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ABSTRACT

Rio Tinto provides ideal conditions for studying the role of colloidal particles in concentrating
elements that could have environmental impacts like U and Th, and their influence on the
transport of these radionuclides to Ria de Huelva estuary (Spain). To achieve this objective,
ultrafiltration experiments were developed on the Rio Tinto waters samples, in order to
separate colloids by different sizes (50 kDa, 10 kDa, 5 kDa, 3 kDa). Samples obtained from
the ultrafiltration performed with 50 kDa and 3 kDa were analysed to find out concentration
using appropriate techniques (ICP-MS) and radionuclides activities have been determined for
each of them. An ultrafiltration permeation model describes the relationship between log of
concentration of the investigated element in the permeate solution plotted versus log of
concentration factor (CF), which is the ratio of initial volume divided by the retentate
volume. If there is a constant permeation, this relationship should result in a linear pattern
and it can be used to predict the ultrafiltration behaviour of U and Th in this peculiar waters
from Rio Tinto acid mine drainage system. Experiments were carried out using concentration
factor from 1,07 to 1,73, with the aim to investigate if a permeation model, already proved
for higher concentration factor, could be applied for lower values too. The behaviour of U
can be predicted by a permeation model that provides a permeation coefficient (P¢) of 0,813
for U < 50 kDa and P.= 0,626 for U < 3 kDa. The permeation model can just show that little
retention for U occurs and that the permeation behaviour of U can be considered the same
even at low concentration factors. The application of the permeation model on Th 50 kDa
samples failed because the membrane was not retaining in quantitative form, but it could be
possible derived a P. = 0,360 for Th from the 3 kDa experiments, result that, anyway, could
be due to artefactual retentions. Using low concentration factors, the colloidal
concentration cannot be estimated by the permeation model for both U and Th.
Concentration of U amounts to values from 4,73 pg/L to 6,54 pg/L, while the range for Th is
from 13,0 pg/L to 28,0 pg/L, but no significant differences among the permeate and the
retentate were found. Both the elements are present in higher concentrations respect to
their content in common natural waters, according to the predict character of the
investigated elements in so acidic conditions, in which both can stay in dissolved form and
even colloids and all of solid phases will be disintegrated. 234y/2%8y activity ratios range
between 1,761 and 2,060. The disequilibrium among the 24y and **®U isotopes is
attributable to the excess of 2*U related both to the recoil effect, and the preferential
leaching of 24y respect to 238y by acidic waters from minerals in the mining areas. A range
between 0,056 mBq/L and 0,169 mBg/L for 201h activity, whose presence in solution is
mainly related to the decay of 233y, was obtained. Its presence in solution again comes from
the acidic environment that promotes the desorption of thorium from particles and colloids,
as well as mineral phases undergo dissolution.



INTRODUCTION

The Rio Tinto is one of the most important in the Huelva province, with a basin extended for
1676 km? and a length of about 100 km before reaching the Ria de Huelva estuary. It is well-
known for its red coloured water, that gives it its name. Archaeological studies estimate the
Rio Tinto mining district has been exploited since 4500 years, first of all by the local
population, then from Tartars and Phoenicians. It's since Roman Age that mining activity
became more developed together with pollution increased (high Pb content was detected in
ice level in Greenland, dated back to Roman age with isotopic compositions revealing that
70% of its contain came from Rio Tinto mine); later, excavation activity decreased until the
XIX century, when industrial revolution occurred and mining activity rose again, such a step
provoked extreme damage to the environment due to the hundreds of mines that were
operating during XIX and XX centuries producing sulphuric acid, copper and other base
metals like Zn and Pb. The Rio Tinto rises in Pefia de Hierro, a mine located to the north-east
of Rio Tinto anticline. Even if it is less known respect to the Rio Tinto mine and it dates
Roman age, Pefa de Hierro has a higher metal grade and it started to be profitable during
the early XIX century, when several mining companies turned exploiting it. Like other mines
advanced in Spain, it’'s located in the Iberian Pyritic Belt, rich in massive sulphide deposits,
and Rio Tinto path-flow is almost entirely delineated thru this area. The most common
sulphide is pyrite (FeS,), but it’s associated with minerals of economic interest like
chalcopyrite (CuFeS,), sphalerite (ZnS), galena (PbS), arsenopyrite (FeAsS), etc.

The weathering on these sulphides during the last century caused the pH to fall down to
values <2, favourable to the mobilization of heavy metals and natural radionuclides in waters
and sediments (Borrego et al.,, 2001; Sanchez Espafia et al., 2005; Hierro et al., 2011;
Ketterer et al., 2011). Several studies were developed on this peculiar subject, with evidence
of very high values of uranium concentration in acidic waters. As an example, Ketterer et al.
(2011) revealed that dissolved **3U activity varies from 10 to 850 mBg/L, with the highest
28 activities and the highest 234y /%8 ratios observed under the most acidic conditions.

All the processes of transfer materials from the continents to the oceans are constrained by
the removal of reactive elements on to particles (Turekian, 1977). The scavenging process is
the one by which elements are subtracted from dissolved form to particulate or colloidal
form. It depends on particles composition and the probability of changing in its form is
function of contact surface between particles and dissolved species, so it will be more
significant in particles-rich environments, as those developing in acid mine drainage (AMD)
conditions where colloids are very abundant due to the precipitation of Fe-oxyhydroxides
and secondary sulphates as pH rises. Easy-absorbable elements and with low solubility will
quickly remove from the water and will be deposited within the sediments, whereas
elements which have the same residence time as mixing-time will be transported
horizontally within to the particles-flow. Different results came out respect to the distinct
affinity for sorption onto particles of each element (Osthols, 1995; Balistrieri et al., 1981; Lao
et al.,, 1993), due to the scavenging residence times depending on composition and other
uncontrollable factors. Chase et al. (2002) and Luo & Ku (2004) tried to go beyond this
problem defining a partition coefficient which depends on the composition and describes
the equilibrium partitioning of a species between the dissolved and the particulate phase.
The dynamics of the system that regulate the delivery of the metals in the waters have been
widely studied even though it's not always possible to study directly all of the elements.



Scientists have been able to carry out information thanks to the investigation on elements
with similar physical-chemical behaviour or using tools such as 238y B7h disequilibria to
understand, for example, removal of Th.

Secondary minerals forming in acid mine drainage system are critical because of the
increasing in the capacity for adsorption due to high surface area of the precipitation of Fe-
oxyhydroxides phases (Jamieson et al., 2015). The latter are crystalline and amorphous
colloidal forms that play an important role in acid rock drainage as carrier of metals and
radioisotopes. Colloidal particles can be regarded as an intermediate of the precipitate
formation process, since results show that only the degree of crystallization increases when
particles are transformed into precipitates (Zanker et al., 2002). Nordstrom (2011) concluded
that Fe(lll), which is the major oxidant of pyrite under acid conditions, complicate the
interpretation of dissolved concentrations species due to its colloidal form that passes
through most filter membranes and alters the results respect to dissolved Fe(lll). This
phenomenon was pointed out in other works (Jamieson et al., 2005; Wang, 2014) who
confirm that, high colloidal-content lead to an overestimation on the Fe-content and its
associated elements. In acid drainage conditions, like in Rio Tinto area, the abundant Fe-
content colloidal fraction has high ability in ions absorption, and this fact was recognized by
several authors (Dold & Fontboté, 2002; Andersson et al., 2001; Chen et al., 2001).

Aim of the work

Colloids act like ligands that influence speciation, removal, transport, bioavailability and
toxicity of trace elements in aquatic system (Doucet et al., 2007), nevertheless their study is
complicated because of its nature, since their instability, their minute size, their low
concentration, their heterogeneous composition, their tendency to form carbonated
complexes or to associate with clay minerals and their closed association with organic
material (Lead & Wilkinson, 2007; Filella, 2007). That’s why Rio Tinto area is a perfect site for
studying the influence of colloids on the dynamics of the system, since the following points:

1) In the Rio Tinto prevailing conditions, pH neutralization, which occurs when strongly
contaminated water get in touch with clear water from precipitation or of no-
contaminated tributary, leads to the formation of the colloids, which result rich in
sulphate complexes and ferric and/or aluminium disulphates.

2) At these conditions, colloids concentration tends to be very high due to the extreme
ligands concentrations in the contaminated water.

3) There is no carbonate or bicarbonate dissolved in the acid water of Rio Tinto basin.

4) At so low pH order, organic matter may be considered negligible.

All of these aspects make Rio Tinto conditions ideal to assess the role of colloidal particles on
the carriage of significant amount of radionuclides and to evaluate their role on the natural
remediation of the system. To achieve this goal, ultrafiltration experiments on collected
water samples was developed using 50 kDa, 10 kDa, 5 kDa and 3 kDa membranes. U and Th
were investigated, measuring their activities for each of the samples obtained. Lastly, a
permeation model was established for the discussed elements.



1-STUDY AREA

The study area is located in the south-west of Spain, in the mining district of Rio Tinto (fig. 1).
Rio Tinto is the name of a river that rises in Pefia de Hierro, next to Nerva, in the north-east
of the Huelva province and flows across the Iberian Pyrite Belt, one of the most relevant
volcanogenic massive sulphide district in the world. The study was developed to a close area
of approximately 60 m?, delimited by a big tailing of the Pefia de Hierro mine to the west,
the headwaters of the Rio Tinto to the north, the slope coming down the HV-5011 road to
the east and the street that goes from the HV-5011 to the Pefia de Hierro mine entrance on
the south. In this restricted basin, Rio Tinto water catch two different water contributions:
one of them arises from the tailing dump and flows along the west-side into the Rio Tinto,
whereas the other one join the segment resulted by this first water mixing about 7 m further
to the south than the first one, but running from the east-side of Rio Tinto and generating
another mixing.

1.1 Geological setting

The investigated zone is included in the 1:50000 sheet number 938 (Nerva), resulted from
the MAGNA project (NAtional Geological MAp) conducted between 1972 and 2003 by the
Spanish Geological Survey (IGME), and situated in the central-east part of the Huelva
province, in Sierra de Aracena foothill. It’s located in the eastern extremity of the Iberian
Pyrite Belt, which is extended from the Baixo Alentejo province in Portugal towards the
Spain with a NW-SE direction, forming an arch 240 km long and 35 km wide that belongs to
the South-Portuguese Zone, the southernmost domain of the Iberian Massif. The area is
characterized by deposits dated back to Upper Devonian and Lower Carboniferous, that can
be resumed in a relatively simple succession, shown in the schematic section in fig. 2: the
Devonian Phyllite and Quartzite Group (PQ), the Volcano-Sedimentary Complex (CVS) and a
Carboniferous flyschoid sequence named the Culm formation, that is the base of the Baixo
Alentejo Flysch Group (the following Carboniferous component of the South-Portuguese
Zone) but included in this domain. The oldest rocks observed are organized in the PQ group
and they consist in a detrital sequence of more than 2000 m of slate alternated with
sandstones, with facies revealing a stable continental shallow platform deposition during the
Frasnian and Famennian ages. Formation of half-graben basins, related to the Hercinian
compressive tectonic just started, led to a period of instability in which, heterogeneous and
high energy sedimentation prevailed, determining the deposition of subaerial, delta fan and
gravity flows deposits, recorded now in the PQ hanging wall and representing the
Fammenian transition with the overlying Volcano-Sedimentary Complex (VSC) (Moreno et
al., 1996). The VSC include a complex bimodal volcanic unit intercalated with shales,
volcanogenic facies and Mn-rich chert deposits of late Fammenian-middle Visean ages. The
activity was submarine and, despite the fact that it is a discontinuous unit and it varies
frequently and quickly both in thickness and in lateral and vertical facies distribution, it can
be differentiated in two felsic volcanic cycles separated by two mafic cycles. On a regional
scale, the unit hold a Mn-rich bed of purple shale associated to jasper and forming a
continuous marker in the uppermost part of the succession. The thickness range of VSC is O-
1300 m, due to the differences in the intensity of the volcanism within the intracontinental
basin wherein it occurred, and the characteristics of the northern domain widely differ from
those of the southern domain. The latter reflects a continental influence deposition, proved



Fig. 2 — On the right, schematic geological map
showing the location of the major massive
sulphide deposits. AZ-LF: Aznalcdllar-Los Frailes;
LC: Las Cruces; LO: Lousal; LZ: La Zarza; NC:
Neves Corvo; MV: Masa Valverde; RT: Rio Tinto;
SO-MI: Sotiel-Migollas; TH: Tharsis. Modified
from Tornos (2006). From Menor-Salvan et al.
(2010).

Fig.1 — Location and detail of the study area in Spain , images
from Google Earth. Rio Tinto rises in Pefia de Hierro, next to

. Nerva, flows towards SW and reaches Ria de Huelva estuary.
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by the abundance of shale and siliciclastic sediments, whereas the northern area shows a
thick volcanic sequence with lower content in shale. Felsic terms dominate, with andesitic-
rhyolitic range composition (with a prevalence of the dacitic one) of the formed domes and
sills and their associated volcanoclastic deposits, constituted by hyaloclastites and pumice-
and glass-rich rocks. These rocks are calc-alkaline with low Al-content and high Nb-content,
though the less common mafic rocks consist in tholeiitic and alkaline basaltic and andesitic-
basaltic lava flows and pillow-lavas (Mitjavila et al., 1997). Volcanoclastic rocks occupy low
topographic places and they are interpreted as resulting from the dismantling of the volcanic
structures, which were building up meanwhile the interaction with sea-water. The massive
sulphide deposits of the Iberian Pyrite Belt are enclosed in the VSC (fig. 3) and orebodies
show distinct relationships with their host rocks. They reflect the previously described two
domains of the succession, because of their paleogeographic control: the black slate-related
are mainly spread in southern part, reflecting deposit formed in anoxic third-order basins,
like brine pools, where the hydrothermal activity was very efficient despite the shortness of
the time interval (less than 5 million years) during which the deposits were developed; the
felsic volcanoclastic rocks-related are located in the north part and they were originated by
the replacement of the below seafloor volcanic rocks. A submerged sedimentation
environment has been proposed for the PQ Group and the VSC (Quesada, 1996; Saez et al.,
1996), but due to the different depths revealed by several depositional setting of rocks, Saez
et al. (1996) suggest the Iberian Pyrite Belt as including several deep basins separated from
deeper zone and other emerged ones during the massive sulphide formation. In the Culm
formation, that overlays VSC, shales and sandstones deposited from turbidity currents are
the main lithologies. They have Carboniferous age (upper Visean) and their thickness reach
3000 m. The formation represents a sinorogenic flysch sedimentation related to the Variscan
collision and their reversal tectonic (Moreno, 1993). All of the rocks constituting the IPB
were metamorphosed and deformed by Variscan orogeny, so they suffered a regional low
grade metamorphism in green-schist facies, that increase from the south to the north of the
belt and towards the base of the sequence (Munh4d, 1990), due to the subsequent intrusion
of large granitic, tonalitic and dioritic bodies. The Variscan tectonic produced a ‘thin-skinned’
deformation which affected the shallower part of the crust, developing a thrust and fold
belt with a southward and south-westward vergence and the consequent foliations parallel
to the folds structural axis oriented WNW-ESE. Other important manifested metamorphism
is the hydrothermal one, resulted from the interaction between rocks and circulating fluids,
heated by the anomalous geothermic conditions existing during the Upper Devonian and the
Lower Carboniferous.

1.1.1 Metallogeny

Massive sulphide deposits occur within the VSC and exhibit the classical configuration of
Volcanic Massive Sulphide deposit, that is a lens of massive sulphide superimposing a wide
sector with rocks interested by an important hydrothermal alteration. “Stockwork”
mineralization is disseminated in the body nucleus, it consists in a network of widespread
sulphide-rich veins as a consequence of hydrothermal fluid flows exhaled out of the sea floor
(fig. 4). Mineral paragenesis comprehends pyrite as the prevailing phase, with sphalerite,
galena and chalcopyrite as accessories, together with many other minor minerals. These
massive sulphide deposits can be grouped into two different styles of mineralization,
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reflecting the formation in contrasting geological settings (Tornos, 2006). The southern part
includes deposits that are in direct relationship with shale, sedimentary component
prevailing in this sector of VSC, with features developed in a low-topographic zone
suggesting an exhalative environment evolved in third order basins: this kind of basins, with
their reduced extension, their euxinic and low-energy deposition that build-up organic-rich,
pyritic, fine-grained shale and mudstone, it is the best environment providing ideal
bathymetric and chemical conditions for dense, sea-floor-closely, metalliferous and sulphur-
depleted upwelling brine to accumulate and react with locally H,S derived from sulphur-rich
seawater, so as to lead to the precipitation of the sulphide minerals that compose the ore.
These massive sulphides are characterized by a high (10-20) aspect ratio
(longitude/thickness) due to their stratiform morphology, large tonnages, abundance of
pyrite but low total base metal content, abundance of sedimentary structures but absence
of sulphate. The sulphides are composed by fine-grained anhedral to subhedral pyrite, with
interstitial sphalerite, chalcopyrite and galena. Carbonates are also present as widespread
siderite-cemented breccias (Tornos & Conde, 2002) or as a pervasive ankerite-rich
hydrothermal alteration. Other characteristic features are the presence of a large underlying
stockwork and no evidence of clear metal zonation. Northern part deposits are hosted in a
felsic volcanoclastic sequence with low level of mudstone, so they are poor in sedimentary
structures. They show replacive fronts on felsic volcanic rocks and a hydrothermal alteration
around the massive sulphides. The most recent model proposes these massive sulphides are
formed by replacement of the sub-seafloor volcanic rocks, explaining their greater base
metal richness with the efficiency of the geochemical trap of this environment (Doyle and
Allen, 2003). They are hosted by high-energy volcanoclastic rocks like transported
hyaloclastites or pumice/crystals/glass-rich breccias. At regional scale, the formation of
massive sulphides was determined by the Variscan ‘thin-skinned’ tectonic that furthered
intrusion of basic magmas into the crust: these conditions let the geothermal gradient
increase, as well as they led to acid magmas production and aided diagenetic and
metamorphic evolution of the PQ group with the expulsion of saline water fluids full of
metals in the convective cells generated by acid magma intrusions. As like as the southern
shale-related deposits, the distribution of the massive sulphides follows the regional setting,
so they are clustered along E-W trending zones forming isolated groups. The regime
developed stacking lens of these massive sulphides, giving rise to intermediate (5-10) aspect
ratio deposits, that present generalized recrystallization due to their intense deformation
and a host rock with a pervasively silicic and sericitic alteration. Northern deposits are rich in
sphalerite, galena, tetrahedrite and gold, they typically contain sulphates like barite and
gypsum and oxides like magnetite. Grain size ranges from medium to coarse and remnants
of silicified and chloritized host rocks are frequent within whole deposits. Tectonic banding is
determined by distinct sulphur-enrichments layers alternation; such an origin is moreover
confirmed with the existence of widespread S-C structures, composition and texture of
banding, as well as the presence of angular fragments of pyrite hosted by the more ductile
sphalerite-galena matrix. Here the metal zonation is well-defined and show differentiated
Cu- and/or Zn-/Pb-rich zones. The supergene alteration of these massive sulphides
originated large gossan outcrops, usually enriched in Au and Ag, but without showing any
obvious zoning.
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Fig. 4 - Stockwork mineralization in pyrite (a), highlighted by the oxidation. In detail (b) the small minerals are
disseminated in a network of widespread veins.

) ! ~ Y 1 9% & 5 TR, T -

Fig. 5 — A) Branch of water flowing from the big waste pile of Pefia de Hierro mine. B) The drainage in this area is
developed in shale, prevailing sedimentary component that, together with all of the rocks of the IPB, suffered the
Variscan orogeny

12



Fig. 6 — Ochre and brownish coloured precipitated typical of the acid mine drainage sites.

Fig. 7 — Acid mine drainage (AMD) contamination starts with the oxidation of pyrite and goes on with a series of
reactions that release more and more acidity, sulphate and an elevate amount of metals and metalloids, leading to a
toxic and highly contaminant solution (a e b). When pH rises, precipitation of Fe-oxyhydroxides and secondary
sulphates occurs, developing a particles-rich environment characteristic of AMD conditions (c). In d: efflorescent
sulphates formed in the course of a dry period that temporally store acidity, SO, and metals.
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1.1.2 Rio Tinto district

Rio Tinto synclinal is a Carboniferous structure with W-E direction, with a main gentle folding
and several minor folding, one of whom constitutes the Rio Tinto volcanic anticline with its
related mineralization. Faults and thrust are abundantly present, together with a pervasive
hydrothermal alteration often hiding original formational relationships. In Rio Tinto district
we can find deposits showing both northern and southern characteristics, reflecting their
different original environment, in fact the mineralization in Northern Vein is dacite-hosted
displaying replacement structures with it, while the one of Southern Lode is slate-related
(fig. 5) and has sedimentary structures formed in a exhalative scene. So we get the
mineralization as disseminated or in small veins in the stockwork areas, as well as in lenses in
massive form above or comprehended in the stockwork zone, or in gossan area representing
the supergene alteration.

1.2 Geochemistry of the acid mine drainage
1.2.1 AMD contamination

A common aspect of the study area is the pervasive presence of yellow-ochre to reddish-
brown sediments in the riverbanks, consisting of Fe-precipitated due to the pyrite oxidation
in mine sites (fig. 6). In reducing conditions sulphides are extremely insoluble. They remain
stable in the subsoil as long as they don’t react with oxygen, but once they get in touch with
it and with water, the oxidation of pyrite takes place:

FeS, () + 7/2 Oz + H,0 & Fe** + 2H" +250,>

This reaction origins acidity (H") and produces a large amount of sulphate (S04*) and ferrous
iron (Fe®"), leading to a toxic leached solution with an extreme contaminant capacity.
However, when ferrous iron (Fe2+) flows over the contact surface with the oxygen, oxidation
to ferric iron (Fe**) occurs, according to the following reaction:

Fe’* +1/4 0, + H" > Fe*" + 1/2 H,0

thiss reaction is catalysed by bacteria which increase the rate of the reaction by a factor of
10°.

Fgrric iron (Fe*) can persist as dissolved form at pH < 3 or it can precipitate as Fe-hydroxide
producing more acidity:

Fe® + 3H,0 = Fe(OH); () +3H"

1.2.2 AMD chemistry

As seen above, Fe** and hydroxides precipitated give the typical red/yellow colour to the

rivers affected by this process, as typically manifested in acid mine drainage rivers. Further,
oxidation of accessory sulphides (e.g. As or Se in pyrite; Co and Ni in pyrrhotite) takes place
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and an elevate amount of metals and metalloids like Cd, Cu, Pb, Zn, etc., some of them
extremely toxic, are released. In the literature several case studies reporting the typical AMD
chemical composition of waters draining massive sulphide deposits can be found, all of them
suggesting a strong geologic control on its chemistry dictated by the deposit geology and
mineralogy (Ball & Nordstrom, 1989; Goldfarb et al., 1996; Plumlee et al., 1999; Nordstrom
& Alpers, 1999). One more interesting feature of the AMD chemical composition is the high
U and Th contents. Studies demonstrated the good correlations between U and elements
such as Al, Mg, Mn, and Zn, Cd and SO4, whom suggest that U could be derived 1) from the
dissolution of aluminosilicates of the acidic volcanic lithologies present in the area and 2)
other phases related with sphalerite-rich complex ores (Sdnchez Espafia et al., 2005). The
concentration of metals in the acid solutions decreases the further you move away from the
discharge point, since their co-precipitation with Fe-oxyhydroxides that always formed due
to solution supersaturation in Fe, though this acidic leached reacts with the surrounding
rocks and produces dissolution by hydrolysis of other gangue minerals. This explains the
abundance of elements like Al, Ca, Mg, Na and K in acid mine waters. These reactions,
normally very slow, are catalysed by microorganisms, identified by several microbiological
studies (Lopez-Archilla & Amils, 1999; Lopez-Archilla et al., 2000; Gonzalez-Toril et al., 2003)
as chemiolithotrophic acidophilus bacteria that use minerals as their source of energy in
addition to elements from atmosphere. In fact, sulphide oxidation would not be a problem
without these bacteria, since the produced acidity could be neutralized by the environment.
Field and laboratory investigations confirm that the oxidation rates measured in sectors with
dense biofilms of acidic slime streamers are remarkably faster than those measured in sites
where streamers are not present (Nordstrom, 1985; Williamson et al., 1992; Kirby & Elder
Brady, 1998; Kirby et al., 1999; Sanchez Espaiia et al., 2007). In acidic conditions, they will
reproduce very fast and the consequence will be an increasing in acidity in order to generate
a negative feedback system, with a leached solution characterized by very low pH and very
high metals and metalloids concentration. Anyway, the composition of AMD suffers seasonal
variations: during the summer, a lower flow rate and a decrease in pH are observed, so they
could be factors in determining the changing in elements concentrations. Efflorescent
sulphates form in the course of the dry period (fig. 7), so they act like a temporal store of
acidity, SO4 and metals that will be dissolved in the more raining winter, determining
increase in acidity, SO4 and metals content (Sanchez Espafia et al., 2005).

1.2.3 Anthropic effects

The anthropic activity strongly accelerated the natural oxidation of pyrite due to actions
linked to the mining activity. Mineral resources exploitation involves different workings
settings, each of them leads to an increase in the surface area exposed to the oxidation.
Looking to an update of Nordstrom et al. (2015), the anthropic impact on the drainage water
can be appreciated. For example, underground workings is a mining technique made up of
various features, excavated usually into relatively intact rock in order to gain access to the
orebody. Blasting and collapses of the wall-rock develop uneven unsheltered surfaces,
together with widespread fracture networks, that carry out enlarged revealed surface areas
in contact with water and oxygen. The increase in the reactive surfaces causes an increase in
the sulphide oxidation and in the rate of the release of leached solution into mine waters.
The difference between this technique and open-pit operations is that the latter are
developed to extract near-surface orebodies and are made of a series of benches that allow
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the stability of the pit walls. During mining activities, operations of dewatering are
necessary, so they conduct to the uncovering of the pit-walls. Because they are irregular and
fractured as well, the consequence is the same: more sulphide minerals and gangue minerals
exposed to water and oxygen and more release of dissolved components into mine waters.
The closure of an open-pit carries out a pit lake, wherein atmospheric water and
groundwater will be collected, together with the previously stocked oxidation products that
will impact water quality. Another problem affecting mine sites is the generation of big
amount of waste, like the finely ground tailings and waste-rock piles. Meteoric water drains
these accumulations but interacts with them differently: if the fine grained nature of the
tailings limits the rate of the infiltration water, in the heterogeneous waste rock piles water
can flow through interconnected pores. Therein, interactions between infiltrate water, gas
and solute take place, thus they become an important controlling factor in the piles
drainage. Since the sulphide oxidation, which is also influenced by external forcing that acts
on temperature and gas characteristic of the pile (Amos et al., 2009), is an exothermic
reaction, the generated heat can establish thermally driven convective gas-transport cells,
by which oxygen can be transferred deep inside the waste pile with the consequence that a
greater volume of rock undergoes oxidation (i.e., Lefebvre et al., 2001; Ritchie, 2003). Then,
oxidation products within the pile interact with other minerals in the waste (Smith et al.,
2013) and can either neutralize acidic pore water or form secondary minerals and gases
along flow path. The same reactions happen in mill tailing, but downward and laterally
through the tailings.

1.3 Uranium

Uranium is a strong lithophile element, which means that it is concentrated in the silicate
minerals of the crust, and it has affinity with the oxygen occurring often in the oxide
minerals too. Despite the fact that uranium is the highest number element found naturally
on Earth, it’s not so uncommon as it was thought and it can be found associated with other
minerals. The average abundance of uranium in the Earth’s crust is estimated varying
between about 2 and 4 ppm, similar to the values of arsenic or molybdenum, but higher
than elements like silver, mercury or cadmium, with higher values in acidic igneous rocks
and minor amount in the basic ones. Average U content in granites amounts to 4,5 ppm,
while in peridotites is up to two orders lower. The range for metamorphic rocks is 0,5-3,0
ppm. Shale are the sedimentary rocks containing more uranium than others, reaching a 3,5
ppm content (Gupta & Singh, 2003), while the value that can be found in the literature about
its concentration in seawater is 3,3 ppb (e.g. Ku et al., 1977) and in common surface waters
it presents temporal and spatial variability strongly dependent on the local redox conditions
(Plater et al., 1991). The most common valence states of uranium are the tetravalent (IV)
and the hexavalent (VI) states, even if it exists until the bivalent form, then the best-known
minerals containing tetravalent uranium are uraninite and pitchblende, oxides having
different content in UO,, that form uranium ore deposits. Other important uranium minerals
are phosphates like autunite and torbernite, simple and hydrated silicates like coffinite,
uranothorite and uranophane, as well as vanadates and arsenates like carnotite and
zeunerite respectively. Uranium is a radioactive element occurring with different isotopes,
two of whom ,*8U and %*°U, have long half-life (4,471 x 10° y and 7,04 x 10%y respectively)
and establish U-series radioactive disequilibria, a very widely used tool for dating a variety of
processes. Isotopic studies of U in river waters were undertaken and it has been suggested
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that the U isotopic ratios of river waters could depend on the lithological nature of the
formations constituting the watersheds (Sarin et al., 1990; Plater et al., 1992); therefore,
234y/2%8U activity ratios could be very useful to investigate hydrological processes and as
tracers of rock weathering (Riotte & Chabaux, 1999).

1.4 Thorium

The abundance of thorium in the Earth’s crust is relatively high, it amounts to 6 ppm.
Monazite and thorite, a phosphate and a silicate respectively, are the most common ores of
thorium, though this element occurs in uranothorite, thorianite and it can be found as
significant trace element in minerals like zircon, titanite, gadolinite and betafite. Thorium is
composed of several isotopes, all of them radioactive with different half-lives: 24 days for
241h, 1,9 years for 228Th 7.5 x 104 years for 20Th. The most stable isotope is 232Th, which
represents almost all naturally occurring uranium, with a half-life of 14,05 billion years after
which it decays in radium by alpha-decay and can go on in its decay chain, until the stable
2%ply The fact that Th(IV) is the only stable oxidation state under all redox conditions in
natural waters, and that these ions are extremely particle reactive, makes Th a very useful
tracer of several oceanographic processes (Santschi et al., 2006). It is a strongly insoluble
element in a wide variety of environmental conditions, indeed **’Th concentration in
seawater amounts to pM order, further other Th isotopes, e.g. 241, B0TR 228Th are also
present in seawater at very low concentration, due primarily to natural radioactive decay of
uranium isotopes that are soluble in seawater (Bacon & Anderson, 1982; Moore, 1981). Its
solubility is high in hydrochloric acid, at room temperature thorium reacts not so quickly
with oxygen, in contrast to higher temperatures conditions where it reacts with oxygen
faster, forming thorium dioxide (ThO,) which has the highest melting point of any oxide
(3300°C). Thorium in natural waters is typically complexed with inorganic ligands, such as
sulphate, fluoride, phosphate and hydroxide, as well as with organic anions, all of which lead
to the increase of the solubility of Th minerals and the mobility of this elements in surface
(Langmuir & Herman, 1980). Thorium can be present in solution as Th* only in very acidic
waters (Rai & Serne, 1978).

1.5 U-series

Weathering usually fractionates U-series nuclides determining the radioactive disequilibria in
the decay chain. Chabaux et al. (2008) summarize the three main parameters which come
into play on the behaviour of U-series nuclides in natural waters:

1) the chemical speciation of radionuclides in solution
2) their interactions with mineral and organic solids
3) their reactions with colloids.

1.5.1 Chemical speciation of radionuclides in solution
The chemical speciation of uranium in solution has been extensively studied and depends on
redox conditions, pH and aqueous solution composition (fig. 8).

Uranium in natural water is usually complexed with inorganic ligands like phosphate,
sulphate and fluoride, as well as carbonates and organic ligands, all forms that enhance its
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solubility; so this ability of uranium to form complexes influences dissolution, sorption on
minerals and colloids surface and the form in which U may precipitate. Among the two more
frequent form, the hexavalent one has the highest mobility in the environment in the form
of UO,**, while U(IV) is stable in extremely reducing conditions for pH<5.
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Fig. 8 - Eh-pH diagram for the system U-C-H-O at 25° and 1 atm with U =1 mm/L and P¢g, = 102 atm (from Langmuir, 1978)

Thermodynamic data show that even U(V) as UO," has a considerable field of stability in
reduced water, resulting in a vastly increase of the mobility of uranium for a wide range of
natural conditions. During water-rock interactions and their transport in solution, each of
other nuclides of the U-series behave differently than U: for instance, Th is known to be a
very insoluble element for pH>3. This variability can led to significant geochemical
fractionation among these nuclides, since, except in highly reducing or highly ligand-rich
solutions, fluid phase will be generally enriched in U and the residual solid phases in Th
(Chabeaux et al., 2008).

1.5.2 Interactions with solids

The mobility in solution of radionuclides is controlled by their reactivity with mineral
surfaces and organic compounds. Carbonate anions form strong complexes with actinides in
solution, consequently carbonate minerals are the best to make their surfaces available for
actinide sorption. But in general the entity of this process depends on the nature of nuclide
and of the interacting solids. Duff et al. (2002) show how the adsorption on mineral surfaces
is controlled by mechanisms like surface complex formation, precipitation of U-bearing
phases on mineral surfaces as well as structural incorporation of U in mineral host phase.
Concentration of radionuclides takes an important role in their removing from solution by
adsorption on minerals, because of its influences on the way how the radionuclides can be
incorporated, together with the mineral growth rate and the bacterial activity.

18



1.5.3 Reactions with colloids

Colloids have an important influence in determining the mobility of U-series nuclides,
especially of U and Th, because their presence, both as organic and inorganic form, modify
the metal ion sorption onto mineral surfaces. More details are illustrated in the section 1.6.

1.5.4 Recoil

The fractionation of the U-series nuclides in solution can also take place due to a process
induced by radioactive decay called “recoil”. This process is defined as the motion acquired
by an atomic nucleus during its emission of particles in radioactive decay, or during its
collision with another particle, and determine a displacement called recoil range(8) whose
entity depends on the decay energy and the density of the solid phase. Typical values of the
recoil range in mineral phases vary between 40 and 70 nm, but in air will amount up to 50
um (three orders of magnitude larger). This displacement is influenced by grain size(r) and
the difference in range has important consequences for the mobilization of daughter
nuclide: when the grain size is large (6/r<<1) the effect will be negligible, while if the grain
size is small the recoil will fractionate significantly the parent nuclide and its daughter. For
example, let’s take in account a & = 19 nm for quartz, with the decay of *3®U that produces
2%Th. If it happens in sand with a grain size of 250 um, the ejection factor (that is the
fraction of daughter atoms ejected relative to that produced) will results in 7,6 x 10”. If it
happens in silt or in clay, having grain radius r = 30 um and r = 1 um respectively, the
ejection factor will be 6,3 x 10 and 1,9 x 10 respectively, with the latter that becomes
significant. Other complications may come out based on the saturation of the porous
medium and on the distribution of the parent nuclides. Thereby the amount of recoil
nuclides that are effectively reject into solution will depend strongly on these factors, as well
as on the surface from which daughter nuclides can be expelled. Another aspect to be
mentioned was suggested by Kigoshi (1971) and was experimented by Fleischer (1982, 1983,
1988): even if these recoil nuclides are not emitted in the pore spaces, their displacement
due to recoil makes them more easily to be removed from their sites in the mineral, so they
are preferentially leached and the shorter-lived nuclides they are, the more is the leaching
efficiency because if the leaching occurs in a time-scale longer than the time required for the
annealing, it will be not efficient (Eyal & Olander, 1990).

1.6 U-series disequilibria in rivers

In rivers, weathering controls the fractionation and it is the main player governing the mass
balance, since it provides the new bedrock material weathered as input in the system, as
well as it provides the output represented by dissolved and weathered particulate material.
Regardless the uranium in the bedrock, we need to assume that 2*U/?*®U activity ratio is in
secular equilibrium to affirm that in a steady-state context these two elements are equal;
under secular equilibrium, the activity of the parent radionuclide undergoes insignificant
changes during the half-life of its decay products. If it is not in secular equilibrium, it is
necessary to take into account the contribution of daughter nuclides given by the uranium
decay. 2*U-**U disequilibrium is related to the recoil process, which causes release of 2*U
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decay product from the solid into the solution and the perturbation of the crystal network
where 2*U is located, promoting preferential leaching of 24y respect to 281, This process is
time-depended, this is the reason why U-series disequilibrium is an excellent tool and a
chronometer of weathering processes. U-series disequilibrium in rivers gives information
about weathering processes at the scale of watershed (Chabaux et al., 2008), so U-series
isotope analyses have been used to investigate various issues, such as the contribution of
rivers to the seawater U budget (Sarin et al., 1990), the behaviour of U-series isotopes during
weathering and transport in rivers (Plater et al., 1992; Porcelli et al., 1997; Andersson et al.
1998) or the sources of dissolved flux, in particular groundwater contributions (Riotte &
Chabaux, 1999; Riotte et al., 2003), as well as the nature of erosion, the estimation of its
timescale and its related sediments production and transport rates (Dosseto et al., 2006).
The control of the intensity of weathering on the magnitude of >*U/?**U activity ratios of
river waters was proved by Robinson et al. (2004), while Sarin et al. (1990) observed the
control of the lithology on the 2*U/**®U fractionation during rock weathering. Uranium
concentration in rainwater range from 0,5 ng/L to 50 ng/L, so U input from the atmosphere
to rivers is generally considered insignificant. However, other potential sources of U nuclides
in the environments are anthropic activities. Further processes called for the explanation of
anomalous activity ratios are adsorption of dissolved radionuclides onto particles (Chabeaux
et al., 2008), or mobilization of particulate Th through complexation with organic colloids
(Plater et al., 1992; Dosseto et al., 2006). Organic and inorganic colloids are an important
component of the < 0,2 um fraction and play a critical role in Th and U mobility (Swarzenski
et al., 1995) and thereby on radioactive disequilibria (Dosseto et al., 2006).

1.7 Fundamentals of colloids

The exact definition of colloids has been discussed for many years and it is still debated
because of nomenclature divergences in view of different disciplines involved in their study.
Environmental colloids are relative dilute dispersion of solid phase (sometimes liquid or gas)
within a water or atmospheric gas (Lead & Wilkinson, 2007). Regard to a size-based
definition, colloids can be conventionally defined as dispersed phase with sizes ranging
between 1 nm and 1000 nm, boundaries that though are not so rigid (Everett, 1998). Thus
they are macromolecules and nanoparticles with the upper size limit that shall be considered
as the point at which particle-particle interactions are no longer dominated by Brownian
motion, whereas the lower limit is more vague since it depend on the chemical species.
Then, as can be seen in fig. 9, colloids in aquatic system comprehend macromolecular
organic matter, microorganisms, viruses, aggregates and nanoparticles such as clay minerals
and oxides of iron, aluminium and manganese coated with or sorbed on organic matter (Guo
& Santschi, 1997; Buffle et al., 1998; Gustafsson et al., 2000; Taillefert et al., 2000).

The most common inorganic colloids found in oxic waters are aluminosilicates, silica and iron
oxyhydroxyde particles (Pizarro et al., 1995; Buffle et al., 1998). In circum-neutral pH range,
the majority of them have low zero point charge so they are negatively charged, excepting
Fe-oxyhydroxydes with them neutral or positive charge (fig. 10). But this is not the case of
Rio Tinto area, where pH values are very low with the consequent elevated zeta potential
values for amorphous oxy-hydroxides of iron and aluminium, that keep this colloidal system
in a stable state. The other inorganic colloids change in positively charged with low zeta
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potential value, then repulsion forces are not so strong, so they get the ability to come
together catching other particles to growth in an aggregate. For natural nanoparticles, its
nucleation is related to a geological fluid that becomes supersaturated with a mineral phase.
For a given saturation degree (Q), the critical size of nuclei (r*) is determined by

2yVm

" T RTImaQ

where y is the surface energy, Vi, is the volume of a formula unit of the solid, R is the gas
constant, T is the absolute temperature (Steefel & Van Cappellen, 1990). Consequently, for a
given mineral phase, the higher is the saturation degree, the smaller is the particle size.
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Fig. 9 - Size spectrum of chemical species in aquatic system. From Guo & Santschi (2007), reproduced from Wen et al.
(1999).

nature of site density® specific surface
solid PHazpe (nm) area (m2g™")
am-SiO; 3.0-35 4.5-12 40-260
am-FeOOH 7.9-8.1 0.1-0.9 mol/ 160—700
mol of Fe
am-Al;03 ~9.4 2—-124
am-MnO; ~2.3 6—209 260
allophanes 0.4-1.2 500—-700
kaolinite 3.3-4.6°> 0.6-3.6 10-20
chlorite 0.6—2.4 92-97
illite 0.9-2.7 90-130
smectites <2.5° 0.5-1.0 750—800
vermiculites 0.9-1.6 750—-800
a Values aretaken fromrefs 6and 26. Values are given for amorphous
phases of metal oxides that should be more representative of natural
colloids. ¢ Values of pH at the isoelectric point and not at the zero point
of charge (=pH.yc). ¢ Site density corresponds to the maximum negative
charge density for pH > pH,.. ¢ Values for crystalline forms of Al,O3
or MnO,.

Fig. 10 - Characteristics of inorganic colloids

21



1.7.1 Previous data.

Aquatic colloids are abundant in natural waters, so various works have been focused on their
isolation and characterization (Guo & Santschi, 2007 and references therein). To know the
partition of different elements between dissolved and colloidal phase, the most frequently
used technique is the tangential (or cross-flow) ultrafiltration, by which it could be possible
collect information about the concentration and the behaviour in different environments
(e.g. Guo & Santschi, 1996; Gustafsson et al., 1996; Guo et al., 2000; Guo et al., 2001; ). This
technique will be exposed in section 2.2.1.

Previous studies demonstrated how U is associated with large particles and colloids (Porcelli
et al., 1997; Andersson et al., 1998; Andersson et al., 2001). Andersson et al. (1998) found
high concentration of Fe in river and brackish particles showing a strongly enrichment in U,
especially related to the secondary Fe-oxyhydroxides, that, on the contrary of the Mn-
oxyhydroxides, are largely responsible for the particle uptake of U. Even if U is highly soluble,
they reported its different behaviour controlled by the differences in abundance and
composition of colloidal fractions at different stage of changing in conditions of the system.
However, the isotope composition is generally controlled by a significant isotopic exchange
developed in a mineral-fluid system among their isotopes, as was suggested by Henderson &
Burton (1999) and Dosseto et al. (2006). In their work, they show that isotope equilibrium
will be achieved according to the transport rate (diffusion or surface reaction) relative to the
advective transport time. Yamamoto et al. (2010) investigated radioactive disequilibrium in
the uranium decay series in acid mine drainage system and in neutral surface waters from
surrounding rivers in Japan, finding in the strongly acidic waters a high 2>*U concentration,
together with high concentrations of heavy metals, and an extremely high value of 2*U/ 2*%U
activity ratio (10-15). Here, 2*Th concentration was at similar level to that of 2*2U, as
expected as the result of its expulsion by recoil related to 28y a-decay, and 20Th is a
daughter nuclide of 2331, that instead was very low respect to its parent nuclide. Taking this
into account, the authors concluded that deeper water is not in acidic condition, so the high
24y/ B8y activity ratio is probably due to the preferential leaching of 234, produced from
the “"'Th adsorbed on the surface of mineral particles, in the underground water under
neutral and reducing conditions. In addition, the elevated 234U/238U activity ratio could result
if 2*U and %3V are distributed differently within the solid matrix and if the 2 s present in
more labile sites, then preferential leaching of 24y will be possible (Ketterer et al., 2011).

234

1.7.2 Colloidal uranium

Several investigations on colloidal U in natural waters were pursued, reporting considerable
variability in the colloidal U percentage (table 1):

Table 1 - Renorted colloidal uranium in natural waters

Location Salinity U (nmol/kg) size fraction colloidal U (%) | reference

river waters - 0,076 £ 0,043 0,5 kDa - 10 kDa 53+10 Tanazaki et al. (1992)

river waters - 0,076 £ 0,043 10 kDa - 0,45 um 12+9 Tanazaki et al. (1992)

Amazon river 0,32 0,504 10 kDa—-0,45 um 83 Swarzensky et al.
(1995)

Amazon river 9,74 1,85 10 kDa—0,45 um 34 Swarzensky et al.
(1995)

Amazon shelf 35,44 13,8 10 kDa - 0,45 um 14 Swarzensky et al.
(1995)
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Table 1- continued

Location Salinity U (nmol/kg) size fraction colloidal U (%) reference

Surface and ground - - 10 kDa -5 um <3 Harnish et al. (1996)

waters

Kalix river - 0,46 -0,75 10 kDa - 0,45 um 20-90 Porcelli et al. (1997)

Lake Pavin - 0,17 > 1kDa 78 Alberic et al. (2000)

Lake Pavin - 0,17 > 10 kDa 18 Alberic et al. (2000)

Jiulong river 29,6 12,8 10 kDa-0,22 um <2 Chen et al. (2000)

estuary

Kalix river estuary ~3 1,37 3kDa-0,2 um 4-6 Andersson et al. (2001)

Kalix river estuary ~2 0,99 3kDa—-0,2 um 19-41 Andersson et al. (2001)

Kalix river estuary 0,8-1,4 0,66 3kDa-0,2 um 33-88 Andersson et al. (2001)

Groundwater <0,2 0,004 - 0,05 10 kDa - 0,45 um 47 -94 Tricca et al. (2001)

Coastal seawater - 29,1+13,0 0,5 kDa—0,22 pm ~80 Singhal et al. (2004)

Galveston Bay 0 3,36 >1 kDa 15 Guo et al. (2007)

Galveston Bay 8,6 4,76 >1 kDa 12 Guo et al. (2007)

Galveston Bay 21,6 8,12 >1 kDa ~0 Guo et al. (2007)

Jiulong river 1,1-31 1,19-11,8 10 kDa—-0,45 um <1 Lu et al. (2008)

estuary

Rio Tinto - 4650 > 5kDa 9 Casas-Ruiz & Barbero
(2015)

1.7.3 Colloidal thorium

Most of previous studies were developed on 24Th distribution in marine environment,
because of its peculiarities that make it a widely used tracer for natural processes, like
biological or scavenging processes. It has a half-life of 24,1 days and it’s produced in
constant rate from 22U dissolved in seawater. Furthermore this radionuclide associates
strongly with particles. Organic marine collides have high affinity for hydrolytic trace
elements such as Th(IV). Therefore Th isotopes of different half-lives may be used as natural
tracers for the DOM cycling in marine environments (Baskaran et al., 1992; Guo et al., 1997;
Chen et al., 2000). Detailed size fractionation of other Th isotopes in both dissolved and
particulate phase is scarce, but it could be reported available results about 230Th, useful for
the aim of this work (table 2):

Table 2 - reported 2OTh data in natural waters.

Regions Phase Salinity Z01h concentration(mBg/L) reference

Narragansett Bay Total 26,4-32,2 0,07-0,27 Santschi et al. (1979)
<0,45 pum 0,01-0,05

Northwest Pacific > 0,45 um no data 0,001-0,004 Hirose & Sugimura

(1993)

Baltic Sea brackish water < 0,45 pm 2,5-24 0,01-0,34 Andersson et al. (1995)

Western Mediterranean Sea Total no data 0,003-0,014 Roy-Barman et al.
<0,2 um 0,002-0,003 (2002)
>0,6 um 0,0001

Jiulong River estuary Total 1,1-31,4 2,2-13,8 Zhang et al. (2005)
<0,4 um 0,05-0,70
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2 - MATERIALS AND METHODS
2.1  Sampling and on-site analyses

To investigate the variations in water characteristics, the sampling was performed on 26
April 2016 at six different points: AC-1 from Rio Tinto water before other water contribution;
AC-2 drainage from waste pile of Pefia de Hierro mine; AC-3 at the confluence of these two
kind of water; AC-4 from the eastern natural river; AC-5 after this branch joins the just
contaminated Rio Tinto waters; AC-6 from a more upstream position along this branch,
where life forms, e.g. frogs, and lusher vegetation appear again. Sampling points are shown
in fig. 11 e fig. 12. From each point, fifteen litres of water were collected in a 20 L
polyethylene tank without filtration. The pH, Eh, conductivity and temperature was
immediately measured with a calibrated multiparametric probe (Hanna equipped with
probes HI 9025C, HI9033 and HI9025), resulting in the values listed in table 3, section 3.1. It
was not necessary acidify the samples, because of no carbonate content of the water.
Colorimetric analyses on iron content, chloride content and alkalinity were carried out on
the most contaminated AC-2 water, testing an aliquot of it with Hanna Instruments Test Kits.
For iron content, the reduction of all the Fe*" to Fe?* takes place by means of the reaction
with sodium sulphate, resulting in an orange-coloured solution due to the mixing of
fenantrolina with the ferrous iron; the intensity of the colour of the solution identify Fe-
content, then, as expected, it resulted in the maximum intensity, testifying the extremely
high concentration of Fe due to the waste pile leaching. Chloride content was detected using
mercury nitrate, which reacts with chlorine ions to form mercury chloride; when Hg ions-
content is too high, Diphenylcarbazide is added to form a violet solution, since this changing
in colour determines the end of Cl counting. The amount set out for the test wasn’t enough
to reach violet colour, maybe because Cl could exist not as free ion but as complex
compound (e.g. FeCl,, FeCls). Alkalinity test follows two steps: the Phenolphthalein Alkalinity
measures total hydroxide ions content, after sample is neutralized at pH=8,3 using a dilute
hydrochloric acid solution, with Phenolphthalein as indicator; the neutralization process
convert hydroxide ions in water and carbonate ions in bicarbonate:

OH + HCl =2 H,0+ CI

COs> + HCl = HCO5 +CI

This measurement provides only half carbonate contribution because bicarbonate is
converted in carbonic acid by adding hydrochloric acid. To obtain total conversion of
bicarbonate, more hydrochloric acid is added since pH falls to 4,5 due to the following
reaction:

HCOs- + HCl & H,CO5 + CI

giving back Total Alkalinity. It was not possible operate with this kind of water due to its too
high Fe-content. The samples were transported to the Earth Science laboratory of the
International Excellence Campus CEI-MAR, Faculty of Marine and Environmental Science,
University of Cadiz, where subsequent experiments of ultrafiltration and isotopic analyses
were carry on, starting with the day after.
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Fig. 12 - Pictures taken on-site during the sampling, showing the different collected water; a: AC-1; b: on-site
measurement of AC-2 parameters; c: AC-4; d: it can be seen the change in colour after the water sampled as AC-4 joins
Rio Tinto waters; e: AC-6 sampling.
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2.2 Ultrafiltration experiments

Collected samples were filtered using standard technique through a pre-cleaned 0,45 pm
and 0,2 um cellulose nitrate membrane into a pre-washed 20 L container, in order to isolate
the coarser retained colloidal fraction for a future work on its characterization (fig. 13). To
analyse the characteristics of the investigated elements in natural Rio Tinto water with
distinct size particle-content and how they could part between dissolved and colloidal phase,
an amount of 0,2 um filtred water of AC-1 sample underwent to ultrafiltration experiments.
The restricted budget and the short time available for the analyses let us work only on just
one of collected samples. Other samples will be further analysed by the active research team
of the University of Cadiz that is still carrying on the projects wherein | took part.

2.2.1 Ultrdfiltration procedure

A cross-flow ultrafiltration (CFUF) was performed on the selected pre-filtered water sample
AC-1. This technique isolates colloids from the water in a relatively short time and provides
the feed flow travels tangentially across the surface of the filter, with the main advantages
that the substances detained by filter are constantly washing away preventing the filter-cake
formation. The ultrafiltration system used is a Masterflex L/S system with a Vivaflow 200 PES
(polyethersulfone) membrane with an active membrane area of 200 cm? (fig. 13). The
Masterflex L/S peristaltic pump system includes fixed and variable speeds, with a flow range
from 0,0006 to 3400 mL/min, that providing high accuracy drives for precise flow control.
Setting the recirculation rate to approximately 300 mL/min, permeate flow rate results in 5
mL/min. All ultrafiltration experiments were performed in an acid-cleaned polycarbonate
(PC) container and polyethylene (PE) tubing. In order to separate extremely small particles
and dissolved molecules in fluids, different ultrafiltration membranes with different
molecular weight cut-offs (MWCOs) were employed. The Vivaflow 200 membrane system
was firstly pre-cleaned following the cleaning procedure implemented on the employed
membrane at the end of each ultrafiltration experiment: the system was rinsing with 200 ml
of distilled water without recirculation, then 250 ml of cleaning solution, that is 0,5 mM
NaOCl in 0,5 M NaOH, recirculate during 30-40 minutes with a rate of 50-100 mL/min,
followed by the recirculation of distilled water for 5-10 minutes and ending with a rising with
500 ml of distilled water; for every step, the solution need to be discarded. Thanks to this
cleaning procedure, the membrane could be reused more times. It's important to carry out
all of the ultrafiltration experiment under rigorous cleaning and strict protocols, in order to
assess correctly the mass balance and obtain accurate and reproducible results.
Ultrafiltration was carried out using concentration factor (ratio of the initial volume respect
to the retentate volume) from 1,07 to 1,73, with the aim to investigate if a permeation
model, already proved for higher concentration factor, could be applied for lower values too.

Fig. 13 — AC-1 during the standard
filtration (on the left) and during the
ultrafiltration experiment (on the right)
with a Masterflex L/S system with a
Vivaflow 200 PES
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2.2.2 Molecular weight cut-off and retention characteristics

The molecular weight cut-off (MWCO) defines the equivalent spherical size of
macromolecules that can be retained by a specific membrane and it is usually expressed in
kDa or atomic (molar) mass unit (amu). The nominal MWCO is estimated as the rejection
rate of ~90% for specific globular molecules (fig. 14) and define the rated pore size for
ultrafiltration membrane.
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Pore size or molecular weight

Fig. 14 - Membrane pore size distribution and ratings of ideal and real membranes. From Guo e Santschi (2007).

The experiments were carried out using 50, 10, 5 and 3 kDa PES membranes. The result of
each ultrafiltration experiment is the partitioning of molecules of different size between a
retentate solution and a permeate solution. Chemical species that have molecular size lesser
than the MWCO pass through the membrane, while the concentration of the compounds
rejected by the membrane will increase in the remaining solution over time. Thus the
permeate solution will be free of particles between 0,2 um and the MWCO of the membrane
used, meanwhile components larger than the pore size are rejected at the membrane
surface determining a constant enrichment in their concentration in the bulk solution.
Studies on the retention characteristics of ultrafiltration membranes show that, as we can
see in fig. 14, a certain percentage of compounds smaller than the rated cut-off can be
retained by the membrane, and a varying fraction of higher molecular weight
macromolecules can pass through the membrane, depending on the concentration factor
and the bulk concentration (Guo & Santschi, 1996). These observations are likely related to
electrostatic attraction and repulsion, the slow breakthrough of a small percentage of HMW
molecules, steric effects and other physicochemical interactions between the species in
solution and the membrane (Buesseler et al., 1996).

2.2.3 Ultrdfiltration permeation model

The typical application of CFUF technique provides the concentration method, where the
pre-filtered sample is concentrated from a single sample reservoir, so the concentration
factor (CF) can be obtained from:

CF=(Initial sample volume)/(Retentate volume)
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Recently, to interpret size fractionation data properly, the permeation and retention
behaviour of chemical species have been investigated (e.g. Guo & Santschi, 1996; Dai et al.,
1998; Guo et al., 2000; Guo et al., 2001). Since compounds with larger size than the MWCO
of a selected ultrafiltration membrane are quantitatively retained and the those having
lower molecular weight pass through without retention, a relation between the
concentration of a specific element in the permeate (C,) and the CF can be explained by the
following permeation model:

InCp = In(Pc x cP) + (1-P.) x In(CF)

where P. is the permeation coefficient, defined as the ratio of C, to C¢ (concentration in the
feed solution) at any given point of the ultrafiltration and C? is the initial concentration of
permeable species in the upstream feed solution. The model works assuming negligible
sorption and constant retention characteristics of the membrane, other than a constant
partitioning across the membrane for high and low MW solutes. When the element behaves
with a constant permeation, a linear relationship between InC, and InCF can be found. The
slope of the derived equation (1-P.) gives the P. value, which is related to the rejection
coefficient R by P. = 1- R., and could be equal to 1 when there is no retention for that
element, resulting in the same concentration of that element in both permeate solution and
feed solution at any time of the ultrafiltration. If instead P. < 1, that means that retention
occurs at each ultrafiltration cycle, with the consequence that the concentration of any
chemical species in the permeate will increase with increasing CF (Guo & Santschi, 1996).
The membrane theory (Johnson & Wangersky, 1985) describes how the interaction between
particles and membrane works: any particle or molecule with a gyration radius R, lesser than
membrane pore size R, can pass through the membrane at a permeation rate proportional
to (Rm—Rp)Z/RmZ. Ry is always >0, so for the LMW the ratio (Rm—Rp)z/Rmz will be always <100%,
with the result that macromolecules P, values will always result <1. This means that all of
macromolecules will be retained to a certain extent (Guo & Santschi, 2007) according to the
Rc = 1- C,/C;, that is defined as the fractional reduction in the feed concentration C; through
the membrane. As the P, value can be calculated from the slope (1-P.) derived from a linear
relationship between InC, and InCF, the estimation of initial feed concentration (Cfo) is
allowed due to a combination of the values of the intercept (In(P¢ x c?)) and the slope. Using
the estimated Cfo, the initial colloidal fraction can be predicted as 1- CfO/CTO where CTO is the
measured total dissolved concentration.

2.3 Concentration of U and Th

The concentration of the investigated elements in the solution were find out by ICP-MS
analysis, using an internal method that requires a calibration fitting the values of an internal
standard with different known concentration versus distinct measured concentrations of the
investigated elements. The report of the analysis Ref. 3471341328210616 is illustrated in the
annex 1.
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24 Radionuclide activities determination

2.4.1 Preparation of samples

The procedures for preparation of water samples for determination of radionuclide activities
by ICP-MS were devised by Michael E. Ketterer, professor at Metropolitan State University of
Denver, and can be applied on mine drainage samples, like the Rio Tinto ones or similar,
either filtered or un-filtered. The first procedural step is the lab-fabrication of the Eichrom
Tech. TRU (TRansUranic) resin columns, whom purpose is the extraction chromatography.
Columns were packed using 3 ml transfer pipets, cutting the top of their bulb and inserting
into them small glass wool, in a way that the wool won’t be neither too tightly (the flow
through the column will be very slow) nor too loose (the resin will leak through). Then the
columns were cleaned rinsing with several full volume of warm 2 M HNO;s, allowing it to
drain each time. 30+2 mg of TRU resin, whose was mixed with distilled water and then
added by pipetting this slurry, were transferred into each column, ensuring that the resin is
completely wet and uniformly packed on the top of the glass wool. After ultrafiltration, 10
ml of each sample were pipetted in a pre-cleaned 125 ml polyethylene cups and then
acidified with 1 ml of HNO; 69% (16 moles/liter). 150 pg of ***Th were accurately added to
each sample. The spike is a solution containing a known concentration of a particular
element, whose isotopic composition has been changed by the enrichment of one of its
isotopes. The sample to be analysed contains an unknown concentration of the element
whose isotopic composition is known, so, when a known amount of spike is mixed with a
known weight of a sample, the isotopic composition of the solution can be used to calculate
the amount of the element in the sample. This is the base of the isotope dilution analysis,
that leads to the determination of the isotopic composition of an element in a sample. In this
case a 2 x 10* atoms ?*°Th spike and a 5 x 10 atoms 2**U spike were used. After adding the
25Th-23y spike, the samples were heated at 75°C for 2-3 hours to ensure complete
equilibration of the mixture (fig. 15). The following step was the sample loading on the
columns: the acidified sample solution was extremely carefully poured through the
appropriate column, in order that the TRU resin could act and remove saline matrix and pre-
concentrates Th and U. Subsequently the extraction of Th and U was performed using
appropriate acid: when all the water sample passed through the TRU resin column, each
column was rinsed three times with 1 ml of 2 M HNOs, allowing the complete drainage of
each rinse and discarding them. Then Th was eluted by passing six times 1 ml of 1 M HCl and
collecting all of them. The Th fractions were completely evaporated by placing the un-
capped tubes in a convection oven held at 85-90° C until evaporation was complete. After
the completely removal of 1 M HCI, 300 uL of 2 M HNOs and 2,7 mL of distilled water were
added to each tube; the tubes were capped and heated at 85-90°C for 1 hour to re-dissolved
Th. Before U extraction, each column was rinsed again three times with 1 mL of 2 M HNO3
that were discarded, in order to clean the columns. The U fraction was obtained by collecting
in sequence 1 mL of distilled water, 1 mL of 0,05 M ammonium oxalate, and 1 mL of distilled
water. In order to gain a controlled and more accurate analyse, replicate samples and
standard materials were included, as well as blanks prepared with distilled water and
acidified. The standard used was a preparation containing marine coral, which has a known
234/2*8U equal to 1,148 + 0,002.
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2.5 ICP-MS analyses

Inductively Coupled Plasma Mass Spectrometry is the best technique to investigate the
isotopic composition of elements. It has several advantages, including a very high sensitivity
and a superior detection capability, as well as the high temperature of ICP-MS source that
minimize matrix interferences. A mass spectrometer separate charged atoms and molecules
on the basis of their mass using a magnetic field. it consists in three essential part, all of
them maintained at high vacuum: the plasma source that converts the atoms into ions, the
magnetic sector mass analyser and the ion collector. The source is an ICP torch, wherein
argon gas flows in its concentric channels (fig. 16). A radio-frequency is generated to supply
energy to the load coil, leading to an oscillating electric and magnetic field in the torch. This
oscillating field will capture the ions generated by the reaction that takes place when the
argon gas is sparked: electrons are separated from the argon atoms and the ions formed
collide with other argon atoms, forming the plasma. The sample is introduced through a
small orifice in the nebulizer that reduces the solution into an aerosol, which is brought into
the torch. Here the aerosol is fragmented due to the high gas pressure and the atoms will
ionized toward the end of plasma, travelling together with it. Plasma is an optimal source
because of its temperature of 6000-10000°K , but it doesn’t allow determinations of
negative ions because its typically positively ions composition. To get a stable signal, it’s
important that the amount of the sample joining the plasma is constant, so an injector
system (e.g. a cyclonic chamber, an ultrasonic injector) is needed. Other fundamental
component is the peristatic pump, to ensure the sample will be pushed in the system with
extreme stability. Since all the elements of the sample are converted into ions, they are
accelerated and reach the mass spectrometer as a narrow ion beam, entering the magnetic
field whose field lines result perpendicular to the direction of travel of the ions. Now the
ions are deflected by the magnetic field into a curved path of radius r, according to
following equation:

m B?*r?

A 2U

where m/z is the ionic mass/charge ratio, B is the magnetic flux density, U the acceleration
voltage (several kV) through which ions pass. So, the heavier ions are deflected less than the
lightest ones. The resulting separated ion beams move onwards and the magnetic sector
analyser focuses ions of the selected mass on the collector slit. Here, in the collector
assembly, they can be detected and processed in a signal: it needs to be amplified to be
measured by a digital or analogic voltmeter, that records the numbers of ions arriving at the
collector during a given interval. The measurement is passed to the computer for isotope
ratio calculations and other analytical outputs. To analyse several isotopes of an element,
either the magnetic field or the accelerating voltage can be varied, in a way that the
separated ion beams reach the collector successively. The mass spectrum of the element
resulting from processing is a series of peaks and valley that represents a distinct
mass/charge ratio that identifies each isotope in the mass spectrum, with the height of the
peaks proportional to the isotopes relative abundance.

Th and U isotopes were measured with a Thermo Scientific XSERIES 2 quadrupole ICP-MS
equipped with a CETAC 5000 ultrasonic nebulizer (fig. 16). The system was tuned and
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calibrated by the technician, then was cleaned with milli-q water and a cleaning solution of
HNOs; 2%. The acquisition parameters were for U 100 ms dwell time, 50 sweeps in 25
seconds and a timing washout between 10 and 220 seconds, for Th 20 ms dwell time, 200
sweeps in 17 seconds and a timing washout of 10-300 seconds. Three sequential
integrations of each sample was acquired. In order to monitor the sensibility of the analyses,
a tune 0,2 ppb for U and the cleaning solution of HNO3; 2% were random tested together
with the samples. A tune for Th was not available, so the analysis were monitored just using
the cleaning solution HNOs; 2%. The instrumentation exhibited a very stable mass
discrimination behaviour.

2.5.1 Mass bias factor

This is the process of mass discrimination, that occurs because the ion transport efficiency is
not the same for all masses. Light masses or heavy masses will be transported with greater
efficiency, in reality. So, instead the measure of the effective value, for example a ratio value
of 1,000, the instrumentation gives a slightly different results, such as 1,015 or 0,985. The
mass bias factor can be calculated to correct the raw results. For U and Th it is not functional
to measure an internal ratio, but it is practical measure 280/2U in a sample of naturally
occurring U source, like a marine coral. The measured ratio needs to be corrected for the
blank values and then it is compared to the true 23'SU/ZSSU ratio, that is constant in nature
(137,88). The effect of MBF is cumulative and it is necessary to use exponent to adjust the
formulae for the difference between the involved isotopes.

2.5.2 B4yrBy activity ratio

With the spectrometer, the activity of the isotopes is measured. But in terms of ratio
between them, a problem will arise because of the 234U/238U atom ratio will be very small
(0,00005472 at secular equilibrium). To get through this problem, it is possible to measure
the much larger 234y/2**U ratio, and then cross-multiply. This works because 25U/28U in
nature is constant (1/137,88). To calculate 2*U/*8U AR, *U and ***U measurements, to
which the blank signal is subtracted, are needed. Their ratio is then corrected for the MBF
and the result is divided for 0,0075448, that is (2*U/**®U)nature*(**®U/***U)nature =
(0,00005472)*(137,88), obtaining the value of 2*U/**3U AR.

2.5.3  2°Th activity with ?*°Th tracer

The signals at masses of the isotopes *°Th and ?*°Th are needed. After blank-subtract to
20Th signal, the ratio 2°Th/**°Th is calculated and then corrected using the MBF. The
subsequent step is the calculation of the number of 2°Th atoms, multiplying the 2*°Th/?*°Th
corrected for the amount of *’Th atoms in the spike. Finally the number of 29Th atoms is
converted to mass of 2°Th and in activity of 2301 using the specific activity of 29Th (7,624 x
108 Ba/g ). The concentration of 22Th is determined using the known activity of the solution,
the mass of the spike solution added and the specific activity of *°Th (7,868 x 109 Bqg/g). An
example of 220Th calculation is shown below:
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Amount of *°Th spike added = (0,15 g solution)*(200 mBq ***Th /g solution) = 0,03
Bq *°Th

Mass 2°Th = (0,03 Bq **°Th) * 1 g **°Th / 7,868 x 10° Bq ***Th = 3,813 x 102 g ***Th

Atoms 2*°Th = 3,813 x 10™ g *°Th * (1 mole/229,03 **°Th) * (6,022 x 10* atoms /1
mole) = 1,0026 x 10*° atoms **°Th

sample 44:

2.5.4

(2°Th/*°Th) measured = (43,8 —0,6125) / 1933,806 atoms *°Th = 0,022332902

(Z°Th/**°Th)corrected = 0,022332902 * MBF = 0,022332902 * 1,0017 = 0,022370955
atoms 23°Th/ atoms **°Th

Atoms 22°Th = (0,022370955 atoms *3°Th/ atoms %*°Th) *(1,0026 x 10'° atoms #*°Th) =
224279616,7 atoms >>°Th

Mass 2°Th = (224279616,7 atoms 2*°Th)*(1 mole/6,022 x 10> atoms)*(230,03 g / 1
mole) = 8,56709 x 10** g 2*°Th

Activity of *°Th = (8,56709 x 10 g *°Th) * (7,624 x 10® Bq ***Th / 1 g **°Th) =
6,53155 x 10 Bq 2*°Th

234 233

U activity with “<>°U tracer.

This calculation could not be performed, due to a likelihood contamination occurred during
the critical preparation of the samples for the radionuclide determination that led to its
determination failure.
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Fig. 15 — Preparing samples for radionuclide determination is a critical procedure and requires several steps. In A the
samples are heating in order to equilibrate the mixture after adding the 291h 233y spike. TRU columns shown in B were
used to extract Th (image C) and U. Th fractions were completely evaporated, it can be seen the residue into the un-
capped tube (D). Image E shows the collection of U fraction, ready for the ICP-MS analysis .

Fig. 16 - Thermo Scientific XSERIES 2 quadrupole ICP-MS (a) equipped with a CETAC 5000 ultrasonic nebulizer (d). The
plasma source (b) is an ideal source, it can reach temperature of 6000-10000°K. c: the ICP torch, wherein argon gas

flows in its concentric channels.
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3 - RESULTS AND DISCUSSION

3.1 On-site measurements

The measured on-field parameters are listed below in table 3:

Table 3 - Collected samples and respective parameters measured on field using a calibrated multiparametric probe.

Sample pH Redox potential (mV) Conductivity (uS/cm) Temperature (°C)
AC-1 2,88 469 4480 26,0
AC-2 1,63 640 22900 27,6
AC-3 2,16 538 12370 22,4
AC-4 5,39 71,7 2140 19,5
AC-5 2,35 502 7270 24,5
AC-6 5,65 163,2 175,1 16,1

As it can be seen, the highest redox potential, equal to 640 mV, and the highest conductivity,
that is 22900 pS/cm, correspond to sample AC-2 with pH equal to 1,63, the lowest one. This
sample was collected from the waste pile of Pefia de Hierro mine. Its water is the more
acidic one just because it results from the weathering of a big rock-pile storage of prevailing
pyritic waste, whose oxidation leads to the release of a high amount of acidity (H"), sulphate
(S04%), iron and other related trace metals. As expected when AC-4 and AC-6 was sampled,
their pH is the highest one due to the water flows from the opposite side of the mountain,
where a possible longer way of this little river or a more carbonatic composition of the
drained rocks let the water be more alkaline. Within this condition, vegetation and life forms
as frogs may develop therein. Where this alkaline water join the main river, precipitation of
Fe-oxyhydroxides and secondary sulphates takes place due to the pH rises. The
characterization and the quantification of the colloidal particles formed right here could be
an interesting subject of further investigation.

3.2 Filtration and ultrafiltration experiments

Filtration was carried out to free the water from the coarser particles and get the first
qualitative information about the water with highest particles-content. AC-1 had the more
slowly progression in the 0,2 um filtration process, so it could be considered the sample with
the highest content in particles larger than 0,2 um. Used filters with retained particles were
stored for further investigation on particles characterization. At present, it could be
presumed that this colloidal material > 0,2 um consists in inorganic compounds, possibly
mainly Fe-oxyhydroxydes, as could be expected in acid mine drainage rivers. Ultrafiltration
experiments were carried out on AC-1 using membranes of different MWCO and obtaining a
permeate and a retentate solution from each selected concentration factor of each
experiments (table 4). Samples were prepared in order to obtain low concentration factors
(CFs). They were calculated taking into account that 15 ml of volume of solution would
remain into the ultrafiltration tubing system. During the first ultrafiltration experiment,
where a 50 kDa membrane was employed, slightly different CFs result because of the
shorter intake tubing system, which didn’t allow the complete aspiration of the solution

34




from the reservoir and the consequent collection of sufficient amount of permeate volume
needed to the radionuclide determination by ICP-MS analyses. Just for this experiment, in
the course of which it was not possible to change the intake tubing system, larger initial
volume of solution was placed into the reservoir and consequent larger volume of permeate
solution was collected, resulting in CF a little different from the ones obtained from the
followed ultrafiltration experiments. Ultrafiltration is a time-consuming procedure, so a
longer intake tube replaced the shorter one before starting the 10 kDa ultrafiltration
experiment, since the adequate permeate volume to prepare the samples for the
radionuclide determination is 20 ml and the collection of this amount is shorter, especially
when membranes with lower MWCO are involved. For the fact that 15 ml of solution were
retained from the ultrafiltration tubing system, it was not possible to collect the retentate
solution for the highest CF, because the difference between the initial volume and the
permeate volume of the solution was exactly 15 ml.

Table 4 - List of samples obtained from ultrafiltration experiment developed on AC-1 sample. MWCO is the molecular
weight cut-off of the membranes used in the experiments, expressed in kDa; V; and V, are the initial volume and the
permeate volume of the solution, respectively, and the concentration factor CF is calculated as V;/V,, with the volume
of retentate solution V, = V; - V. P and R mean permeate and retentate solution. Due to technical difficulties, the
volumes involved in the 50 kDa ultrafiltration experiment are slightly distinct from the others and it was not possible to
collect the retentate solution for the highest CF (explanation in the text).

P R
MWCO (kDa) | Vi(ml) | V,(ml) | CF sample sample
number | number

50 315 20 1,07 1 7
50 115 20 1,21 2 8
50 95 20 1,27 3 9
50 135 40 1,42 4 10
50 95 40 1,73 5 11
50 55 40 3,67 6 -
10 315 20 1,07 12 18
10 115 20 1,21 13 19
10 95 20 1,27 14 20
10 75 20 1,36 15 21
10 55 20 1,57 16 22
10 35 20 2,33 17 -
5 315 20 1,07 23 29
5 115 20 1,21 24 30
5 95 20 1,27 25 31
5 75 20 1,36 26 32
5 55 20 1,57 27 33
5 35 20 2,33 28 -
3 315 20 1,07 34 40
3 115 20 1,21 35 41
3 95 20 1,27 36 42
3 75 20 1,36 37 43
3 55 20 1,57 38 44
3 35 20 2,33 39 -
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3.3 Permeation behaviour

As provided by the permeation model, if there is a constant permeation, log of
concentration of U and Th in the permeate solution plotted versus log CF should result in a
linear relationship described in the equation:

InCp = In(Pc x cP) + (1-P.) x In(CF)

where P. is the permeation coefficient of LMW of the investigated element. On the basis of
this model, it can be possible calculate its value from the slope (1-P.) and estimate the
amount of the retention for that chemical species at each ultrafiltration cycle. Furthermore,
C? can be derived from the combination of the intercept(b) and the P, value, using exp(b)/P.,
while the concentration of colloidal fraction of the element is given by calculating the
difference between C and the initial measured dissolved concentration (Cto) of the chemical
specie under discussion (Guo & Santschi, 1996; Guo et al., 2000).

3.3.1 U discussion

The application of the permeation model using U concentration in the permeate samples
produces a moderately good explanation of the behaviour of the LMW U interacting with
the two membranes, with a coefficient of determination R?= 0,658 and R?= 0,694 for the 50
kDa membrane and for the 3 kDa membrane respectively (fig.15). We have few values in the
data set, but R* could be increased repeating the experiments and operating with more and
different CF, so that the regression will seem to fit better the data. The constant permeation
coefficients are P. = 0,813 for U ultrafiltered with 50 kDa membrane and P, = 0,626 for U
ultrafiltered through 3 kDa membrane. It means that, for each cycle of ultrafiltration, the 50
kDa membrane let 81 % of LMW U pass through it and 19 % will be retained as compounds
with a molecular size higher than 50 kDa., while a 63% of U can pass through the 3 kDa
membrane which retains 37 % of U. Previous results about U behaviour ultrafiltered at 5 kDa
gave a value of P. = 0,847 (Casas-Ruiz & Barbero, 2015), so the permeation behaviour of U
resulting from our experiment can be considered the same even at low concentration
factors. Although previous works mention artifactual retention of the dissolved species at
low concentration factors, due to the retention of LMW molecules in the retentate, that
leads to overestimate the colloidal concentration (Guo et al., 2000; Guo et al., 2007), here
the value of initial concentration derived from the model is higher than the one measured in
the 0,2 um sample, resulting in a negative value of estimated colloidal fraction. This could
suggest a probable contamination or that large artifacts occurred among the membrane and
the chemical species. As is illustrated in table 1 section 1.7.2, colloidal U fractions in natural
waters result considerably high. However, there is a lack of studies on colloidal U fraction in
acidic environment as the Rio Tinto one, but previous results show that the permeation
model estimates around 9 % of U associated to 5 kDa colloidal fraction (Casas-Ruiz &
Barbero, 2015).
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3.3.2 Thdiscussion

Thorium reveals an opposite trend for the 50 kDa membrane ultrafiltration, showing a
decrease in concentration of Th in the permeate solution with increasing the concentration
factor (fig. 17). The permeation coefficient resulting from the model amounts to 1,944, but
this is not a realistic value because of its effective meaning: P. is defined as the ratio of C,
(concentration in the permeate) and C; (feed concentration) and is related to the rejection
coefficient R by P. = 1 — R.. P. is equal to 1 when the concentration in the permeate is the
same of the one in the feed solution, meaning that there is no retention for that species
(Guo & Santschi, 1996). A value > 1 for the P, implies a negative value for R., that is, the
membrane is not giving back truthful information and it is not retaining in quantitative form.
With regard to the 3 kDa ultrafiltration experiment, behaviour of thorium can be described
by a permeation model with a P. = 0,369, that means the membrane retain 63 % of Th.
Casas-Ruiz & Barbero (2015) reported a value of P. = 0,812 for Th ultrafiltered at 5 kDa
membrane. This time this disagreement could be explained with the artefactual retention of
Th < 3 kDa by the membrane. Again, the permeation model returns a negative estimation of
the colloidal fraction due to the value of initial concentration calculated from the model
which is higher than the one measured in the 0,2 um sample.

Casas-Ruiz & Barbero (2015) applied the traditional method on their sample and got a
colloidal U fraction of 2,2 % and colloidal Th fraction of 6,3 % which indicates that the 5 kDa
membrane does not retain dissolved U and Th as previously evidenced (Guo et al., 2007).
The colloidal abundance is calculated from:

[retentate]-[permeate]
CF

[colloidal]=

obtaining again negative values for both Th and U in the samples underwent to 50 kDa
ultrafiltration, but values up to 0,6 % for U and up to 2,1 % for Th in the 3 kDa colloidal
fraction. This results could be considered consistent with the previous ones.
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Fig. 17 - Permeation models for U and Th with 50 kDa and 3kDa membrane. Explanation in the text. Results about Th 50
kDa could be not considered truthful. P. is the permeation coefficient, Cfo is the initial feed concentration, both derived

from the model. CTo is the concentration measured in the pre-ultrafiltration sample.
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Table 7 - Samples used for the permeation model with their concentration, calculated colloidal fraction and recovery.
Type: p and r mean permeate and retentate solution respectively. CF is the concentration factor obtained from V,/V,
where Vj is the initial volume and V, is the difference between initial volume and permeate volume (V,). Diss;is the
dissolved fraction, Coll is the colloidal fraction, both at each point of ultrafiltration founded calculating the recovery
(explanation in the text). Cyis the measured initial concentration.

U - 50kDa membrane

Sample | Type | [U] ug/L CF :/n:I) Diss¢(%) Sample | Type | [U] ug/L :/f;’ﬂ) Collg(%) | Co(ug/L) Vo(ml) Le(c;\)/ery
1 p 4,91+0,11 | 1,07 | 20 5,88 7 r 4,81+0,20 | 295 | 85,00 | 5,30%0,33 315 90,88
2 p 5,22+0,30 | 1,21 | 20 17,13 8 r 5,41+0,30 | 95 84,32 | 5,30%0,33 115 101,45
3 p 5,40+0,10 | 1,27 | 20 21,45 9 r 5,30+0,10 | 75 78,95 | 5,30%0,33 95 100,40
4 p 5,36+0,12 | 1,42 | 40 29,97 10 r 5,31+0,12 | 95 70,50 | 5,30%0,33 135 100,47
5 p 5,44+0,40 | 1,73 | 40 43,22 11 r 5,30+0,30 | 55 57,89 | 5,30%0,33 95 101,11

U - 3kDa membrane

Sample | Type [U] pg/L CF (X\pl) Diss(%) Sample | Type [U] pe/L (r\:;l) Coll¢(%) Co (/L) Vo(ml) reLjo(\'f)ry
34 p 4,73+0,30 | 1,07 | 20 5,67 40 r 5,15+0,30 | 295 | 91,00 | 5,30%0,33 315 96,67
35 p 5,20+0,10 | 1,21 | 20 17,06 41 r 5,41+0,20 | 95 84,33 | 5,30%0,33 115 101,39
36 p 5,42+0,30 | 1,27 | 20 21,53 42 r 5,13+0,20 | 75 76,42 | 5,30%0,33 95 97,95
37 p 5,10+0,03 | 1,36 | 20 25,66 43 r 5,30+0,10 | 55 73,33 | 5,30%0,33 75 98,99
38 p | 560£0,11 | 1,57 | 20 | 38,42 44 r | 654+0,11 | 35 | 78,53 | 5,30£0,33 | 55 116,95

Th - 50kDa membrane

Sample | Type | [Th]ug/L CF (L”l) Diss¢{(%) Sample | Type | [Th]pug/L (:]'I) Coll¢(%) Co (ug/L) Vo(ml) r?rio;:’/i;y
1 p 28,0+0,2 | 1,07 20 8,81 7 r 14,2+0,6 | 295 65,83 20,2+1,2 315 74,82
2 p 19,7¢1,3 | 1,21 20 16,96 8 r 16,01,2 95 65,43 20,241,2 115 82,39
3 p 17,5¢0,5 | 1,27 20 18,24 9 r 15,010,5 75 58,62 20,2+1,2 95 76,86
4 p 17,1+0,7 | 1,42 40 25,08 10 r 15,2+0,4 95 52,95 20,2+1,2 135 78,03
5 p | 167¢12 | 1,73 | 40 | 34,81 11 r | 15,7¢+1,4 | 55 | 4500 | 20,2¢1,2 | 95 79,81

Th - 3kDa membrane

Sample | Type | [Th]pg/L CF (L”l) Diss¢(%) Sample | Type | [Th]pg/L (r\:]rl) Coll¢(%) Co (ng/L) Vo(ml) r?rio;:’/i;y
34 p 13,0+0,6 | 1,07 20 4,09 40 r 13,611,3 | 295 63,05 20,2+1,2 315 67,14
35 p 14,1+0,6 | 1,21 20 12,14 41 r 14,610,6 95 59,71 20,2+1,2 115 71,85
36 p | 151£06 | 1,27 | 20 | 1574 42 r | 14,005 | 75 | 54,72 | 20,2¢1,2 | 95 70,46
37 p 17,0£0,5 | 1,36 20 22,44 43 r 15,010,2 55 54,46 20,2+1,2 75 76,90
38 p 16,1+0,3 | 1,57 20 28,98 44 r 19,410,5 35 61,12 20,2+1,2 55 90,10

3.3.3 U and Th concentration

In general, both the investigated elements show no significant differences among the
distinct samples obtained from the different experiments and the pre-ultrafiltration sample
(filtered to 0,2 um). The range of U concentration is 4,73 — 6,54 pg/L, extended among the
solutions resulting from the 3 kD ultrafiltration experiments. The lowest value belongs to the
permeate sample of 3 kDa membrane ultrafiltered with a CF=1,07, while the highest one is
associated to the retentate solution after 3 kDa ultrafiltration experiment with CF=1,57. Th
concentration covers a little more extended range, that is 13,0 — 28,0 ug/L. Another time the
lowest value is given by the permeate sample from 3 kDa membrane with the lowest CF, but
the highest one is detected in the solution permeated through the 50 kDa membrane.
Uranium in seawater amounts to 3,3 ppb (e.g. Ku et al., 1977), while in common surface
waters it presents temporal and spatial variability strongly dependent on the local redox
conditions (Plater et al., 1992), but still predominantly in the order of ng/L (see table 1,
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section 1.7.2).The extreme elevated value of U concentration results from acidic conditions
of the study area, as a consequence of low pH (<3) surface water conditions that lead to the
mobilization of high levels of natural radionuclides. Furthermore, the area is characterized
by acidic volcanoclastic rocks (into which U is naturally concentrated), that under AMD suffer
the continue dissolution of minerals and the subsequent release of the associated elements
into the waters. Data on dissolved Th concentration in natural waters are lacking, but
Langmuir & Herman (1980) reported previous measured values of dissolved thorium in
surface waters, showing values of 0,001-1 ppb in fresh surface waters, which cover a pH
range between 5 and 8, and a value of 0,00064 ppb in surface seawater, that have pH
around 8. Th uses to be present not in dissolved form in natural water, but it should be
noted that the samples show a Th concentration one order of magnitude higher than U, that
on the contrary is commonly founded as dissolved form. This can be explained by the acidic
environment of Rio Tinto area that leads to the dissolution of solid phases, colloids included,
and provides the conditions in which Th can exist in solution as Th** and in high
concentrations. It can be supposed that such high concentrations of dissolved form of both
the elements could emerge from the elevated zeta potential values of the particles > 0,2 um,
isolated by the classical filtration and expected to be amorphous oxy-hydroxides of iron and
aluminium, with the consequence that the high charged ions will be rejected from the
particles surfaces and could concentrate in the solution. Our results are consistent with
previous data from Rio Tinto data, that exhibits very high concentrations at pH below 2,5, as
expected from the theoretical behaviour of these elements under low pH and oxidizing
conditions, reaching values up to 200 pg/ L for U and up to 600 pg/L for Th (fig.18).

U (ng/L)
Th (ug/L)
o

o . 3 .
L)
«?
.
- . o

Fig. 18 - U and Th concentrations versus pH in Rio Tinto waters. From Casas-Ruiz & Barbero (2015).

3.3.4 Mass balance

A classic method to calculate colloidal fraction considers the measurements of all the
fraction involved in each ultrafiltration experiment, and allows an accurate mass balance
that is critical, even not very sensitive, to assess the recovery of the operations (Guo &
Santschi, 1996). The mass balance is obtained using the following equation:
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Co x Vp)+(C, xV
Recovery (%)= (G x Vp)#Cr x Vi x 100
Cox Vo

where C,, C; and Cy are the measured concentration in the permeate, retentate and initial
solution respectively, and V,, V. and V, are the respective volumes involved in the
ultrafiltration experiments. A recovery > 100 % indicates a contamination, while a recovery
< 100 % means a loss of the element during the ultrafiltration process. Applying this method
on the samples, dissolved and colloidal fractions for the ultrafiltration at each CF can be
appreciated and are listed in table 7. It can be observed that U recovery results reasonably
good. In contrast, the recovery of Th (mainly < 80%) reveals large losses of this element
during ultrafiltration experiments. It might be due to the nature of Th, whose dissolved form
as Th* is highly charged and physicochemical interactions with the ultrafiltration
membranes, which, in general, are negatively charged, can be developed, with the
consequent retention of Th. It seems that low CF for Th are inadequate to extract it and
reach a permeate that will be representative of its actual permeation behaviour. This
observation could explain the failure of the application of the permeation model for Th to
the samples deriving from 50 kDa ultrafiltration experiments, which cannot describe
guantitatively the ultrafiltration behaviour of Th in this so acidic waters.

34 ICP-MS results

3.4.1 **uU/8U activity ratio

The budget let us perform the ICP-MS analysis just on half of the ultrafiltered samples, so the
samples deriving from the larger MWCO ultrafiltration experiment (50 kDa) and the ones
from the lowest MWCO ultrafiltration experiment (3 kDa) were selected to carry out the
analysis on them. Within these 22 samples, the 0,2 um filtered sample (representing the
initial solution whose concentration is investigated), 8 blanks, 6 coral solutions, 3 coral
solutions diluted x 100, other than 2 replicates of the samples and a tune 0,2 ppb solution
for U were submitted to the ICP-MS analysis, in order to carry out a monitored and more
accurate analyse. Three measurements for each samples was acquired, with their mean,
standard deviation and the RSD calculated by the computer. Then, in order to calculate the
24y/78U activity ratio, necessary corrections for each measurement were individually
performed, and the mean, the standard deviation and the RSD of the final result can be
calculated. The complete list of the analysed samples and the entire results of the analysis,
with their corresponding corrections, are exposed in the annex 2 and 3 respectively.

The accuracy and precision of the instruments were verified by the analysis on the marine
coral samples, which have a known value of 2*U/?*®U activity ratio (AR) equal to 1,148 +
0,002. The resulting calculated 2**U/?*®U AR on the coral sample are about 1,15% less than
the known value. This little difference is consistent with the typical bias of spectroscopy
methods of investigation, that usually amounts as high as 2%. Calculated ***U/?*3U activity
ratios are in a range with a minimum amounting at 1,761 and a maximum value of 2,060.
The minimum value is given by a replicate of a sample whose measurement shows a
234y/78U activity ratio of 1,957. This deviation probably arises from an inaccuracy during the
samples preparation process, because of the difficulties during their handling and their
processing. Excluding this result, no significant variations can be seen in the activity ratio of
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24y/2%8u irrespectively of this is calculated neither for different pore size of the membrane

nor in the retentate or in the permeate. Results are listed in table 5. Previous works in Rio
Tinto waters registered a 234U/23’8U AR ranging between 1,5 to 3 (Ketterer et al., 2011),
explained as a consequence of weathering processes as well as the ones related to acid
drainage, but it should be close to unity when the complete dissolution of the solid matrix
occurs. Such a conclusion was found out by Barbero et al. (2014), with their leaching
experiments on solid samples of the area that reveals their 2*U/?*®U AR close to one,
consistent to the secular equilibrium reached between 2*U an U isotopes in the bulk
material. Another acid mine drainage case that could be compared with Rio Tinto one is the
Ogoya Mine one in Japan, where Tedori and Kakehashi Rivers waters show a 249/%80 AR
around 3,1 (Yamamoto et al., 2010). Here the authors attribute the exceptional high
234y/78U AR values (up to 16,8 * 1,8), founded in samples closest to the mine zone, to the
deeper underground water having high 2**U concentration due to preferential leaching of
234y under the neutral and reducing conditions. Samples investigated in this work report a
234y/78U AR average of 2,002 + 0,007 that is consistent with further results concerning
dissolved matter from Rio Tinto water and amounting to 2,01 + 0,08 exposed by Hierro et al.
(2013). The disequilibrium is imputable to the excess of *>*U related both to the recoil effect,
enhanced by the weathering that leads to a reduction in the grain size, and the acidic water
preferentially lixiviates >*U respect to *>*U from minerals in the mining areas.
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Table 5 - Calculated **U/**u activity ratios. MWCO is the molecular weight cut-off of the membranes used, pand r

mean permeate and retentate respectively, CF is the concentration factor.

sample | MWCO (kDa) | type | CF 2%u/”®U AR | sample | MWCO (kDa) | type | CF “%u/”%u AR

MO - - - 1,995 + 0,038 34 3 p 1,07 | 2,021 £ 0,015

MO bis - - - 2,013 £ 0,052 35 3 p 1,21 | 2,050 £ 0,046

1 50 p 1,07 | 1,957 £ 0,053 36 3 p 1,27 | 2,060 £ 0,018

1 bis 50 p 1,07 | 1,761 £ 0,095 37 3 p 1,36 | 2,026 £ 0,005

2 50 p 1,21 | 2,010+ 0,024 38 3 p 1,57 | 1,982 £ 0,063

3 50 p 1,27 | 2,030 £ 0,035 39 3 p 2,33 | 2,019+£0,016

4 50 p 1,42 | 2,016 £ 0,037 40 3 r 1,07 | 2,034 £ 0,016

5 50 p 1,73 | 2,034 £ 0,028 41 3 r 1,21 | 2,007 £ 0,015

6 50 p 3,67 | 2,027 £ 0,045 42 3 r 1,27 | 1,981 £ 0,030

7 50 r 1,07 | 2,039+0,017 43 3 r 1,36 | 1,996 + 0,003

8 50 r 1,21 | 2,051 +£0,007 44 3 r 1,57 | 1,800 + 0,053
9 50 r 1,27 | 2,037 £ 0,034
10 50 r 1,42 | 2,042 + 0,031
11 50 r 1,73 | 2,054 + 0,031

3.4.2 2% activity

It was not possible carry out this information due to a likelihood contamination occurred
during the handling and the processing of the samples for the radionuclide determination
that led to the failure in its calculation.
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3.4.3 0

Th activity

The activity of 2°Th varies little in a range between 0,056 mBg/L and 0,169 mBg/L, with an
average of 0,144 mBg/L . The lowest value belongs to the 50 kDa permeate sample resulting
from the lowest CF, while the highest value is given by the sample 8, retentate obtained
from the 50 kDa ultrafiltration experiment with a CF of 1,27. The typical 2°Th concentration
in natural waters is one or more orders of magnitude lower than our results (see table 2,
section 1.6.3).With the exception of the sample 44, it can be detected that the general trend
is slightly lower 2°Th activity values in permeate samples and a bit higher values in the
retentate ones. One might suppose this observation could be related to the typical
behaviour of Th in the most of natural conditions i.e. in natural waters Th is mostly an
insoluble elements and has affinity with solid phases, resulting in higher concentration in the
retained fraction. But this is not the case of Rio Tinto area, where pH is lower than 3 and
even the most insoluble phases could not exist in solid form. Thorium can be present in
solution as Th** only in very acidic waters (Rai & Serne, 1978). Thus, the acidic environment
promotes the desorption of thorium from particles and colloids, while mineral phases
undergo dissolution. Both these occurrences could be considered as further contributions of
20Th into the solution, whose existence in solution is mainly related to the decay of 24y
(Osmond & lvanovich, 1992), isotope that, as we discussed, determines its enrichment in the
water due to the a-recoil and its subsequent easier leaching. In fact, the 230Th/mU ratio is
almost exactly the same (0,127-0,146) testifying their direct correlation.

Table 6 - Calculated >*°Th activity. MWCO is the molecular weight cut-off of the membranes used, p and r mean
permeate and retentate respectively, CF is the concentration factor. The determination of 230Th/mU ratio was useful to
understand if *®

Th into the solution exists because mainly related to the decay of 24y (explanation in the text).

MWCO >%Th activity MWCO 50T activity
sample (kDa) type CF (mBaq/L) B07h/2%y sample (kDa) type CF (mBaq/L) 20Th/24
MO - - - 0,161 +£0,003 | 0,145+ 0,002 34 3 p 1,07 | 0,150+ 0,006 | 0,135+ 0,005
MO bis - - - 0,154 £ 0,003 | 0,142 +0,004 35 3 p 1,21 | 0,144 +0,004 | 0,136 +0,003
1 50 p 1,07 | 0,062 +0,003 | 0,145+ 0,008 36 3 p 1,27 | 0,147 +0,009 | 0,135 + 0,009
1 bis 50 p 1,07 | 0,056+0,001 | 0,133+0,010 37 3 p 1,36 | 0,156 +0,005 | 0,133 + 0,003
2 50 p 1,21 | 0,153+0,004 | 0,140+ 0,002 38 3 p 1,57 | 0,149+0,004 | 0,133 £0,003
3 50 p 1,27 | 0,142 +0,005 | 0,136 + 0,001 39 3 p 2,33 | 0,155+0,003 | 0,134 +£0,003
4 50 p 1,42 | 0,158+0,005 | 0,143 + 0,004 40 3 r 1,07 | 0,160+ 0,005 | 0,141 +0,003
5 50 p 1,73 | 0,157+0,001 | 0,137 + 0,002 41 3 r 1,21 | 0,159 +0,006 | 0,146 + 0,009
6 50 p 3,67 | 0,159 +0,007 | 0,146 £+ 0,006 42 3 r 1,27 | 0,155+0,006 | 0,141 + 0,005
7 50 r 1,07 | 0,157+0,004 | 0,139 +0,001 43 3 r 1,36 | 0,149+0,011 | 0,146 £0,010
8 50 r 1,21 | 0,169+0,004 | 0,143 + 0,004 44 3 r 1,57 | 0,067 +0,001 | 0,127 £ 0,005
9 50 r 1,27 | 0,160+ 0,003 | 0,134 + 0,005
10 50 r 1,42 | 0,160+0,013 | 0,132+0,013
11 50 r 1,73 | 0,158 +0,008 | 0,138 + 0,005
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4 - SUMMARY AND CONCLUSIONS

The acid mine drainage environment of Rio Tinto area presents the ideal conditions to
evaluate the role of colloidal phase in the transport and the fate of trace elements like U and
Th in aquatic system. The behaviour of these elements in natural waters is well known, but
Rio Tinto waters have a pH <3, there is no carbonate that can act as ligands for both
investigated elements or neutralize the acidity of the water, and colloids are expected in
very high concentrations into the water, due to their formation related to the increasing of
pH occurring when clear water from precipitation or of no-contaminated tributary join Rio
Tinto waters.

Natural river waters underwent firstly to traditional filtration at 0,2 um, process that, with its
slowness, qualitatively reveals a high content in particles > 0,2 um. Then, filtration at 0,45
pum proceeded, followed by ultrafiltration experiments for different membrane pore size and
distinct concentration factors. Low increasing concentration factors were used to
investigated if a permeation model is applicable even for low value.

U behaviour can be described by a permeation model that provides a permeation coefficient
(P.) of 0,813 for U < 50 kDa and P, = 0,626 for U < 3 kDa. For both the ultrafiltration
experiments, the value of initial concentration derived from the model is higher than the
one measured in the 0,2 um sample, resulting in a negative value of estimated colloidal
fraction. This could suggest a probable contamination or that large artifacts occurred among
the membrane and the chemical species. Using the traditional method to estimate U
associated to the colloidal fraction for both the membrane pore sizes, again negative values
for U in the samples underwent to 50 kDa ultrafiltration can be calculated, but values up to
0,6 % for U associated to 3 kDa colloidal fraction, that means the 3 kDa membrane does not
retain dissolved U. Thus, the permeation model can just show that little retention for U
occurs and that the permeation behaviour of U can be considered the same even at low
concentration factors. But using low concentration factors, the colloidal concentration
cannot be estimated by the permeation model.

The application of the permeation model on Th 50 kDa samples failed because the
membrane was not retaining in quantitative form, but it could be possible derived a P, =
0,360 for Th from the 3 kDa experiments. This low value could result from artefactual
retention of Th <3 kDa by the membrane. A 6,3% of colloidal Th fraction is calculated from
the traditional method, such a low value meaning the membrane doesn’t retain dissolved
Th.

Compared to the content of U and Th in common natural water (order of ng/L for U and far
less for Th), concentrations of both elements are at least three orders higher, but with no
appreciable differences among the concentrations in the permeate and the retentate
solutions. The high values of the measurements were expected because of the nature of acid
mine drainage condition: U derive from the dissolution of aluminosilicates by the leaching of
the acidic volcanic lithologies present in the area, Th can stay as dissolved form in extreme
acidic conditions, and colloids and all of solid phases, with which Th has high affinity, will be
disintegrated.
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It can be argued that the colloidal fraction >0,2 um consist in amorphous oxy-hydroxides of
iron and aluminium that, in acid mine drainage environment, get elevated zeta potential
values and will not uptake the high charged U(VI) and Th(lV), rejecting them from the
particles surfaces and leading to such high concentrations of dissolved form for both the
elements. It is important carry out the characterization of the colloidal material for each size
membrane experiment, in order to validate this scenario and understand how colloids
composition affects the processes of elements uptake from the solution.

Recovery for U is excellent, while the membranes determined large losses of Th during each
ultrafiltration experiments (recovery <80%). This could be due to interactions between the
negatively charged membrane and the highly charged Th dissolved form. It seems that low
CF for Th are inadequate to extract it and reach a permeate that will be representative of its
actual permeation behaviour.

Using a standard material to assess more accuracy in the ICP-MS analysis, we found a 1,15%
of uncertainty that can be accepted because of the spectroscopy methods can have upt to 2
% of bias. 2**U/*®U activity ratios range between 1,761 and 2,060. The disequilibrium
among the 2**U and 233U isotopes is attributable to the excess of 2**U related both to the
recoil effect, and the acidic water preferentially lixiviates 24y respect to 28 from minerals
in the mining areas.

The handling and the processing of the samples is a critical point to achieve a good success
in all of the work, but difficulties and contamination occurred and led to problems in
interpretation of some results and no less to failures in get some information, like the B4y
activity. On the other hand, we obtained a range between 0,056 mBg/L and 0,169 mBq/L for
20Th activity, whose presence in solution is mainly related to the decay of 234y, Again the
acidic environment promotes the desorption of Th from particles and colloids, while mineral
phases undergo dissolution. Both these occurrences could be considered as further
contributions of 2*°Th into the solution.

It would be interesting to investigate the behaviour of the other elements characterizing the
AMD system, in order to better understand the relationships between them and U and Th
associated, relations that can suggest and confirm these radionuclides derive from leaching
of the host rock. Together with the characterization of the colloidal form, this will be the aim
of the next project that the research team of the University of Cadiz will advance during the
next months, and in which | will participate to carry on the investigation and improve the
data on Rio Tinto area.
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Annex 1

.

w | CA 300“'2 ® | servicio Centraes Sni— Apartado 40 115"1’1;“’?3::&?&«1
i Cientifica y Tecnologica Tel. 056016184, Fax 056016387

Division de E ICP-AAS) hitpliwww2 uca esiservicent_ciencia_tecnokgia/

IS : 347134132821

Pucrto Real, 4 de Julio de 2016

Andlisis de 23 muestras liquidas suministradas por D. Lufs Carlos Barbero Gonzilez (Departamento de Ciencias de
la Tierra de la UCA). El suministrador identifica las muestras como aguas acidas filtradas, proporciondndolas en

recipientes de plastico.
*  EECHA DE RECEPCION: 210616,
¢ ANALISIS REQUERIDO: Elementos Uy Th.
*  ANALISTA: Antonio Benitez Rodriguez Técnico Divisita de Espectroscopia (AAS-ICP),
¢ INSTRUMENTAL: : Espectrometro ICP-MS serie X2 de Thermo Elemental
¢ IRATAMIENTO PREVIO REALIZADO A LA MUESTRA: Dilucién por duplicado de dos y ¢l resto una
réplica,
Los resultados son los siguientes:
Muestra [Th) spL [U] pgL M [Th) pp/'L (U] pl
0fa) 21,110 540+ 02 34 30206 473030
) 192402 | 5204 0.1 13 41506 .20 + 0.10
28002 49120, 36 S1+06 $42+030
2 9,74 1,3 $22 030 7 70405 5.10£003
3 75205 5404 0,1 18 6,103 5.60 &
4 71207 5,364 0,12 39 4.2+ 0. 21 %0,
E 6.7 1 443040 40 (a) 35408 5,10 0,1
6 $6+0.3 23 4 0,10 40 (b) 3720, 520 + 0,20
7 4.2 4 0.6 451 =020 41 462056 S41+020
8 0.0 1.2 S41+030 42 40+0 5,13 4 020
9 5005 $,30+0,10 43 150402 $.30+ 0,10
10 52404 5312012 44 19440, 654011
11 $7=14 530 40,30

Resultado expresado coma el valor medio de tres medidas instrumentales 4 desviacion estindar.

2.0 04

Fdo. Carolina Mendiguchia Martinez
RESPONSABLE CIENTIFICO DE LA
DIVISION DE ESPECTROSCOPIA
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Annex 2

Sample
number

LDOO\IO\U'I#UUNHE

A A D DD W W WWWWR P
B W NP O O ®O®NO OV M P O

B17
B18
B19
B20
B21
B22
B23
B24
Cc1
C2
c3
C4
c5
C6
Cd1
Cd2
Cd3

description

AC-1<0,20 pm
AC-1 P<50 kDa
AC-1 P<50 kDa
AC-1 P<50 kDa
AC-1 P<50 kDa
AC-1 P<50 kDa
AC-1 P<50 kDa
AC-1 R<50 kDa
AC-1 R<50 kDa
AC-1 R<50 kDa
AC-1 R<50 kDa
AC-1 R<50 kDa
AC-1P<3 kDa
AC-1 P<3 kDa
AC-1P<3 kDa
AC-1 P<3 kDa
AC-1P<3 kDa
AC-1 P<3 kDa
AC-1R<3 kDa
AC-1 R<3 kDa
AC-1R<3 kDa
AC-1 R<3 kDa
AC-1 R<3 kDa
blank
blank
blank
blank
blank
blank
blank
blank
marine coral
marine coral
marine coral
marine coral
marine coral
marine coral

marine coral dilute x100
marine coral dilute x100

marine coral dilute x100

permeate
or
retentate

= T T T T T ©T

-

CF

1,07
1,21
1,27
1,42
1,73
3,67
1,07
1,21
1,27
1,42
1,73
1,07
1,21
1,27
1,36
1,57
2,33
1,07
1,21
1,27
1,36
1,57

59

Sample AC-1

collected on 26/04/2016 h. 11:00

pH =2,88

T26°C

mV 469

mS/cm 4,48

x kDa: pore size of the membrane

CF: factor de concentracion

TRU resin columns

added spike: **°Th 200 mBq/g

U collection: distilled water and 0,05M
ammonium oxalate

Th collection: elution with 1M HCI,
evaporation and re-dissolution using 300 ul
2 M HNO; and 2,7 ml distilled water
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