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ABSTRACT. — In the disposal of radioactive wastes,
the geochemical characters of the geological for-
mation and their long term maintenance are funda-
mental with regards to the mobility of the radio-
nuclides in the geosphere.

In order to study the variation of the geochemical
conditions through the boundary between oxidized
and reduced environment in the clay, geological,
mineralogical, sedimentological and geochemical
investigations were carried out in a quarry near
Orte, where a clayey scries is interbedded with
sandy levels and in the upper part it is covered
by oxidized sandy banks. The sedimentary sequence
corresponds to a deltaic or near-delraic environment,
The series is cutted by two principal normal faults;
minor faults and fractures are also associated with
principal faults.

The geochemical analyses were performed both
along the whole series and, in more details, in the
upper part of the series at the boundary between
the clay and the oxidized sand. The samples were
analyzed for major, minor and trace elements as
well as for organic substance and sulphur.

In order to get an indirect indication of the
Eh value in the different levels Fe */Fe'* and
Mn~“*/Mn"* ratios were measured: the samples form
the clayey-silt levels show a Fe */Fe * ratio higher
than that shown by the sands and the silty-sands

Some correlations between major, minor and trace
elements and their distribution in the whole rock
as well as in the different grain-size fractions are
related 1o the mineralogical composition of the
samples.

Key words: geochemistry, radioactive waste
disposal, clay-sand suite, redox potential, trace
elements.

Riassunto. — Ai fini dello smaltimento dei rifiuti
radioattivi, in considerazione della mobilita degli
clementi nella geosfera, giocano un ruolo di pri-
maria importanza le caratteristiche geochimiche del-
le formazioni geologiche, scelte per ospitare i residui
delle industrie nucleari, e le loro possibili variazioni
per tempi anche assai lunghi. In particolare uno
dei fattori pili importanti in grado di condizionare
la migrazione dei radionuclidi & rappresentato dal
potenziale ossidoriduttivo.

Per studiare appunto la variazione e le tendenze
evolutive delle condizioni geochimiche delle argille,
al contatto fra ambienti ossidanti e riducenti, sono
state espletate una serie di indagini geologiche, mi-
neralogiche, sedimentologiche e geochimiche in una
cava nei pressi di Orte. Qui affiora infarti una
serie argillosa plio-pleistocenica interstratificata con
livelli sabbiosi e ricoperta da banchi sabbiosi ossi-
dati. La sequenza sedimentaria corrisponde ad un
ambiente deltizio o quasi-deltizio. La serie & attra-
versata da due faglie normali principali, cui sono
associate faglic minori e fratture.

Le indagini geochimiche di cui si riferisce nel
presente lavoro, sono state condotte sull'intera serie
¢, con maggior dettaglio, nella sua parte superiore,
al limite fra le argille e le sabbie ossidate. Le
analisi sono state condotte sia per gli elementi mag-
giori che per quelli minori ed in tracce.
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Per avere delle indicazioni, sia pure indiretre.
sui valori dell’Eh nei differenti livelli, sono star
misurari i rapporti Fe® /Fe'* e Mn'"/Mn* : |
campioni provenienti da livelli limo-argillosi mo-
strano un rapporto Fe'* /Fe'* piu alto rispetto a
quelli misurati su materiali sabbiosi e sabbioso-
limosi.

Vengono evidenziate alcune correlazioni fra ele-
menti maggiori, minori ed in trazciz, nonche la
loro distribuzione nella roccia «in toto» = nelle
differenti frazioni granulometriche, anche in rela-
zicne alla composizione mineralogica dei materiali.

Parole chiave: geochimica, rifiuti radioattivi, serie
argillosa Plio-Pleistocenica, elementi in traccia.

Introduction

As a part of the ENEA research program-
me for radioactive waste disposal in the
geological formations, a series of studies
coordinated by the Environmental Geology
Laboratory, focussed on the possibility of-
fered by clay formation in Italy, are in
progress (GERA et al., 1975; ANSELMI et
al., 1981; Bronpi, 1984; CHaPMaN, 1985).
A correct approach to such a problem implies
a thourough knowledge of the geological
framework of such formations. Accordingly
it is mandatory to implement a basic in-
vestigation on their geology, paleogeography,
hydrology, mineralogy, geochemistry and
geotechnical characteristics (ANTONIOLI and
Boccora, 1983; Antoniort and LEenzi,
1984; LEoNE et al., 1984; FoNTANIVE et al.,
1985).

In particular, the physico-chemical cha-
racters of the geological formations have to
be considered as the main factors conditioning
the migration of the radionuclides within
the geosphere. With the aim of evaluating
such characters as well as their evolutive
trend within clay formations, detailed infor-
mation have to be acquired on the processes
occurring at the boundary between reduced
and oxidized environments.

Among various clay formations, the Orte
quarry suite has been chosen for a training
cooperative work, as it possesses an optimal
situation, whereby a clayey material sequence
is interbedded with more or less sandy layers,
and it is cut by two principal normal faults,
associated with minor fractures { FAREBEGOLI,
1983), ensuring enough circulation for
aqueous solutions.

From the geochemical point of view, the
presence of sandy layers (apparently oxidized)

=l a b \¢ ed
Fig. 1. — Cross section of the Orte quarry outcrop:
a¢ = clayey and silty rocks; & = sandy layer;

¢ = fault; d = sampling points.

interbedded with clayey horizons (apparently
unoxidized), gives the opportunity to study
the distribution and the behaviour of major
and trace elements in different environments.
A trial was also made to record information
on the redox character of the environments,
by measuring the Fe*"/Fe?" and Mn*"/Mn*"
ratios.

Sampling

Sampling of the Orte series was aimed at
obtaining general information on the varia-
tions of lithological, mineralogical and geo-
chemical characteristics along the series, and
at checking the behaviour of the clay ma-
terial in relation to the redox processes occur-
ring at the boundary between the apparently
oxidized sandy layers and the apparently
unoxidized clay layers. It can be then con-
firmed that the geochemical characters of a
thin clay layer can be preserved, even if it
is interbedded with oxidized sands.

From the front of the Orte quarry out-
crop, section of which is shown in fig. 1,
a set of samples (numbered 1 to 8) was
selected as the most representative ones of
the series. A second set was sampled in
more detail within a sandy layer (n. 5 of
the first set), which appears to be oxidized
(fig. 2). Some thin lenticular pelitic layers
are also present in it, with a thickness of a
few centimeters; their grey colour is expected
to be related to reducing conditions.

Samples n. 6A and 6B are two sandy
layers respectively on the bottom and on the
top of a clay layer (n. 6).
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Fig. 2.
laver: @ = sand; & = marl; ¢ = sandy silt: d = len-
ticular stratification; e = stratified flaser; [ = iron
oxides hard-ground; g = sampling points.

-— Detail of sampling within the sandv

Experimental procedures

The determination of the grain-size cha-
racteristics of the materials were preceded
by dispersion with sodium esametaphosphate
(0.025 %); then the sample was wet-sieved
at 0.063 mm and weighed. The fraction
< 0.063 mm was analyzed by sedigraph.
The mineralogical composition was studied

on the whole rock and the grain-size fraction
< 0.5 pum by XRD. The identification of
clay minerals was performed treating the
sample with ethylen glicol and heating at
550° €.

Chemical analyses were performed as fol-
lows:

a) total carbonates by CO. absorption on
sodium asbestos after hot concentrated
HiPO, attack;

b) silica by ICP after fusion by NaO.;

¢) Na, K, Ca, Mg, Al, and total Fe by ICP
and/or AAS after dissolution by HF +
HCIO4 —|— HNO:t;

d) Sr, Rb, Zn, Mn, Cr, and Ti by XRF;

e) B by Optical Emission Spectrography
(Be as internal standard):

f) Cu, Zn, Cr, Ni and Mn by AAS;

g) Pb, Cd, Co, V, As, and Mo by GFAAS;

h) U by fluorimetry after fusion by Na:O.
and ion-exchange separation;

i) Fe*"/Fe*" by spectrophotometry (a-edi-
piridile method) after dissolution in
PTFE sealed container by HF + H.SOy;

/) Mn*"/Mn*" by AAS after differential
dissolution for reduced (Mn*") and easily
reducible (Mn*") forms by (NH4)COO-
CHs + CH:COOH (pH = 5) and by
(NH,)COO-CH: + CH:COOH + NH.
OH-HCl;

k) U, Th and Ra by y-spectrometry.

Results and discussion

Lithology

In table 1 the data related to the major,
trace elements, carbonates content and grain-
size distribution are reported. The distri-
bution of samples according to their grain-
size composition (fig. 3) implies that they
can be roughly classified as clayey-silt, sandy-
silt and sand; the detailed classification is
as follows (PeETTIjOHN, 1975):

Sand: samples n. 5, 5FI, 5FII, 5FIII, 5i
and 5M.

Silty-sand: sample n. 6A.

Sandy-silt: samples n. 5H and SL.

Clayey-silt: samples n. 1, 2, 3, 4, 7, 8, 5G,
and 6B.

Silty-clay: sample n. 6.
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100 % CLAY

100 % (Si-A)

Fig. 3. — Grain size composition of the samples.

It is worthwhile mentioning, however,
that within the so-called «silt» fraction
(63 . to 2 ), the fine fraction (20 1 to 2 )
is clearly prevailing.

The carbonates content generally falls in
the 12% - 30% range, with the exception
of sample n. 6 that shows a CaCO; content
of about 3%. It is evident that the carbonate
occurs either as fragments of shells and mi-
croforaminifera, or finely dispersed in the
matrix of the rock.

Fig. 4. — Distribution of samples according to
their general chemistry.

In the whole rock, quartz and subordinate
feldspars are present as detrital minerals;
the clay minerals are illite, kaolinite, chlorite
and/or montmorillonite. The fine clay frac-
tion is essentially composed of montmoril-
lonite, illite and kaolinite.

Geochemistry

An exhaustive definition of the geo-
chemical parameters of the sequence is an

0.0 0.16 0.32 0.48 0.64 0.80
L L L 1 L L L L il i 1 1 L L 1 I L A A L J

NA

)

SI I

K

MG l

T ——

AL 1

-

FE#+ P

A —

caRe — 1

Fig. 5. — Dendrogram showing the relationships between the concentration of major elements and

the grainsize of the rocks.

Mineralogy

Mineral identification was performed by
XRD both on whole rock samples and fine
clay fractions (& < 0.5 ) before and after
removal of carbonates by 2% CH;COOH.

essential tool for a better understanding of
the geochemical processes that have been
conditioning the behaviour of the elements
in the Orte series.

In line with this trend of thought, as the
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TasLe 1
Chemical and erain size data of the samples
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main objective of the actual research is to
unravel the elements migration connected
with the environmental redox conditions,
information on the partition between re-
sidual, authigenic and adsorbed elements
were sought through monitoring the abun-
dance of several major, minor and trace
elements in the whole rock as well as in the
different grain-size fractions.

Whole rock

The major constituents of the samples
are shown in table 1 and the correlations
between chemical and lithological compo-
sitions are displayed in the triangular diagram
of fig. 4, characterized by two clusters of
points, the first one representing samples
n. 1, 2, 3, 4, 7, 8, 5G and 6B (clayey-silt)
and the second one samples n. 5, 5FI, 5FII,
SFITI, 5H, 5i, 5L, 5M and 6A (silty-sand
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and sandy-silt). The chemical parameters have
been selected in order to show the con-
sistency of the chemistry with the lithology
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Fig. 6. — Dendrogram showing the clustering of
samples according to their grain-size and major
elements composition (see text).
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TasLE 2
Linear correlation coefficients for the chemical and granulometric parameters.
First figure shows the value of coefficient and the second one the number of samples
that have been analized
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of the rocks under examination. In fact, the 3|2+ .
dendrogram of fig. 5 clearly portrays that Na |-&& _l 8.3 19.3 &

and Si are strongly correlated with sand,
whereas K, Mg, Al and Fe are significantly
connected with clay and silt fraction. The
CO. content obviously represents the carbo-
naceous frﬂcfion.

The other dendrogram (fig. 6) shows the
clustering of rocks with regard to their grain
size and major elements composition. The
correspondence between the chemical and the
granulometric composition is respected only
for two groups (shaded areas) including
respectively clayey-silts and sands.

The other samples show an intermediate
composition, but sample n. 6 possesses a
rather specific behaviour, due to its low

carbonate content and high clay fraction
abundance.

Table 2 is a general view of the linear
correlation coefficients for the chemical and
granulometric parameters; some of them
deserve particular consideration, since they
are able to show the partition of elements
within different phases.

1. Sodium is positively related to sand
(r=097; fig. 7) and Si (r = 0.70)
whereas it is negatively related to clay
(r = —0.77), silt (r = —0.91), Fe**
(r =—0.73), Fewx (r=-—0.75), Mg



(r = —0.76) and K (r = —0.52). Such
a behaviour can be attributed to the
presence of Na-bearing feldspars in the
sand fraction, as it was shown by XRD.
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TABLE 4

Manganese content (ppm) in treated and
untreated samples referred to certain dif-
ferent particle sizes

e o TREATED WITH AETIC ACID |
[Nt |_W.R. | 202u | 2050 <050 | | WA [MRu [260.54 |05 |
1 __|_eso_|_8so | _240 | 130 |
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Fig. 7. — Nasand correlation,
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Fig. 8. — K-clay correlation.
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TABLE 5

Rubidium content (ppm) in treated and
untreated samples referred to certain dif-
ferent particle sizes

[— UNTREATED _SANPLES
| WA, | 2:2p 20050 (<050 ] |
1 2 | 164 | 151 | =223 | 234 |
2 160_[_141 | _ |

_|_278_|

e e e e

_|_196_|_208_|
-1.135_| _267_| 275 |
258 _| 285 | |_177_|_170 | 249 | 226 |

TABLE 6
Zinc content (ppm) in treated and
untreated samples referred to certain dif-
ferent particle sizes

| goprzs | UNTREATED SAMPLES | | SHPLES TREH) Wrm AZC A _|
| WR, | X2u|20050)<05u] | WR. | 2#2u]20.5u| <05
20 |_86 |75 | 57 | |_228 | 157 | 107 | 92 |
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— Mg-clay correlation.
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Potassium is positively correlated with
clay (r= 0.85; fig. 8), Mg (r = 0.75),
Fe** (r = 0.50), Fe (r = 0.58) and
Al (r = 0.79). This seems to support the
assumption that this element is connected
with clay minerals, illite and also chlorite.
On the contrary, it appears to be nega-
tively correlated with the sandy fraction
(r = —0.63), probably due to both the
low content and the irregular distribution
of feldspars in this fraction.

Calcium is essentially related to carbo-
nates (r = 0.81) whereas no correlation
is shown with Mg (r = 0.10).
Magnesium shows a highly positive cor-
relation with clay (r = 0.93; fig. 9), silt
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Fig. 12, — Dendrogram showing the relationships
among all the measured parameters, MN + 2% =

soluble reduced Mn; MN** = total soluble Mn:
MN = total Mn,

EEEYOQ

(r=080) and Al (r=0.84) but a
negative correlation with sand (r =
—0.91) and Si (r = —0.65).

Aluminum is essentially associated with
clay minerals (the correlations coefficient
between Al and clay fraction is r=0.86),
as it also emerges from the above men-
tioned correlations.

Total iron shows quite a high positive
correlation with reduced iron (r = 0.86).
However their correlations with K, Al,
and Mg, assumed to be characteristic
elements of the clay fraction, are signi-
ficant but not as high as the correlations
among these three elements. This obser-
vation is enhanced by the presence of
iron not only in clay minerals but also
in sulphides, oxides, and hydroxides. In
sample n. 5FG, for example, the Fe
excess is undoubtedly related to iron
hydro- and/or oxides, as determined by

XRD,

Further information about the iron distri-
bution can be obtained from table 3 where
the iron content is shown for different grain-
size fractions both from acetic acid leached
and untreated samples. For the whole rock
data the higher iron percentages in the
leached samples are due to the dissolution
of no iron bearing carbonates, whereas no
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significant differences appear for iron distri-
bution in the fractions.

Oxidation state of iron and manganese

The post-depositional variations of the
redox potential can be conveniently studied
by two suitable parameters, the Fe®”/Fe*
ratio, and the ratio between Mn*" and that
fraction of manganese, found in reducible
conditions (Mn*", Mn* ") (hereinafter: Mn*").
Accordingly, the total content of reduced
and oxidized forms leads to meaningful re-
sults when different samples of similar mi-
neralogical composition are compared.

It is further accepted that the values of
the Fe*' /Fe*" and Mn*"/Mn'" ratios depend
upon: 1) the composition of the primary
minerals, 1) the possible variation of the
ratios within some of the primary minerals
due to the change of the Eh conditions, and
111) the presence of new, secondary minerals
formed during the post-depositional evolution
of the rock.

Iron

In fig. 10 a plot of total Fe*" versus total
Fe*' is presented (referred to the whole rock).
The samples of the clayey-silt layers show
a high Fe*' /Fe*" ratio, in good accord with
the assumption that a postdepositional oxi-
dation is hard to occur for the low permea-
bility and buffering capacity of clayey-silt
materials.

In sands and siltv-sands the Fe*'/Fe*"
ratios are lower than those of the previous
group: this is partially due to the free cir-

culation of oxygenated water, possibly
leading to the partial oxidation of the pre-
existing Fe*", and to the formation of iron
oxides and/or hydroxides. Nevertheless, in
some sands or silts the oxidation of iron is
not so evident, their Fe** /Fe** ratios being
similar to those shown by the clayey-silts.
Despite its lower permeability, sample n. 5G
exibits a low Fe*'/Fe®" ratio, but a very
high total iron content; it is a very thin
(2-4 cm) silty layer, underlying an iron oxide
hard-ground (Feu: = 30 %). In fact it has
not been possible to pick-up a sample with
no contamination from the hardground.

Manganese

Although manganese has an affinity with
carbonates, as exemplified by the correlation
coefficient (r = 0.61), this affinity is also
valid for other minerals in which it can be
present in different oxidation forms. From
table 4, where the distribution of manganese
in different grain-size fractions is shown, the
whole rock values for the acetic acid leached
and the untreated samples confirm that part
of manganese is contained in the carbonate
fraction. On the other hand the higher Mn
content in the 20-2 p fraction is explained
if manganese is assumed to be also present
as finely dispersed oxides enriched in such
fraction.

As far as the oxidation state of manganese
is concerned, (referred to the easily soluble
fraction), the results are presented in fig. 11
where the clayey-silt samples exhibit the

TasLE 7
Boron content (ppm) in treated and
untreated samples referred to certain dif-
ferent particle sizes
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TABLE 8
Titanium content (ppm) in treated and
untreated samples referved to certain dif-
ferent particle sizes

T~ "] _ONTREATED__SAMFLES |

| SWRES |Tyn | mi2u|&05m]<054| | WR. | 2. 2054]<05u]

TABLE 9
Strontium content (ppm) in treated and
untreated samples referred to certain dif-
ferent particle sizes

| geuzs |__UNTREATED _SANPLES | | SALES TREATM WITH AGETIC ACDD |
VR | D2 %050 <05 | | WR | 22| 2056 <054 |

___|_2800] 4687| _6423| 3704 |_4995| 4408| 6390]

59| _6

highest ratio between Mn*' and reducible
manganese, in agreement with the observa-
tions made on the Fe* /Fe®  ratios. The
sandy, silty-sandy and silty samples show
however more scattered and lower ratios.
Sample n. 5 (sand) has a Mn*" content similar
to that averaged by the other sands, but a
much lower content of reducible manganese;
this means that the amount of oxidized man-
ganese compounds in this levels is low, as
specific pH-Eh conditions may have only
allowed the oxidation of iron (GARRELS and
CurisT, 1963).

Trace elements

Their contents and their correlation coef-
ficients are shown in table 1 and table 2
respectively.

Owing to the large number of parameters
here considered, the dendrogram appears the
most appropriate representation (see fig. 12).
The following considerations can be made,
bearing in mind that correlations are pos-
sible, simply because of the relative abun-
dance, in each sample, of minerals containing
different elements.

a) Rb, As, Cu, Zn, B, Ti, Cr, Ni and
Th seem to be associated with the clay
fraction. Rubidium, in accord with its geo-
chemical behaviour, is strictly associated
with potassium (r = 0.94, see fig. 13). From
table 5, where the Rb contents for different
grain-size fraction is reported, it appears
that this element is mainly concentrated by
adsorption in the fine clay fraction. Arsenic,
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copper, and zinc in sedimentary rocks are
mainly related to iron oxides and clay mi-
nerals (when they are adsorbed), organic
matter and sulphides (Onisui, 1969; We-
pEpHOL, 1972, 1974). In the Orte suite
they are chiefly related to the clay fraction
(r = 0.83 for As, r = 0.89 for Cu, and
r = 0.91 for Zn), as it can be seen from
the distribution of Zn for different grain-size
fractions of table 6. The distribution of
boron within the different grain-size fractions
(table 7) confirms that this element is
strongly enriched by adsorption by the fine
fractions (ViLLUMSEN and NIELSEN, 1976).
The enrichment of Ti (tab. 8) in the fine
fractions (& < 2 p) ties well with the
results of the cluster analysis, in agreement
with the known capability of Ti to be
accepted in the structure of many clay mi-
nerals. Ni and Cr are strictly correlated
(r = 0.86); in the dendrogram they fall
distant from iron, which is also present in
secondary minerals, devoid of Ni and Cr.
The association of Th with the clay fraction
is in agreement with its capability to be
adsorbed by clay minerals (RoGers and
ApAMS, 1969).

b) According to its geochemical be-
haviour, vanadium shows a good correlation
with Fe'’| since it is associated with iron
minerals such as oxides and hydroxides.
Nevertheless it is worth noting that, although
the clayey-silt and the sandy-silt samples
average a very similar Fe®' content, the first
group shows a higher vanadium content,
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probably due to adsorption of vanadium in
clay minerals.

¢) Strontium is essentially correlated with
carbonates (r = 0.70), but it is also con-
tained in the not-carbonate fraction (table 9).
It appears enriched in the 20-2 11 and 2-0.5
fractions, referred to the acetic acid leached
samples. The Sr content of the fine silt and
clay fractions from sandy samples is lower
with respect to the same fractions from
clayey samples.

For other trace elements only a few si-
gnificant correlations can schematically be
made, as follows:

1. Co is negatively correlated with clay
and elements enriched in clay.

2. Pb is positively correlated with clay and
elements enriched in clav.

3. Cd shows a positive correlation with
clay, Mg and Cu, and a negative one with

Si and sand.

4. Mo shows a negative correlation with
carbonates, where it shows a positive cor-
relation with clay.

5. U is negatively correlated with Na. Its
positive correlation with V agrees with
its general geochemical behaviour.

6. Ra only shows positive correlations with
Fe and V.

Conelusions

From the lithological point of view, in
agreement with the results of a geologic and
paleogeographic study carried out by Fara-
BEGOLI (1984), the sandy materials of the
Orte series can be classified as sands, silty-
sands or sandy-silts, whereas the clayey layers
correspond to clayey-silts or silty-clays.

These rocks, as far as the mineralogy, are

mainly composed of illite and kaolinite as-
sociated with chlorite and some montmoril-
lonite. Detrital minerals are present as
quartz and subordinate feldspars. The carbo-
nate content is quite high and it is due to
calcite (aragonite is present only in sample
6A) as well as shell fragments or micro-
fossiles.

The distribution of major elements is
coherent with the lithological and minera-
logical characteristics of the rocks and the
behaviour of trace elements is related to:
clay minerals (Rb, B, Ti, Cu, Cr, Zn, As,
Ni, and Th), carbonates (Mn and Sr), and
iron minerals (V).

The Fe* /Fe* ratio is generally lower
in the sands and sandy-silts, than in the
clayey-silts, as the circulation of the oxidating
agent is easier in the more permeable rocks,
where iron can be precipitated as more or
less hydrated oxides. Some exceptions of this
may be explained by the variability of the
Fe*' /Fe'" ratio in the detrital and syngenetic
minerals, that can be able to hide the va-
riations of the same ratio due to redox pro-
cesses occurring after the deposition.

A confirmation of this is supplied by the
state of oxidation of manganese: in the
samples n. 5i and 5M (sands) the ratio
between reducible and divalent manganese
is high, whereas the reduced iron is pre-
vailing over the oxidized. In this case it can
be assumed that the Eh value was high
enough to oxidate manganese and, therefore,
iron; nevertheless, it is possible that iron
oxidation did not occur, as iron is strictly
bound in detrital mineral structures.

Work carried out in the frame of the Rescarch
and Development Programme on Management and
Disposal of Radioactive Waste of European Com-
munity (Contract n. 375-83-7 WASI).
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