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Wehave investigated the pathway of chromium from itsmobilization on land and along its riverine transport in a
subtropical region of South America (Misiones Province, Argentina), in an attempt to link Cr stable isotope
compositions recently measured in seawater with signals prevailing in rivers and, ultimately, with Cr isotope
effects observed during oxidative surfaceweathering in subtropical red soils. Cr concentrations and stable Cr iso-
topic compositions (expressed as δ53Cr‰ values) in two typical and representative surface profiles of weathered
basalt show significant depletion of Cr in the soils of up to 50%, togetherwith pronounced negatively fractionated
δ53Cr values which are indicative of oxidative mobilization of heavy Cr(VI) into the run-off. The behavior of Cr in
the studied weathering profiles is not correlated with that of other redox sensitive elements, such as Ce and U;
this is essentially due to the affinity of REE and U, but not Cr with secondary phosphates which form during
weathering processes.
Smaller tributaries in NW Argentina to the Paraná River (second largest river in South America) carry dissolved
Cr in the order of 0.7–1.4 ppb (13–27 nM) with δ53Cr values of +0.2 to +0.4‰, balancing the negatively
fractionated weathering products. The isotope composition and concentration of dissolved Cr in the ca.
1200 km long Paraná River fromMisiones to its estuary and discharge area into the South Atlantic Ocean remains
relatively constant with an average Cr concentration around 2.4 ppb (46 nM) and an average δ53Cr value of
+0.32‰. The Cr concentration in the estuary itself drops by ca. 50% but with only minor change in its Cr isotope
composition. Results from the Paraná estuary are identical with recently analyzed surface seawater from the
Argentine Basin with Cr contents of ~0.3 ppb (~6 nM) and δ53Cr values ~+0.4‰ (Bonnand et al., 2013), and
indicate that there is only a minimal Cr isotopic variability during riverine transport, even during long transport
distances as shown in our example of the Paraná River. Simple Cr input flux calculations reveal that the Paraná
River accounts for ~5% of the total yearly Cr flux to the world's oceans today and that its isotopic signature
seems to be, at least locally, imparted to the surface seawater of the Argentine Basin. Whether or not this Cr
isotope signature is generally exhibited by the world's oceans needs further investigations, particularly the
characterization of seawater around the globe.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The use of non-traditional isotope systems in thefield of geosciences
has become an important tool in the understanding and constraining of
certain element cycles on Earth, with contributions to geochemical, bio-
chemical and biological aspects therein. The chromium isotope system,
Natural ResourceManagement,
de 10, DK-1350 Copenhagen K,
in particular, has generated considerable interest and in the last few
years there is a growing number of researchers who have developed
and employed this system in studies aimed at controlled detoxifica-
tion/remediation of Cr(VI) contaminated surface- and groundwater
(Ellis et al., 2002; Izbicki et al., 2008; Basu and Johnson, 2012; Wanner
et al., 2012). In addition, due to the redox sensitivity of the system, it
has become a modern tool in attempts to constrain redox conditions
in past marine environments (Frei et al., 2009; Frei et al., 2011;
Bonnand et al., 2013), and to bridge information to climate driving
factors, and thus ultimately to constrain past climate change. In the
first instance, chemically precipitated sediments (e.g., iron formations,
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marine carbonates) are potential inventories or archives which could
preserve the signature of ancient dissolved Cr species in past seawater.
However, before such important links can be used with confidence, it is
imperative to understand the release/mobilization mechanisms and
pathways of Cr from its potential source regions to the world's oceans,
and to understand the mechanisms by which the isotopic signature
of Cr can be changed during transport and partitioning into the final
geological archive.

A major step forward towards the understanding of the present Cr
cycle was achieved by the first measurements of Cr in recent seawater
by Bonnand et al. (2013) and by studies investigating the oxidative
mobilization of Cr from continental landmasses during present (Berger
and Frei, 2013; Crowe et al., in press) and past (Crowe et al., 2013; Frei
and Polat, 2013) atmospheric weathering processes. These studies
have shown that mobilization through oxidation of trivalent Cr
(Cr(III)), made possible by the catalytic help of manganese oxides
(Oze et al., 2007), is accompanied by isotopic shifts which render the
mobilized Cr(VI) isotopically heavy, and leave behind a weathering
product (soil) which is characterized by isotopically light Cr. Oxidation
of Cr(III) to soluble hexavalent Cr (Cr(VI)) can therefore enrich
the resulting Cr(VI) in the heavy 53Cr isotope by comparison with the
residual Cr(III) (Zink et al., 2010). Eventually, the 53Cr-enriched Cr(VI)
pool, removed by run-off (Crowe et al., in press), will reach the oceans
and render seawater potentially enriched in heavy Cr(VI), as recently
confirmed by Bonnand et al. (2013) and our own, unpublished results.

Partial reduction of Cr(VI) in groundwater and/or during riverine
transport can potentially further enrich 53Cr in the mobile Cr(VI) pool,
whereas light, 53Cr-depleted Cr(III) is immobilized (Ellis et al., 2002,
2004; Jamieson-Hanes et al., 2012; Kitchen et al., 2012; Šillerová et al.,
2014). However, the overall effect of Cr redox reactions in theweathering
environment leads to heavy Cr(VI) that is ultimately exported to the
oceans by rivers where this signal of continental oxidative weathering
can be captured by chemical sediments (Frei et al., 2009).

There are essentially two parts of the Cr cycle that need attention:
1) to what degree is the heavy Cr(VI) pool affected by isotopic shift
during riverine transport from the site of mobilization to the oceans,
and2) towhat degree is the isotopic signature captured in the chemically
precipitated archives and does it reflect the isotope composition of
dissolved Cr in contemporaneous seawater where these archives form?

In this study we contribute to the understanding of the first of the
above-mentioned Cr pathway issues. The study of amodernweathering
and transport system in subtropical Argentina is aimed at constraining
release mechanisms and associated isotopic changes of Cr during
mobilization from basaltic source rocks in an intensive weathering
environment into the run-off, as well as the tracing of Cr isotope signals
over extensive transport distances in a significant river (Paraná River)
and some of its tributaries to the discharge region in the South Atlantic
Ocean. Ultimately, we are interested to relate the transported Cr signals
to Cr isotope signatures of today's surface seawater in an attempt to
create a basis for reconstructing Cr isotope fluctuations of ancient sea-
water and to create a link to past oxidative weathering processes and
thereby a link to climate change on Earth.

2. Regional aspects

The Plata basin is the fourth largest in the world and covers ~20%
of the surface of South America (Fig. 1). This hydrographic system
extends from the subequatorial zone through the tropics, funneling
its numerous tributaries into the Paraná River which discharges into
the South Atlantic Ocean and spreads the water along the coasts of
Argentina, Uruguay and Brazil (Fig. 1). The Paraná River receives its
input through tributaries which to a large degree are dewatering the
Paraná Basin, a basin dominated by early Cretaceous basalts of the
ParanáMagmatic Province (PMP), oneof the largest continental volcanic
provinces in the world. The study area where we investigated two rep-
resentative and typicalweathering profiles and collectedwater samples
from several tributaries to the Paraná River is locatedwithin the central
part (CPMP) of three major magmatic provinces within the PMP. These
provinces are separated by the Río Piquiri and Río Uruguay tectonic
lineaments (Fig. 1; Piccirillo and Melfi, 1988) and extend from the
Iguazú Falls (city of Puerto Iguazú) to the city of Eldorado in the
province of Misiones, Argentina. In this part of the PMP, lava flows are
predominantly massive to amygdaloidal, with porphyritic varieties,
and can be classified as basalts and basaltic andesites (Mena et al.,
2006).

The climate in Misiones is controlled by two dominant circulation
regimes: (i) the SE trades, which advect moisture to regions near the
Atlantic coast (NE Argentina, Uruguay and SE Brazil) and (ii) the
South American summer monsoon and the South Atlantic convergence
zone, respectively, which result in an austral summer precipitation
maximum in tropical and subtropical South America (Vera et al., 2002;
Gan et al., 2004). Misiones receives the highest rainfall in Argentina
(mean annual precipitation ~1700 mm) except for the southern
Cordillera. This is due to the combined influence of high summer and
winter precipitation leading to a double rainy season (Prohaska, 1976).

The undulating topography of this region in NE Argentina is the
result of a dense network of rivers eroding the basalt formations. The
lowest parts of the landscape close to rivers are at an elevation of 150–
250 m a.s.l., whereas the upper parts of the plateau are at 550–800
m a.s.l. The resulting topographic gradient between rivers and plateaus
is not particularly steep.
3. Samples

3.1. Soil profiles

Two soil profiles were sampled and investigated. One profile
(MIS-8) was taken at Minas St. Catalina (25°56′29.35″S, 54°36′34.28″W,
Fig. 2). The other profile (MIS-9) is located along Ruta 12 (25°56′18.5″S,
54°34′38.5″W, Fig. 2) near the townof Eldorado. The profiles are depicted
in Fig. 3. For each of the profiles, we have collected a least altered basalt
either fromnearby (in the case of theMIS-9 profile, from an open gravel
pit) or fromwithin the base of the profile (in the case of profile MIS-8, a
massive, amethyst geode-bearing basalt flow). Similar weathering pro-
files in the southeastern part of the Paraná Basin within the tropic zone
of Brazil have been geochemically classified as laterites Oliveira et al.
(1998) and they are petrographically similar to the laterites in other
parts ofMisiones as described by Zech et al. (1996). The twoweathering
profiles studied herein can be described in terms of threemajor sections
(Fig. 3a, b):

(i) a recent soil horizon, at its top composed of weathering products
of the underlying horizon mixed with plant remains and humic
matter. It is darker (mediumbrown to black) than theunderlying
horizons and varies in thickness from 5 to about 20 cm.

(ii) a friable, red to reddish brown soil horizon a loose red-clay lato-
sol, which contains dark brown yellow, orange and white
glaebules. The interface between this horizon and the lower
alterite is irregular and abrupt and at places has a discontinuous
stone line which is composed of coarse fragments of lithorelics
and alterite debris, embedded in a clayey matrix.

(iii) two alterite facies which occur below the loose red-clay latosol.
In profile MIS-8, a boulder facies is composed of large blocks
(0.2–0.5 m) with concentric dark orange shells with spongy
texture. There are also boulders without cores. The boulder facies
grades irregularly downward to a fracture-defined basalt saprock.
In profileMIS-9, the latosol horizon passes directly into a saprock,
which consists of fragmented, partially mottled rock cut by
fissural systems of multidirectional planar pores with white and
red clay fillings. The actual contact zone between saprock and
fresh basalt is only exposed in profile MIS-8.
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Fig. 1. Sketchmap showing the ParanáMagmatic Province (PMP) in South America with its southern-, central and northern sub-provinces, separated from each other by the Río Uruguay
(1) and Río Piquiri (2) tectonic lineaments. Modified from Piccirillo and Melfi (1988). The two weathering profiles studied herein and the tributaries sampled are located in the area
outlined by the white square within the central (CPMP) part of the PMP, in the NE part of Misiones Province, Argentina.
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Fig. 2. Google Earth overviewmap with sample locations of Paraná River samples studied herein. Tributary sample locations and the two studied weathering profiles are within the area
outlined by the white rectangle.
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Fig. 3. Field photographs of the two studied weathering profiles MIS-8 (a) and MIS-9 (b), with profile samples indicated at the respective depths. The major subdivisions of the profiles
are described in the text. Depth distributions of δ53Cr and Ce/Ce* (Ce anomaly) values (listed in Table 1) accompany the photographs. The gray fields mark the range of δ53Cr values
characterizing Earth's high-temperature magmatic inventory (Schoenberg et al., 2008). Errors of δ53Cr values are typically ~0.05‰ (2σ).
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3.2. Water samples

Water samples were collected during three successive days in
December 2012, in a period dominated by daily thunderstorms. In addi-
tion to sampling of major tributaries to the Paraná River in NEMisiones,
some smaller creeks were sampled as well. A few water samples from
the Paraná River were collected in NE Misiones, one near the city of
Posadas, one near Rosario, two near Zarate and one directly in the
estuary SE of La Plata (Fig. 2).
4. Methods and analytical details

4.1. Water samples

One liter samples were collected in PP bottles, and passed through
0.2 μm Whatman “Puradisc FP 45 mm” syringe cellulose acetate
membrane filters in the field. Measurements of pH were performed
simultaneously. We used a Thermo Electron Corporation portable pH
meter, type “Orion 3 Star” equipped with a Thermo Orion Scientific,
type “Aqua Pro 9103APWP” electrode. Water samples were not acidi-
fied and shipped immediately after the fieldwork period, and they
were processed in the lab within the first four weeks after sampling in
January 2013.

Amounts of 0.5 l of river and creek water were transferred into
0.5 l Erlenmeyer borosilicate glass reaction vessels and spiked with
an adequate amount of a 50Cr–54Cr double spike. After evaporation to
dryness, 10 ml of concentrated aqua regia (Seastar™ high purity
concentrated HNO3 and HCl) was added to the glass reaction vessels
and left overnight on a hotplate with an hour glass cover. The acid
was then dried again and the sample was dissolved in 50 ml of
ultrapure water (MQ system, 18.8 MΩ) and 1 ml of 1 N HCl. Boiling
of this solution at 130 °C for half an hour was performed in 100 ml
Erlenmeyer borosilicate reaction vessels placed in a sand bath, with
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the addition of 1 ml of a saturated ammonium peroxidisulfate
((NH4)S2O8) solution to enable oxidation of Cr(III) to Cr(VI). After
rapid cooling of the solution, this then was passed over 2 ml anion
resin (Biorad™ AG-1X8, 100-200 mesh) charged PP extraction
columns. Cr(VI), retained in the resin, was released by reduction to
Cr(III) with the help of 10ml 0.1 NHNO3 dopedwith 3 drops of concen-
trated H2O2 into 12 ml Savillex™ Teflon beakers. After drying of this
sample on a hotplate at 100 °C, the sample was re-dissolved in 200 μl
of 6 N HCl and, with the lid closed, was placed on a hotplate at 100 °C
for 2–3 h, during which the beaker was repeatedly tapped to prevent
the solution in the beaker evaporating and fully condensing on the
beaker's surface. The sample was then diluted with 2 ml ultraclean
water and passed over 2 ml of cation exchange resin (AG 50W-8,
100–200 mesh) charged PP columns. The extraction procedure follow-
ed a slightly modified recipe of Bonnand et al. (2011) and Trinquier
et al. (2008).
4.2. Soil/rock samples

Amounts of ~300 g of soil and rock sampleswere dried in an oven at
50 °C for 24 h, and then powdered in an agate shatter mill to ensure
homogenization. Five gram aliquots were sent to ACME laboratories
(Vancouver, Canada), where they were analyzed for major element
compositions using ICP-OES (for analytical details, refer to http://
acmelab.com/). Fifty milligrams of sample powders were dissolved in
7 ml Savillex™ beakers in a mixture of 2 ml concentrated HF and 3 ml
of aqua regia (all Seastar™ acids) for 48 h. After drying down the sample
solutions, theywere taken upwith 1ml concentrated HNO3 and diluted
further to 10 ml with ultrapure water. This solution was analyzed for
trace elements using a Perkin Elmer ELAN 6000 DRS ICP-MS at the
Geological Survey of Denmark andGreenland (GEUS), using international
standards (Govindaraju, 1994). A comparison ofGEUS' analytical results
on some standards with published values is contained in Kalsbeek and
Frei (2006).

An adequate amount of the stock solution prepared for ICP-MS trace
element analyses was transferred into a 12 ml Savillex™ Teflon beaker,
doped with a 50Cr–54Cr double spike and dried down on a hotplate. The
samples were dissolved in 10 ml of 0.1 N HCl to which 3 drops of a 10%
ammonium hydroxide solution and 3 drops of concentrated H2O2 were
added to enable oxidation of Cr(III) to Cr(VI). After about 12 h, the
sample solution was then passed over an anion exchange column
identical to the one used for the water samples. Subsequently, as with
the water samples, the Cr-containing rock/soil sample cuts collected
from the anion exchange columns were then further processed over a
cation exchange column, using the same elution schemes applied to
the water samples. By applying a two column procedure, we obtain
highly pure Cr separates. Disturbing anions are efficiently removed
from the sample solutions during the oxidation–reduction step in the
anion chromatographic separation, whereas cations such as Ca2+,
Na+, and Mn2+ are removed in the respective cation column elution
procedure.

Chromium separates from water and soil/rock samples were
measured on an IsotopX, model “Phoenix” TIMS, equipped with eight
moveable Faraday collectors, in static mode. Loading and measuring
procedures adhere to those reported by Frei and Polat (2013). We
report Cr isotope compositions as δ53Cr = ((53Cr/52Cr)sample / (53Cr/
52Cr)SRM 979 − 1) × 1000, where SRM 979 denotes Standard Reference
Material 979. We presently measure and externally reproduce the
double spiked SRM 979 Cr standard at δ53Cr = 0.08 ± 0.05‰ (n =
263), maintaining a 52Cr signal at 5E−12 A (corresponding to a
500 mV beam intensity). The reported δ53Cr values and respective
errors of the samples are calculated as the average of “n” repeated
mass spectrometrical runs with their two standard deviations. Proce-
dural Cr blanks were in the order of 4–10 ng and do not affect the
measured Cr isotope composition of the waters and soils (with total
Cr sample amounts of N350 ng and ≫500 ng) to beyond the external
reproducibility of the SRM 979.

5. Results

5.1. Weathering profiles

Soil and rock major and trace elemental data and δ53Cr values are
contained in Table 1. In addition to these values, we also report param-
eters such as the chemical alteration index (CAI; (Nesbitt and Young,
1982), Ce/Ce* (Ce-anomaly; Lawrence and Kamber, 2006) and La/Yb
ratios (indicates the degree of LREE vs. HREE enrichment/depletion),
∑REE+Y, and Cr/Al enrichment factors (ER). REE+Ydata are plotted
in PAAS (post Archean Australian shale; McLennan, 1989) normalized
diagrams in Fig. 4.

Bothweatheringprofiles exhibit strong indices of alterationwith CAI
values ranging between 55 and 99, where fresh basalts display values
between 30 and 45 (Nesbitt and Young, 1982; Fedo et al., 1995). The
two reference basalts (Basalt; MIS-9) have CAI values of 49 and 51,
respectively, and indicate that these basalts are only weakly altered.
Profile MIS-9 in particular is strongly weathered as indicated by CAI
values N98 throughout the profile sampled (Table 1). These high values
are indicative of severe mobilization of the cations Na+, K+ and Ca2+

relative to immobile Al2O3 (Table 1).
REEs, usually considered rather immobile during alteration/

weathering processes, offer a means by which to quantify the relative
effects of alteration on mobilization of other elements. The exceptions
are the two elements Ce and Euwhich are redox-sensitive and therefore
change their mobility behavior (due to Ce3+–Ce4+ and Eu3+–Eu2+

transformations) relative to the other REEs. REE + Y patterns of profile
samples, compared to respective, least altered reference basalts (Fig. 4)
exhibit an overall REE enrichment in the soils (also reflected by
the ∑REE + Y in Table 1). The shapes of the soil patterns in profile
MIS-8 are more or less parallel to those of the reference basalt MIS-6,
with significant deviations only in Ce. More variation in the shapes
of REE + Y patterns is exhibited by samples from profile MIS-9. Besides
huge differences in Ce-anomalies (positive anomalies with Ce/Ce*
values up to +33.7 and negative anomalies with Ce/Ce* as low as
0.15; Table 1, Fig. 4b), there is also a significant change in the behavior
of LREE. This is expressed in the PAAS normalized La/Yb ratios
(La/YbPAAS), which indicate fractionation between LREE and HREE.
In both profiles, LREE depletion relative to HREE is correlated with
Ce/Ce* (Fig. 5), in that positive Ce anomalies are more strongly defined
in LREE-depleted soils (those with low La/YbPAAS values).

With respect to Cr, we report Cr enrichment/depletion relative to
respective reference basalts as enrichment factors (Cr/Al ER), which
compare Cr concentrations relative to Al2O3 (considered immobile
during weathering, similarly used in assessing the CIA values) of the
samples relative to the reference basalts. With the exception of the
uppermost, organic rich top soil (sample MIS-8 A) and a sample from
30 cm depth (sample MIS-8 D) in profile MIS-8, which show enrich-
ment of Cr (Cr/Al EF= 2.8 and 1.2, respectively; Table 1), the remaining
weathering profile is characterized by significant depletion of Cr of up to
50%. The case is similar in profile MIS-9 where again the organic-rich
topsoil (MIS-9 A) and a part between 120 and 140 cm depth (samples
MIS-9 G, H) show actual Cr enrichments, whereas the remaining profile
samples are characterized by significant Cr depletion (up to 40%). The
highest Cr depletion (lowest Cr/Al ER factors) occurs just below the
topsoil in both profiles (Table 1).

Stable Cr isotope values (expressed as δ53Cr) of the soils and reference
basalts are listed in Table 1 and plotted in Fig. 3 together with the Ce-
anomalies. Generally, in both profiles studied, δ53Cr values are negatively
fractionated and exhibit values lower than δ53Cr = 0.11 ± 0.10‰
defined for terrestrial high-temperature magmatic rocks by Schoenberg
et al. (2008). The exceptions to this are the profile samples which
show Cr enrichments (positive Cr/Al EF values). These samples exhibit

http://acmelab.com/
http://acmelab.com/
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elevated (in the case of samples MIS-8 A and MIS-9 A even positive)
δ53Cr values (Table 1; Fig. 3) up to +0.23‰. The observed signatures,
when compared to δ53Cr values of ~−0.13 to −0.15‰ defined by the
reference basalts, clearly indicate a redox-dependent mobility of Cr in
the weathering profiles. The diagrams in Fig. 6 exhibit a relatively
well-defined positive correlation between the degree of depletion/
enrichment of Cr and δ53Cr values in both profiles, supporting the fact
that Cr mobility is associated with Cr isotopic shifts in such a way that
removal of Cr from the profiles leaves behind a soil in which the light
isotopes are preferable retained.

5.2. Water samples

Analytical results of water samples are listed in Table 2. Dissolved Cr
concentrations vary from 0.7 to 2.8 ppb (13–54 nM; Table 2). Compared
to other riversworldwide (range between 0.1 and 90 ppb (2–1730 nM);
Dojlido and Best, 1993) these are on the lower side, although some
rivers, such as for example the Yukon River and Columbia River, have
also been reported to contain sub-ppb to lower ppb levels of Cr
(Cranston and Murray, 1980; Campbell and Yeats, 1984). Isotopically,
there is a rather small variation in δ53Cr values in the creek and riverwa-
ters studied herein. The range of δ53Cr values is from+0.23 to+0.44‰,
thus reflecting a positively fractionated (isotopically heavy) total dis-
solved Cr load throughout the catchment area and downstream along
the Paraná River. We notice, however, that the Cr concentrations in
the main Paraná River are slightly higher (average of ~2.4 ppb;
46 nM) than those in the different tributaries sampled (average
~1.2 ppb; ~23 nM). Finally, we do not see systematic changes in δ53Cr
values downstream along the Paraná River or, on a smaller scale,
among the different tributaries in NE Misiones.

6. Discussion

6.1. Chromium in soil/weathering profiles

There is ample evidence from the study of recent and ancient
weathering profiles (Berger and Frei, 2013; Crowe et al., 2013; Frei
and Polat, 2013; Crowe et al., in press) that 53Cr-enriched Cr(VI) is pref-
erentially lost to run-off leaving the continents with soils containing a
53Cr-poor residue. Acid weathering has previously been proposed as
an important source of Cr to the oceans, particularly in association
with the rise of oxygen accompanying the Great Oxidation Event
(GOE) on Earth (Konhauser et al., 2011). Mobilization of Cr as Cr(III)
by acid weathering, promoted by oxidation of pyrite on land, has
however been questioned as an important mechanism because of
the potential neutralization of locally generated sulfuric acid within
the source rocks themselves (Crowe et al., in press). Nonetheless, the
isotopic composition of Cr in continental run-off should record the
balance between Cr mobilized through oxidation and Cr eventually
mobilized through acid dissolution and this, in turn, is expected to con-
trol the isotopic composition of seawater (Crowe et al., 2013). Even if
Cr(III) mobilization via dissolution was an effective mechanism, it
would be unlikely that this mobilization would be accompanied by an
isotopic fractionation.

Results presented herein for the two studied laterite profiles indicate
that removal of Cr (up to 50%) is associatedwith isotopic shifts requiring
oxidation of Cr(III) to mobile Cr(VI). This is exemplified, with few
exceptions (discussed below), by the isotopically light (negatively frac-
tionated δ53Cr values) soils, implying that run-off is isotopically heavy
(characterized by positively fractioned δ53Cr values). The entire range
of δ53Cr values in the profiles studied is ~0.6‰, less than that observed
in the modern Indonesian laterite profile studied by Crowe et al. (in
press) where the range of values observed in the soil profile is ~1.5‰,
but similar to the range of ~0.8‰ observed in the Paleoproterozoic
basaltic paleosols at Schreiber Beach, Ontario, Canada (Frei and Polat,
2013).
Chromium enrichment, coupled with positively fractionated δ53Cr
values, occurs in a few defined horizons within both profiles. This
has also been observed in other weathering profiles (Berger and
Frei, 2013; Crowe et al., 2013; Frei and Polat, 2013; Crowe et al.,
in press) and clearly demonstrates overprinting by a later process,
most likely by the effective and near-complete reductive and
adsorptive immobilization of positively fractionated Cr liberated
from elsewhere in the profiles.

In both profiles, the uppermost, organic-rich horizon is character-
ized by high Cr/Al EF and positive δ53Cr ratios (Fig. 6, Table 1). These
horizons (see discussion below), are not substantially fractioned with
respect to their REE + Y patterns, unlike a few horizons deeper down
in the profile with positively fractionated δ53Cr values which exhibit
strong positive Ce anomalies and LREE depleted patterns relative to
the least altered reference basalts (Fig. 3; Table 1). This renders it likely
that it is the higher organic content of these horizons that acts as an
effective Cr-trap for surface water run-off. Cr(VI) reduction is an often
applied treatment in industrially contaminated sites. Remediation of
such contaminated sites commonly consists of Cr(VI) reduction to
Cr(III) and/or adsorption. Recently, alternative adsorbents (biosorbents)
have been investigated for an effective low-cost treatment of metal-
contaminated waters (e.g., Fiol et al., 2008; Šillerová et al., 2014). The
study of Šillerová et al. (2014) revealed that the Cr(VI) biosorption
process on a few biomaterials was accompanied by heavier Cr isotope
enrichment in the remaining Cr(VI) fraction, whereas the sorbed
Cr(III) was isotopically light with negative δ53Cr values ranging be-
tween −1.2‰ and −2.8‰. If reductive biosorption was responsible
for the observed concentrations and isotopic compositions of Cr in the
topsoils of the weathering profiles studied herein, then we have to
assume that biosorption was an effective and near complete process
which would not impart the isotopic shifts towards negatively
fractioned δ53Cr values in the sorbed Cr as shown by the study of
Šillerová et al. (2014).

Manganese oxides are likely to be responsible for most Cr(III)
oxidation in aquatic environments. Fendorf and Zasoski (1992)
suggest that CrOH2

+ is the reactive species in this Cr(III) oxidation.
Bartlett and James (1979) observed a correlation between the
amount of Cr(III) oxidized by soils and the amount of reduced man-
ganese in soils, thereby suggesting that the oxidation of Cr(III) is
the result of interaction with manganese dioxides, a process veri-
fied by laboratory studies (Palmer and Puls, 1994). Manganese
oxides are present in the subsurface as grain coatings, deposits in
cracks or fractures, or as finely disseminated grains; sometimes
this presence is a result of bacterial activities. The mechanisms for
the reaction with MnO2 occurring at the manganese oxide surfaces
(by adsorption of Cr(III) on active surface sites) are complex and
not yet fully understood. The Cr(III) oxidation rate is likely related
to the amount and surface area of manganese oxides (Schroeder
and Lee, 1975; Eary and Rai, 1987), and lab studies indicate this
rate to be initially rapid, but subsequently slowing down signifi-
cantly. Richard and Bourg (1991) explain that the oxidation of
Cr(III) by manganese dioxides is likely to occur as a result of several
sequential steps, of which the final one involves the desorption of
the reaction product species Cr(VI) and Mn(II) and their mobiliza-
tion into the aqueous phase. Based on the above outlined scenario,
one would expect to observe some kind of correlation between Mn
and Cr concentrations in the soil profiles, such that Cr depletion
would be positively correlated with Mn depletion. This is, however,
not shown by our data set (Cr/Al EF vs. Mn/Al EF diagrams not
shown here) which might indicate that total Mn concentrations
are to a predominant degree controlled by silicate-hosted, lattice
bound Mn2+, and not to the MnO2 coatings directly relevant for
the catalytic Cr(III) oxidation.

In their study of a recent laterite profile developed on ultramafic
rocks in Indonesia, Crowe et al. (in press) examined the speciation of
Cr in the weathering profile using wet chemical extractions and X-ray



Table 1
Major and trace element, and Cr isotope data of weathering profiles.

Element Unit MIS-8 A MIS-8 B MIS-8 C MIS-8 D MIS-8 E MIS-8 F MIS-8 G MIS-8 H

Latitude/longitude 25°56′29.35″S/54°36′34.28″W

Depth cm 5 10 15 30 40 50 80 130
SiO2 % 41.12 37.21 35.96 37.32 40.12 44.13 46.16 46.06
Al2O3 % 12.61 17.90 18.59 18.54 17.72 15.07 14.31 12.82
Fe2O3 % 25.80 21.51 21.57 21.00 19.73 17.83 16.55 16.89
MgO % 0.86 1.69 1.87 1.69 1.48 2.20 2.57 3.68
CaO % 0.42 0.81 0.71 0.63 0.81 3.08 4.84 7.35
Na2O % 0.02 0.06 0.01 0.02 0.07 0.94 1.83 2.28
K2O % 0.74 0.59 0.49 1.00 1.74 2.23 2.33 0.80
TiO2 % 5.46 4.94 4.95 5.12 5.00 4.38 4.37 3.93
P2O5 % 0.42 0.25 0.27 0.35 0.43 0.64 0.72 0.66
MnO % 0.33 0.19 0.17 0.23 0.22 0.26 0.23 0.26
Cr2O3 % 0.009 0.002 0.003 0.006 0.003 0.003 0.003 0.003
LOI % 11.8 14.5 15 13.7 12.3 8.8 5.7 4.9
Sum % 99.76 99.78 99.75 99.75 99.79 99.77 99.78 99.77
TOT/C % 1.16 0.49 0.49 0.38 0.28 0.14 0.06 0.03
Cr ppm 62 14 21 38 19 18 20 19
Cr DS ppm 61.2 14.6 20.0 37.3 19.3 16.6 18.5 18.2
δ53Cr 0.23 −0.41 −0.35 −0.02 −0.37 −0.35 −0.30 −0.25
2σ (n = 4) 0.04 0.06 0.05 0.04 0.04 0.05 0.05 0.03
CIA 91 92 94 92 87 71 61 55
Cr/Al EF 2.8 0.5 0.6 1.2 0.6 0.6 0.7 0.8
Mn/Al EF 1.3 0.5 0.4 0.6 0.6 0.8 0.8 1.0
Ba ppm 360 548 493 538 601 737 740 634
Ni ppm 37 45 46 35 32 26 25 22
Sr ppm 42 76 66 72 70 215 366 513
Zr ppm 504 453 436 445 423 379 368 334
Sc ppm 29 38 41 40 38 33 33 30
Sc ppm 24.74 32.03 31.40 32.50 32.31 19.62 22.48 15.01
V ppm 584.73 382.40 438.35 452.87 463.82 350.72 367.13 246.98
Co ppm 40.03 35.17 31.21 38.15 37.92 30.27 32.27 22.17
Ni ppm 29.91 34.79 32.38 30.94 30.17 20.61 23.56 15.92
Cu ppm 250.96 335.51 313.26 315.13 306.82 249.61 260.74 138.71
Zn ppm 146.59 149.90 148.71 144.35 136.28 134.88 135.97 96.89
Ga ppm 24.08 27.50 29.54 30.31 30.13 24.47 27.49 14.99
Rb ppm 6.88 7.30 1.44 2.91 6.35 7.78 6.54 2.29
Nb ppm 40.89 39.82 37.81 38.66 37.12 31.79 33.09 20.41
Cs ppm 0.19 0.42 0.10 0.17 0.36 0.03 0.02 0.01
La ppm 35.74 62.84 62.88 68.46 54.59 97.51 102.33 44.50
Ce ppm 188.67 128.21 141.24 94.48 100.73 94.82 166.17 113.35
Pr ppm 10.09 17.51 21.37 19.50 18.51 29.49 35.70 12.39
Nd ppm 42.49 70.57 90.78 76.99 79.26 129.13 154.96 53.36
Sm ppm 8.98 13.72 18.18 14.87 16.02 25.04 32.03 11.04
Eu ppm 2.44 3.68 4.90 3.96 4.42 7.32 9.03 3.23
Gd ppm 8.96 12.50 15.90 12.40 13.47 24.12 28.62 11.18
Tb ppm 1.41 1.90 2.24 1.77 1.94 3.20 4.10 1.61
Dy ppm 8.27 11.01 12.04 9.62 10.55 16.43 21.57 8.81
Y ppm 37.76 45.81 48.72 36.00 35.38 59.14 72.47 36.18
Ho ppm 1.62 2.09 2.19 1.68 1.84 2.92 3.76 1.68
Er ppm 4.57 5.96 5.89 4.55 4.91 7.41 9.64 4.38
Tm ppm 0.68 0.85 0.82 0.62 0.67 0.92 1.25 0.60
Yb ppm 4.20 5.30 4.80 3.77 3.87 5.02 7.03 3.46
Lu ppm 0.63 0.75 0.70 0.53 0.55 0.73 0.97 0.51
Hf ppm 9.15 10.08 9.70 9.73 9.40 8.02 8.69 5.31
Ta ppm 2.35 2.32 2.21 2.24 2.16 1.84 1.96 1.20
Pb ppm 11.85 7.90 7.50 7.38 7.67 4.67 4.77 2.97
Th ppm 2.49 2.77 3.10 4.08 3.39 1.35 1.79 0.59
U ppm 1.94 1.45 1.27 1.12 1.09 0.82 0.95 0.57
Mo ppm 1.73 0.95 0.79 0.83 0.86 0.93 0.91 0.82
Ce/Ce* 2.30 0.85 0.82 0.55 0.68 0.41 0.59 1.16
La/YbPAAS 0.63 0.87 0.97 1.34 1.04 1.43 1.08 0.95
∑REE + Y 357 383 433 349 347 503 650 306

Cr DS = Cr concentration determined by double spike analysis.
Ce/Ce* calculated as Pr ∗ (Pr / Nd)2.
CIA = M2O3/(Al2O3 + Na2O + K2O + CaO).
Cr/Al EF = Cr enrichment factor calculated relative to Al2O3 and to the reference basalts.
n = number of repeat mass spectrometric analyses of the same sample load.
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spectroscopy. Cr(VI) was present throughout the profile, but the
exchangeable fraction, liberated by CaCl2, was generally low in abun-
dance, accounting for about 0.1% of the total Cr in the profile. The more
tightly bound Cr(VI) fraction, liberated with phosphate, was present at
higher abundance, particularly in the topsoil and in the limonite unit
underlying the topsoil where it contributed to 10% of the total Cr. While
wehave not studied ourweathering profileswith respect to Cr speciation,
some of the results of Crowe et al. (in press) are conformable with ours.
For example, these authors report a shift towards isotopically heavy Cr
in the transition zone between the limonite horizon and the underlying



MIS-9 A MIS-9 B MIS-9 D MIS-9 F MIS-9 G MIS-9 H MIS-9 I MIS-9 J MIS-9 K MIS-9 L MIS-9 M MIS-9 N Basalt MIS-6

25°56′18.5″S/54°34′38.5″W 25°56′14.15″S/
54°34′36.16″W

25°56′28.79″S/
54°36′33.76″W

5 10 30 100 120 140 170 190 250 300 350 450
31.57 35.68 34.88 34.92 34.32 30.95 33.30 32.48 32.66 33.37 37.23 38.92 49.12 48.36
21.03 24.94 25.33 24.96 25.47 24.10 24.99 24.02 22.95 22.16 22.33 20.29 13.14 12.26
25.54 20.46 21.54 22.51 22.16 25.79 23.06 24.98 25.93 25.32 21.53 20.55 14.49 15.26
0.30 0.27 0.28 0.27 0.27 0.20 0.23 0.27 0.30 0.39 0.58 0.92 5.67 4.15
0.23 0.16 0.11 0.09 0.09 0.08 0.10 0.11 0.03 0.04 0.04 0.20 9.93 8.26
0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.07 2.34 2.66
0.14 0.13 0.11 0.11 0.10 0.10 0.09 0.09 0.06 0.10 0.09 0.25 1.20 0.71
4.62 3.90 4.18 4.30 3.87 4.22 4.25 4.62 4.41 4.19 3.50 3.54 2.34 3.76
0.29 0.17 0.15 0.16 0.24 0.34 0.29 0.31 0.28 0.31 0.36 0.35 0.29 0.61
0.22 0.17 0.15 0.14 0.11 0.20 0.21 0.29 0.19 0.21 0.21 0.22 0.20 0.25
0.065 0.022 0.026 0.032 0.043 0.044 0.029 0.030 0.030 0.028 0.024 0.026 0.019 0.003

15.6 13.8 12.9 12.2 13.0 13.6 13.1 12.4 12.8 13.5 13.7 14.1 0.9 3.3
99.74 99.81 99.78 99.77 99.78 99.73 99.77 99.72 99.74 99.74 99.72 99.65 99.75 99.77
2.32 1.17 0.56 0.30 0.37 0.16 0.16 0.12 0.06 0.07 0.08 0.03 0.02 0.12

445 151 178 219 294 301 198 205 205 192 164 178 130 21.0
447.0 155.0 164.0 204.0 304.0 312.0 211.0 206.0 217.0 189.0 212.0 177.0 128.0 21.1

0.15 −0.41 −0.35 −0.31 −0.18 −0.17 −0.33 −0.29 −0.31 −0.31 −0.26 −0.24 −0.13 −0.15
0.08 0.05 0.07 0.07 0.01 0.02 0.01 0.02 0.02 0.06 0.01 0.02 0.04 0.04

98 99 99 99 99 99 99 99 100 99 99 98 49 51
2.1 0.6 0.7 0.9 1.2 1.3 0.8 0.9 0.9 0.9 0.7 0.9 1.0 1.0
0.7 0.4 0.4 0.4 0.3 0.5 0.6 0.8 0.5 0.6 0.6 0.7 1.0 1.0

131 105 82 94 124 350 291 343 282 261 353 519 309 473
96 95 103 101 91 153 111 122 111 123 102 127 68 30
18 15 13 13 12 12 10 11 6 7 12 33 360 477

371 346 325 355 331 294 303 311 288 279 257 254 157 292
51 48 51 51 58 65 57 60 55 59 67 54 36 29
50.93 46.50 55.37 49.99 56.59 69.00 55.85 59.26 52.72 55.52 65.04 54.23 20.01 12.98

577.25 470.05 417.86 427.90 529.33 578.17 531.28 569.88 579.83 507.02 448.69 485.80 357.87 278.17
57.73 43.99 30.58 32.25 34.11 40.44 52.56 44.30 56.34 82.52 73.33 72.67 39.85 29.15
91.63 86.79 81.65 84.90 86.14 96.68 98.51 90.23 99.73 290.07 163.86 116.58 68.34 21.96

299.81 258.81 212.09 256.26 297.71 280.53 317.73 267.90 307.92 340.43 374.79 413.55 207.30 174.87
148.91 118.55 85.44 106.43 117.62 106.80 120.92 79.63 124.82 272.80 240.65 298.72 96.77 119.63
36.06 34.33 32.01 35.19 36.22 32.88 33.69 31.87 34.07 31.20 30.37 32.34 18.58 20.57
0.49 9.13 0.16 10.12 8.49 0.19 4.47 0.06 2.57 3.70 1.31 1.71 2.96 4.22

33.60 28.17 24.67 30.01 29.96 24.89 27.28 25.78 25.38 23.36 21.87 21.40 15.34 27.06
0.09 3.07 0.12 4.65 3.37 0.05 1.73 0.02 0.72 0.53 0.60 0.10 0.00 0.01

29.94 28.83 28.33 25.39 24.76 4.93 27.76 7.97 42.91 76.16 263.87 579.71 23.49 40.46
94.20 94.54 2380.04 125.80 65.68 519.29 113.12 503.33 73.34 109.30 185.81 207.23 40.82 63.87
8.29 8.14 20.39 7.67 7.28 3.36 7.47 4.80 11.80 22.25 88.81 173.42 6.33 11.12

32.42 32.13 115.92 30.73 29.15 19.26 28.63 25.55 47.36 91.30 376.13 761.12 26.47 46.84
6.78 6.89 53.46 7.09 6.37 9.60 6.15 10.17 9.85 19.29 83.28 166.82 5.10 9.24
1.82 1.90 19.57 1.95 1.71 3.55 1.71 3.47 2.89 5.89 25.18 54.43 1.51 2.62
6.49 6.70 77.89 7.02 6.02 13.85 6.01 12.98 10.02 20.50 81.19 187.53 5.19 8.65
1.01 1.05 17.16 1.17 0.98 3.03 0.98 2.76 1.58 3.19 12.29 28.09 0.72 1.18
5.88 6.26 121.07 7.11 5.91 21.65 5.93 18.69 9.47 18.82 70.04 161.96 4.03 6.22

27.43 29.37 625.48 33.97 26.48 94.80 29.40 66.07 48.75 98.21 302.79 809.46 16.02 20.91
1.16 1.21 27.49 1.43 1.18 4.84 1.21 4.15 1.95 3.84 13.15 30.94 0.79 1.13
3.21 3.43 85.45 4.15 3.44 15.22 3.58 12.44 5.47 10.76 35.31 81.15 2.11 2.93
0.48 0.52 14.56 0.64 0.53 2.67 0.57 2.12 0.83 1.58 4.93 11.07 0.29 0.37
2.91 3.30 96.87 4.21 3.48 17.94 3.80 14.26 5.22 9.94 29.69 64.66 1.69 2.13
0.43 0.50 14.50 0.62 0.51 2.61 0.58 2.15 0.80 1.50 4.29 9.28 0.25 0.30
7.18 6.57 6.06 6.85 7.17 6.49 6.65 6.57 6.56 6.20 6.13 6.32 3.94 6.98
1.81 1.58 1.39 1.68 1.65 1.40 1.42 1.37 1.33 1.25 1.23 1.24 0.79 1.51

19.10 17.31 13.43 16.70 15.23 16.81 13.90 11.96 8.09 7.34 5.86 3.62 2.55 3.61
8.55 7.96 5.80 6.14 7.01 4.10 4.34 3.02 3.67 2.12 0.98 1.06 0.39 0.75
2.50 1.86 1.63 2.02 2.21 2.58 2.02 1.29 1.35 0.78 0.73 0.58 0.49 0.68
2.40 1.87 1.66 1.97 1.96 1.69 1.72 1.61 1.48 11.42 4.29 1.07 0.82 1.15
1.29 1.33 24.96 1.90 1.05 33.67 1.68 18.92 0.72 0.59 0.26 0.15 0.78 0.71
0.76 0.65 0.02 0.44 0.53 0.02 0.54 0.04 0.61 0.57 0.66 0.66 1.03 1.40

222 225 3698 259 183 737 237 691 272 493 1577 3327 135 218
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saprock, similar to the shift thatwe observe in our profile just beneath the
limonitic latosol, particularly in profile MIS-9 (Fig. 3, Table 1).

In summary, our results for the two weathering profiles reveal a
significant loss (up to 50%) of Cr from the soils, leaving a largely isotopi-
cally negatively fractionated (light) alterite behindwhich is statistically
different from the mantle inventory δ53Cr value of −0.1 ± 0.1‰
(Schoenberg et al., 2008), also represented by δ53Cr values of the two
least altered basalts in our study. Confirming results from previous
studies, our results imply the oxidative removal of isotopically heavy
Cr(VI) from subtropical lateritic weathering horizons to the run-off.



Pr    Nd Sm Gd Tb Dy Ho Er Tm LuYb

Pr Sm Gd Tb Dy Ho Er Tm LuYb

a

b

0.1

1.0

10.0

100.0

0 2

R
E

E
/P

A
A

S

MIS-8A

MIS-8B

MIS-8C

MIS-8D

MIS-8E

MIS-8F

MIS-8G

MIS-8H

MIS-6
reference

La Eu YCe

0.1

1.0

10.0

100.0

0 2 4 6 8 10 12 14 16 18

R
E

E
/P

A
A

S

MIS-9A

MIS-9B

MIS-9D

MIS-9E

MIS-9F

MIS-9G

MIS-9H

MIS-9I

MIS-9J

MIS-9K

MIS-9L

MIS-9M

MIS-9N

Basalt
reference

La Eu YCe

Nd

Fig. 4. Post Archean Australian shale (PAAS) normalized REE + Y patterns of samples from profiles MIS-8 (a) andMIS-9 (b). Respective least altered reference basalts and the topsoils of
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6.2. REE + Y in soil/weathering profiles

To study the REEmobility during weathering, it is essential to assess
whether the distribution of REEs in the soils is due to the process of
chemicalweathering, orwhether the REEs are inherited from the parent
material, in this case the basalts. For example, in profile MIS-8, PAAS
normalized REE + Y patterns of the various soil horizons are more
or less parallel to those depicted by the least altered reference basalt
(sampleMIS-6; Fig. 4a). However, on closer inspection, important devi-
ations in the shape of the individual patterns exist, which is for example
manifested by differences in the La/Yb ratio and, most pronouncedly,
in the Ce/Ce* values (Table 1, Fig. 3). It is difficult to reconcile these
patterns with purely magmatic processes, and it is clear that the REE
patterns of the soil are to some degree affected by secondary processes
that took place after the emplacement of lavas. These secondary
processes are even much more visible in profile MIS-9 where huge
positive and negative Ce-anomalies are accompanied by variations in
LREE depletions, relative to HREE, in the soil horizons. The degree of
apparent REE enrichment, more strikingly expressed in profile MIS-9
than in profile MIS-8, is generally reflected by the CAI parameter,
which is higher in MIS-9 (98–99) than in MIS-8 (55–94; Table 1).
The systematic apparent enrichment of REE + Y in both profiles is
interpreted to result from the effect of dilution of whole-rock data,
due to the loss of not only major cations such as Ca2+, Na+ and K+

(components of the CAI parameter), but also Mg (see Table 1) from
the weathering basalts. Systematic LREE depletion (expressed by
lower La/Yb) in soil horizons of both profiles relative to the reference
basalts is compatible with studies showing preferential LREE mobility
in low-temperature weathering processes of basalts (Ludden and
Thompson, 1979). Secondary phosphates have been postulated as pos-
sible hosts of LREE, and their leaching/destruction/re-deposition during
interaction with weathering solutions has been proposed as a major
control of REE3+ mobility (Banfield and Eggleton, 1989; Melfi et al.,
1990; Cotten et al., 1995; Berger et al., 2014). Although we have not
performed detailed electron microprobe analyses to identify the host
phases of the REEs, an indication of the phosphate control on LREE
depletion is indicated by a weak negative correlation between P2O5

concentrations and La/Yb in both soil profiles, if horizons with strongly
positive Ce anomalies are excluded (diagrams not shown). In the latter,
cerianite (CeO2) is likely to control the Ce-distribution in these horizons,
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as shownby a recent study of Berger et al. (2014). U, also a redox sensitive
element, correlates in its distributions in the profileswith Ce (exceptwith
those samples with very strong positive anomalies which we associate
with the occurrence of Ce-oxides (cerianite); respective Ce/Ce* vs. U
diagrams not shown herein) and indicates that phosphates play an
important control on the redistribution of U in weathering processes.

A prominent feature of the REE + Y pattern in Fig. 4 is the variation
in Ce-anomalies, particularly in profile MIS-9. This implies a differential
mobilization of Ce relative to the other REEs in the profiles, and is likely
to be controlled by redox processes, during which the mobile Ce3+ is
locally oxidized to Ce4+ and therefore immobilized relative to the other
REEs transported downward in the weathering profile. Large positive
Ce anomalies have been reported in REE-depleted patterns from
extremely weathered laterites and bauxites on a range of parent mate-
rials (Braun et al., 1990; Boulange and Colin, 1994). Variations in Ce
anomalies were also found in spheroidal weathering products of basalts
and andesites fromHawaii and Guatemala (Patino et al., 2003). Positive
Ce anomalies are here interpreted to derive from precipitation of sec-
ondary phosphates and oxides from weathering solutions initially
enriched in tetravalent Ce relative to the other trivalent REEs, potentially
in localized portions where less altered relicts create the microenviron-
mentswith increased pHnecessary to immobilize the REEs.We base our
interpretation on the observation that soil horizons with strongly posi-
tive Ce anomalies are also characterized by the strongest LREE depletion
(smallest La/Yb ratios; Table 1). Negative Ce anomalies are considered
by us to form as a consequence of preferential mobilization of Ce into
the weathering fluids as the oxidized species Ce4+, leaving the soil
relatively depleted in Ce compared to the other REEs. Unlike other stud-
ies which invoke redistribution of REEs with degree of weathering
(Morey and Setterholm, 1997; Braun et al., 1998), our data do not
point to systematic changes of REE pattern and Ce anomalies in the
weathering profiles with CAI values.

Of special interest in this study was the question whether the redis-
tribution of REEs in the weathering profiles can be correlated with that
of Cr. In this regard, the characterization of relationships between Ce
and Cr, and Cr isotopes, are of prime importance since both elements
are redox-sensitive and thus have the potential to provide information
regarding their oxidative mobilization in the aqueous phase. As Fig. 7
shows, there is no correlation between Ce/Ce* values and δ53Cr values
in the samples. In profile MIS-9, this can be seen clearly since the soil
horizons with strongly positive Ce anomalies (for example samples
MIS-9 D and MIS-9 H with Ce/Ce* values of ~33 and ~25, respectively)
do not show positively fractionated δ53Cr values. This indicates to us
that the redistribution mechanisms and secondary mineral control of Ce
and Cr are drastically different and that local conditions in theweathering
soils which enable reductive Ce re-precipitation do not have the same
effect on reductive Cr immobilization. The exception to this is again the
topsoils where we observe the occurrence of small positive Ce anomalies
that correspond with both Cr enrichment and positively fractionated
δ53Cr values, indicative of effective immobilization of Ce(IV) and enrich-
ment of isotopically heavy Cr(VI) in the fluid, potentially by the organic
matter present in this level of the two profiles (see above).

6.3. Chromium in the run-off

Themodynamic data indicate that CrO4
2− and HCrO4

− should be the
dominant dissolved species in oxidized water at a pH range of 5–9,
while Cr(OH)2+ and Cr(OH)2+ are the species predicted for reduced
waters. Anoxic groundwaters and the reducing ability of organicmatter
could aid in adding Cr(III) to naturalwaters (Elderfield, 1970). The pHof
rivers is generally lower than that of the oceans which would favor the
stability of Cr(III). Slow oxidation of Cr(III) to Cr(VI) would allow Cr(III)
to persist metastably. Early studies (Pankow et al., 1977) reported that
between 34 and 65% of the dissolved Cr in river samples was in the
Cr(III) oxidation state. These observations appear to contradict with
the solubility data for Cr(III) species and the strong adsorption of
Cr(III) to particulate loads would speak for a relatively low concentra-
tion of dissolved Cr(III) in river water. This is reflected by studies of
dissolved chromium in the St. Lawrence estuary and Columbia River
(Cranston andMurray, 1980; Campbell and Yeats, 1984) which showed
that the overwhelming proportion (~95%) of dissolved Cr was in the
formof CrO4

2−. To our knowledge there are yet nodata on theCr isotopic
composition of river waters, perhaps with the exception of the isotopic
characterization of the local run-off from open-pit Nimining operations
in Central Sulawesi, Indonesia by Crowe et al. (in press). Our study
provides the first comprehensive total dissolved Cr isotope data of a
major river whose vast catchment area (Paraná Basin) covers ~20% of
the surface of South America. The freshwater samples (rivers, creeks)
analyzed herein cover a range of 0.7–2.8 ppb (13–54 nM) dissolved
Cr; this is a significantly lower range than the total dissolved Cr concen-
tration of ~1000 nM from the La Manka stream directly dewatering the
ophiolite terrain on Sulawesi (Crowe et al., in press), but in the same
range as that reported for the Po River (~0.5–2.8 ppb or ~10–54 nM;
Pettine et al. (1992)) or the St. Lawrence River (0.14–0.80 ppb, or ~2.7–
15.4 nM; Campbell and Yeats (1984)). The concentrations in the Paraná
River and its tributaries are also elevated in relation to total dissolved Cr
concentrations measured in estuaries worldwide (range of ~0.10–
0.43 ppb or ~1.9 to 8.3 nM; (Abu-Saba and Flegal, 1995; Campbell and
Yeats, 1984; Cranston and Murray, 1980) and seawater (range from
~0.05 to 0.34 ppb or ~0.9 to 6.6 nM; Achterberg and Van den Berg,
1994; Bonnand et al., 2013; Connelly et al., 2006; Cranston and Murray,
1980; Jeandel and Minster, 1984; Sander and Koschinsky, 2000).

The δ53Cr valuesmeasured in the tributaries to the Paraná River, in the
Paraná River itself, and in the one estuary sample ATL 448 (Table 1) imply
the presence of dissolved heavy Cr, likely present as Cr(VI) species.



Table 2
Cr concentrations, δ53Cr values and pH of water samples from NE Misiones and the Parana River.

Lat/long Cr (ppb) Cr (nM) δ53Cr (%) 2σ n pH

Sample
MIW-1 25°35′33.5″S, 54°34′43.6″W Rio Iguazu, Puerto Iguazu 1.1 21.2 0.36 0.06 2 7.7
MIW-3 25°55′06.6″S, 54°36′34.9″W Small creek on road to Blomberg 0.8 15.4 0.29 0.07 2 7.4
MIW-4 25°54′56.6″S, 54°36′40.0″W Arroyo Guatambu 1.4 26.9 0.31 0.05 3 7.6
MIW-5 25°54′59.4″S, 54°37′14.6″W Rio Parana, Puerto Libertad 2.2 42.3 0.36 0.07 2 7.6
MIW-8 25°56′27.1″S, 54°36′31.2″W Surface water dripping over pit edge 0.7 13.5 0.23 0.08 2 6.7
MIW-9 26°24′22.8″S, 54°41′40.9″W Rio Parana, Puerto Eldorado 2.5 48.1 0.44 0.05 3 7.5
MIW-10 26°23′12.1″S, 54°40′53.7″W Salto Kuipers 1.1 21.2 0.23 0.06 3 7.5
MIW-11 26°23′05.2″S, 54°27′49.5″W Small creek 1.3 25.0 0.30 0.06 2 7.4
MIW-12 26°21′36.3″S, 54°30′12.6″W Bridge, Valle Hermoso, Pirai Mini 1.1 21.2 0.42 0.08 2 7.5
MIW-13 26°20′59.6″S, 54°37′02.2″W Bridge, El Dorado, Pirai Mini 0.9 17.3 0.31 0.06 1 7.6
MIW-14 26°18′03.2″S, 54°37′01.4″W Bridge, Arroyo Pareha 0.8 15.4 0.45 0.05 2 7.6
MIW-15 26°11′52.2″S, 54°35′13.0″W Bridge, Arroyo Aguarai Mini 2.8 53.8 0.29 0.06 2 7.7
MIW-16 27°27′46.8″S, 55°48′18.6″W Rio Parana, near Posadas 2.1 40.4 0.38 0.05 2 7.8
RLI 32°54′58.8″S, 60°39′16.5″W Rio Parana, Rosario, La Isla 2.5 48.1 0.31 0.06 2 7.7
ZBL536 EF 34°06′18.1″S, 59°0′14.0″W Rio Parana, Zarate, Brazo Largo Camping E Faro 2.5 48.1 0.41 0.05 3 7.7
ZBL537 LD 33°54′42.6″S, 58°53′22.4″W Rio Parana, Zarate, Brazo Largo, Campimg La Deolinmda 2.8 53.8 0.40 0.07 2 7.8
ATL 448 35°00′47.4″S, 57°32′8.3″W Rio Parana, estuary, SW of La Plata 1.1 21.2 0.44 0.06 2 7.9

Averages
All waters 1.6 31.3 0.35 0.14 (2σ)
Rio Parana 2.4 46.8 0.38
Smaller tributaries 1.2 23.1 0.32

n = number of repeat mass spectrometrical analyses of same sample load.
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More recent Cr speciation analyses (combined total Cr and Cr(VI) con-
centrations) indicate the prevalence of Cr(VI) over Cr(III) in seawater
and rivers (e.g., Achterberg and Van den Berg, 1994; Comber and
Gardner, 2003; Cranston and Murray, 1980; Isshiki et al., 1989; Mugo
andOrians, 1993),which is compatiblewith our fractioned (isotopically
heavy) total dissolved Cr values.

A number of processes can potentially cause back-reduction of
dissolved Cr(VI) in the riverine transport and in the estuaries. The
major players in the reduction to Cr(III) are dissolved Fe(II), minerals
with Fe(II), sulfides (reduced sulfur), and organic matter. The net effect
of such reduction would be an isotopic fractionation between the reac-
tant and product, which is characterized by light isotopes in the product
(in the reduced Cr(III)) and, conversely, enrichment of the resulting
Cr(VI) in the heavy 53Cr isotope. Our study provides the means by
which the importance of such reductive processes during riverine trans-
port can be evaluated. Firstly, we do not observe a systematic change of
δ53Cr values in the tributary areas and along the ca. 1200 km long
Paraná River. The water samples (including the estuary sample ATL
448) define a rather tight average δ53Cr value of +0.35 ± 0.14‰ (2σ,
n = 17; Table 1), and the Paraná River sample values do not discrimi-
nate from those of the smaller tributaries.

We note, however, that the concentration of dissolved total Cr is
about twice as high in the major Paraná River (ca. 2.4 ppb on average)
than in the smaller tributaries (ca. 1.2 ppb). The reason for this is
unknown, but we suspect that Cr(VI) adsorption as chromate ions may
play an important role in the heavy (red-colored) suspend loaded
tributaries. Sampling was carried out in a period dominated by thunder-
storms and all smaller rivers were loaded with fine reddish soil particles
(likely Fe-hydroxides and clays). Ellis et al. (2004) show that sorption of
Cr(VI) is not accompanied by isotopic shifts under environmentally
relevant pH conditions. Becausewe do not observe a significant isotopic
shift in the total Cr isotope composition of the tributaries, and of the
estuary sample, relative to the Paraná River samples we deem Cr(VI)
adsorption, rather than its reductive immobilization, a more likely
process to explain the lowering of Cr concentrations in these waters.
Reductive removal of Cr(VI) would certainly have resulted in excessive
δ53Cr variation and certainlywould have had thenet effect of leaving the
remaining dissolved Cr(VI) isotopically even heavier. Our results find
support in the study of Cr in the Columbia River by Cranston and
Murray (1980) who found dissolved CrO4

2− generally to behave rather
conservatively in the estuary. However, some removal of dissolved
Cr(VI) was identified in sediments up to 115 km from the river mouth,
and these authors explained this to be related to the formation of parti-
cles (iron oxide–organic matter colloids) which flocculate when seawa-
ter cations neutralize thenegatively charged colloids (Boyle et al., 1977).

6.4. The river–seawater connection

In order to make a step forward in putting together the stages for a
better understanding of a complex Cr cycle, we need to understand
how, if at all, the Cr additions to the ocean are reflected by the Cr isotope
compositions of the seawater, and, eventually, whether this signal can be



122 R. Frei et al. / Chemical Geology 381 (2014) 110–124
imparted to materials which form directly as chemical precipitates in the
marine environment. The study presented herein contributes to the first
question on how a riverine Cr isotope signal compares to that of contem-
poraneous seawater into which the river discharges its dissolved loads.
Our study reveals that the total dissolved Cr isotope signature of the
tributaries and the Paraná River yields a rather well defined average of
δ53Cr = +0.34 ± 0.14‰ (2σ; n = 17), implying conservative behavior
of Cr during transport. Although we have not characterized the surface
waters with respect to speciation of Cr, based on the above discussion
and existing Cr data bases of rivers and estuaries, we argue for predomi-
nance of Cr(VI) over Cr(III) during the entire riverine pathway of Cr in
NEArgentina from itsmobilization from the lateritic soils to the discharge
area. Our results strongly support those of Cranston and Murray (1980)
with respect to Cr(VI) in the Columbia River and estuary.

A recent study by Bonnand et al. (2013) reports, for the first time,
δ53Cr for seawater from open ocean. They publish total dissolved Cr
concentrations and Cr isotope compositions of a water column in the
Argentine Basin, a location which is situated off-shore, to the south of
the Paraná discharge area in the South Atlantic Ocean.We can therefore
directly compare the discharge area signals and the riverine Cr isotope
signal with these offshore values. The average δ53Cr value determined
herein for the transported dissolved Cr of +0.34 ± 0.14‰ lies statisti-
cally within the range of δ53Cr values between +0.41 and +0.56‰ for
the seawater of the Argentine Basin (Bonnand et al., 2013). In particular,
our value measured in the estuary (sample ATL 448) with a δ53Cr value
of +0.44 ± 0.06‰ compares well with the Argentine Basin water at
30 m depth (surface water) with a δ53Cr value of +0.41 ± 0.04‰
reported by these authors. While the drawing of hard-and-fast conclu-
sions is not possible at this stage (more detailed investigations have to
be undertaken in the future to constrain them), we tentatively propose
that a total dissolved Cr isotope signal carried by amajor and significant
river like the Paraná River studied herein is reflected by the local ocean
surface water signal. With respect to total dissolved Cr concentrations,
our study, when compared to that of Bonnand et al. (2013), reveals
that lowering of the concentration in the Paraná River (average of
2.4 ppb; 46 nM) to ~1.1 ppb (21 nM) in the estuary and to ~0.3 ppb
(6 nM) in the open ocean (Bonnand et al., 2013) is probably either due
to dilution of the river water by seawater only and/or due to removal
of Cr(VI) by simple adsorption onto or flocculation with freshly formed
particles as proposed by Cranston and Murray (1980).

6.5. Paraná River Cr flux to the South Atlantic Ocean

The data set provided herein allows us to constrain the total dissolved
Cr flux of the Paraná River into the South Atlantic and to estimate its pro-
portion relative to the total riverine input into the world's oceans. If
we take our average total dissolved Cr concentration of 2.4 ppb (46 nM)
for the Paraná River as the input value, and use the discharge value of
22,000 m3 s−1 reported by Piola et al. (2005) for the Paraná River into
the South Atlantic, then we calculate a total yearly Cr input of the Paraná
River system into the oceans of 3.12 ∗ 107mol y−1. Compared to the total
riverine Cr influx to the world's oceans of 6.3 ∗ 108 mol y−1 proposed by
Elderfield and Schultz (1996), we then calculate that the Paraná River
influx contributes about 5% to that flux. This is a remarkably high contri-
bution, and is based on the relatively high total dissolved Cr concentra-
tions measured in the Paraná River, relative to a range of 0.05–0.9 ppb
(1–17 nM) value used by Bonnand et al. (2013) in their Cr fluxmodeling.
We consider two reasons for this elevated riverine Cr flux: 1) Since we
have collected the water samples during a period in the rainy season in
December when weathering is expected to be enhanced by daily thun-
derstorms, it is likely that the Cr concentrations measured in the river
waters are not representative for depicting yearly averages, but rather
could be seen as maximum values. Consequently, the calculated Cr
flux to the oceans by the Paraná River using the 46 nM average would
then be a maximum flux. 2) The catchment area of the Paraná River is
dominated by basalts of the Paraná Magmatic Province with relatively
high concentrations of Cr. Weathering of these basalts could favorably
lead to release and mobilization of larger fractions of Cr into the rivers.
Since we consider both of the above reasons likely to contribute to the
elevated concentration of dissolved Cr in the analyzed water samples,
we conclude that, the Paraná River is an exceptionally important river
when considering the input flux of Cr into the modern oceans, and it
may have a significant impact on the modern isotope composition of
ocean water, at least of the South Atlantic Ocean.

7. Conclusions

Our study provides ample evidence for positively fractionated
(isotopically heavy) Cr in river water that is discharged by the Paraná
River into the South Atlantic Ocean, a scenario that was recently pro-
posed by Bonnand et al. (2013) which they based on mass balance
modeling to explain positively fractionated δ53Cr values measured by
them in ocean water. Our results indicate that δ53Cr values average a
value of +0.34 ± 0.14‰ and do not significantly change in the catch-
ment tributaries and the main Paraná River over transport distances of
more than 1200 km, from areas dominated by intense sub-tropical
weathering of basalts in NE Argentina to the discharge area.

Compared to recent Cr isotope analyses of South Atlantic ocean
waters by Bonnand et al. (2013), we conclude that the Paraná River
signal is imparted to oceanwater, and that the Paraná River contributes
~5% to the total dissolved Cr flux in the world's oceans today.

We also provide evidence, and support earlier results of our group, that
Cr isotopes are fractionated during sub-tropical weathering, enriching the
run-offwithheavyCr(VI), and leaving thealteritewitha lightCr isotope sig-
nature. Our data indicate that under theweathering conditions prevalent in
NE Argentina today, up to 50% of Cr originally contained in the basalts
pertaining to the Paraná Magmatic Province is removed from the soils.

Our detailed major and trace element study of two weathering
profiles in the province of Misiones indicates Cr enrichment up to
280% in the topsoils which we explain by effective and rapid reduction
of mobilized Cr(VI) to Cr(III) by organic matter. Comparison of Cr
release/redistribution in theweathering profileswith other redox sensi-
tive elements (Ce, U) reveals that Cr mobility is not correlated with the
distribution patterns defined by the latter. Variations in the magnitude
of positive and negative Ce anomalies, and LREE depletion relative to
HREE in the profiles, are possibly due to the formation of secondary
LREE rich phosphates, the formation of which has no effect on the
redistribution/re-deposition of Cr within the clay-dominated latosols
in the upper part of the profiles. Redistribution at depth of Cr in both
profiles is attributed to reductive immobilization of Cr(VI)-containing
waters in parts of the profile where relict Fe2+-bearing mineral phases
are fragmentally preserved.

At this stage, in order to better understand the Cr cycle, it is impera-
tive to investigate other river catchment systems (also in colder climatic
regions) and to characterize the behavior of dissolved Cr loads in
the entire transport pathway to the respective estuaries, where the
transported signals can be compared to δ53Cr values of modern seawa-
ter fromaround the globe, an investigationwhichwe hope to contribute
to in the near future.
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