from particulate c
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nsported suspended material exceeds that of seawater
 nearly seven orders of magnitude. Because of its
latively short residence time in the oceans, Nd isotopic
tios are commonly used as a tracer of paleocirculation
d weathering (Burton et al., 1997; Frank, 2002).

2. Review of experimental results and discussion

The role that riverine transported material plays on the
global cycles of the elements depends greatly on its
dissolution rate in seawater. Quantifying particulate
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. 2. Ratio of global suspended river-transported particulates to seawater concentration of selected elements. The suspended material data composition

s taken from Viers et al. (2009) whereas the composition of seawater was taken from Turekian (1968).

. 2. Rapport entre le volume global de particules transportées en suspension par les rivières et la concentration de l’eau de mer en éléments sélectionnés.
composition du matériel en suspension est issue de Viers et al. (2009), tandis que la composition de l’eau de mer est issue de Turekian (1968).
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aterial/seawater interaction is challenging because the
hemical composition of many elements in seawater is
uffered by the saturation or supersaturation of a large
umber of potentially precipitating secondary phases.
ecause the release of elements into seawater by particu-
te material dissolution likely provokes secondary phase
recipitation, elemental concentrations may be relatively
nchanged in seawater by particulate material dissolution.
his coupling of particulate dissolution and secondary
ineral precipitation is commonly observed in ocean shelf

ediments (e.g. Aller et al., 1996; McKee et al., 2004). One
ay to quantify the degree of particulate dissolution in

eawater independent of the effects of secondary phase
recipitation is through the use of stable isotope composi-
ons as a tracer of particulate seawater interaction (e.g.
rsouze et al., 2009; Jeandel et al., 1998; Jones et al., 2012a;
acan and Jeandel, 2001, 2005; Wimpenny et al., 2010).

This approach has been adopted to determine elemen-
l release rates from riverine transported particulate
aterial via batch experiments. In each experiment,

nown quantities of particulate material and seawater
ith known compositions) were placed in closed-system

eactors (e.g. Gherbi et al., 2010). The fluid phase was
egularly sampled and analyzed for both total element
oncentration and the isotopic ratio of selected elements.
s mentioned above, secondary minerals likely precipitat-
d during these experiments, as seawater is saturated or
upersaturated with a large number of phases. As such, it is

possible to determine unambiguously the degree to
hich each element was released from the particulate
aterial from total element concentrations. If, however, it

an be assumed that there is no isotopic fractionation of an
lement during dissolution and/or precipitation (as is the
ase for the radiogenic Sr and Nd isotope systems),

e mass of an element transferred from the particulate
hase to seawater during dissolution in a closed-system
eactor can be calculated from:

i;solid ¼
mi;sw Ri;sw � Ri; fluid

� �

Ri; fluid � Ri;solid

here mi,sw and mi,solid denote the mass of the ith element
ontained in original seawater and that released from the
olids, respectively. Ri,fluid, Ri,solid, and Ri,sw denote the
otopic ratio of the ith element in the reacted seawater

ample, original particulate material, and original seawa-
r, respectively (Jones et al., 2012a). The percentage of

ach element released from the particulate material during
ach experiment is calculated by dividing mi,solid from the
tal mass of the ith element present in the original solid.

The rate of Nd release during three laboratory batch
xperiments, to be reported by Pearce et al. (in prepara-
on), are shown in Fig. 3. In each of these batch
xperiments, 30 g of particulate material was added to
30 kg of seawater. This large volume of seawater is

equired for Nd isotope ratio measurements. The three
articulate materials considered were:

 a bedload sand collected from the base of the Hvı́tá river
(West Iceland);

� an estuarine sand collected from the Borgarfjörður
estuary (West Iceland);
� a marine sand collected near the Kerguelen Islands

(southern Indian Ocean).

Each of these sands is basaltic in composition. These
sands contain 72.6, 87.0, and 331.3 ppb Nd, and have
surface areas of 6.35, 7.35, and 2.21 m2/g, respectively.
Results shown in Fig. 3 indicate that from 1.5 to 8.5% of the
Nd originally present in the solid phase dissolved into the
seawater during the 125-day laboratory batch experi-
ments. This overall Nd release rate corresponds to 10�17 to
10�19 mol Nd/m2/s, which is significantly lower than the
dissolution rates of the common Nd bearing minerals
plagioclase, apatite, and monazite at pH 8 and 25 8C (Blum
and Stillings, 1995; Chairat et al., 2007; Kohler et al., 2005;
Oelkers and Poitrasson, 2002).

Similar closed-system experiments, performed to
assess the degree of Sr release from both continental
and volcanic particulate material have been reported by
Jones et al. (2012a, b). In these experiments, the mass ratio
of particulate material to seawater was 1:3. Eight
particulate materials including riverine bedload and
river-transported suspended material were studied, as
well as, two volcanic ashes. The surface areas of these
particulate materials ranged from 1.5 to 22.3 m2/g. A
summary of the Sr released into seawater during these
experiments is illustrated in Fig. 4. Between 0.15 and 28%
of the Sr contained in the particulate material were
released during the 180-day batch experiments. The
degree to which Sr is released depends strongly on
the identity of the particulate material. The most reactive
material is the riverine suspended load collected from the
Jökulsá ı́ Fljótsdal River in NE Iceland. This river drains a
glacier and the suspended material is dominated by
reactive basaltic glass. This particulate material also has
the highest surface area of the particulates studied. The
second most reactive studied particulate material was
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Fig. 3. Percent of Nd released during laboratory batch particulate

dissolution experiments in seawater as a function of time (after Pearce

et al., in preparation).

Fig. 3. Pourcentage de Nd libéré dans l’eau de mer pendant les

expériences « batch » de dissolution particulaire en laboratoire, en

fonction du temps (selon Pearce et al., en préparation).
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dload material collected from Sveinsgil tributary of the
ngnaá River in S Iceland, which drains the rhyolitic
ldera associated with the Torfajökull volcano. The least
active particulate material was that of the bedload
llected from the Mississippi river near its mouth in New
leans. Less than 1% of the Sr contained in the Mississippi
dload material was released to seawater during the 180-
y batch experiment. Although it is difficult to draw
finitive conclusions based on the reactivity of just eight
stinct particulate material-seawater experiments,
sults suggest that:

suspended riverine material is more reactive that its
corresponding bedload material, perhaps due to its
higher surface area;
fresh volcanic material is more reactive than older
continental material.

These observations are consistent with the results of
oratory investigations (as summarized by Wolff-Boe-

sch et al., 2006), which show that dissolution rates are
oportional to their surface area and increase substan-
lly with the decreasing SiO2 content of the mineral or

ass. The observation that volcanic particulate material
ore readily releases Sr suggests that one effect of
rticulate material dissolution on the global scale is that
is process will release to the ocean Sr that is on average
ore unradiogenic than that of the average particulate
aterial. As such, this process may help close the currently
rceived imbalance in the ocean Sr fluxes (Allègre et al.,
10; Davis et al., 2003; Jones et al., 2012a, b; Peucker-
renbrink et al., 2010; Vance et al., 2009).
The exact process by which elements are released from

rticulate material to seawater is currently unclear.
veral processes, including dissolution, ion exchange,
d desorption may each play a role. Dissolution most
ely occurs as numerous primary minerals and glasses,

cluding pyroxene, basaltic glass, and plagioclase, are

the fluid phase increase during the experiments (Brady and
Gı́slason, 1997; Jones et al., 2012a, b; Stefánsdóttir and
Gislason, 2005). In addition, the dissolved Si isotope ratios
measured in the Kerguelen plateau surface waters suggest
that a lithogenic source releases Si to these waters (Fripiat
et al., 2011). Ion exchange is favored by the elevated
concentration of sodium and other aqueous cations in
seawater, available for exchange reactions (Oelkers et al.,
2009). Metal desorption may, however, be unfavored as
particulate material arrives in seawater. This is because the
pH of seawater is, in general, higher than that of
continental rivers, and an increase of pH tends to favor
the adsorption of positively charged ions rather than
desorption (e.g. Hatje et al., 2003; Parks, 1990).

A significant observation is that to a first approxima-
tion, the rate of release from riverine transported particu-
late material of Nd is similar to that of Sr. Neodynium and
strontium are representative of two extremes: Nd is an
insoluble element that is more than 107 times more
concentrated in particulate material than in seawater
whereas Sr is a soluble element that is only 23 times more
concentrated in particulate material as in seawater. As
such, it seems likely that most elements will be signifi-
cantly released from riverine transported particulate
material upon its arrival to the oceans.

3. Conclusions

The results summarized above have a number of
consequences for our understanding of the global cycles
of the elements:

� riverine transported particulate material (i.e. suspended
and bedload) is chemically reactive in the ocean; from
0.25 to 28% of Sr and 1.5 to 8% of Nd contained in reacted
particulate material was released to seawater during 3–6
month batch experiments;
� the mass of riverine transported particulate material

fluxes to the ocean is �20 times greater than the sum of
riverine dissolved flux and the atmospheric dust flux,
thus it is likely that the dissolution of particulate
material dominates the chemistry of numerous elements
in seawater;
� dissolution of particulate material has been demonstrat-

ed to release significant quantities of Sr and Nd to
seawater. These fluxes may help account for the current
perceived imbalances in marine Sr isotope mass bal-
ances, and confirm the ‘‘Nd boundary exchange’’
hypothesis of Lacan and Jeandel (2005) and Arsouze
et al. (2009).
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