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Abstract

The Rare Earth Elements and Yttrium (REE-Y) have recently been proposed as good
proxies for identifying rupture zones on carbonate fault scarps. Indeed, fluctuations
in the REE-Y concentrations along a fault plane may be linked to the number and
size of earthquakes that ruptured the fault. The enrichment is attributed to the
contact of the soil with the carbonate fault scarp. Our study presents preliminary
results from a series of experiments that aim to shed light on the mechanism
associated with the REE-Y sorption on the limestone-soil interface. Rain simulation
pot experiments, kinetic and isotherm batch experiments were employed to describe
the mechanism of REE-Y sorption in calcite. Results reveal fast REE-Y sorption on
the limestone surface after the simulation of five years of rainfall. The fast REE-Y
sorption is also supported by the kinetic experiments. Isotherm tests show the higher
affinity of calcite in the Light Rare Earth (LREE) compared to the Heavy Rare Earth
Elements (HREE). The sorption of the REE in the form of carbonate complexes is
proposed as a plausible mechanism of REE-Y incorporation into the limestone.

Mepidnyn

O1 omavieg yaieg kor 10 Vtpio (REE-Y) Ocwpodviar koldoi Oeikteg yia tov
TPOOOLOPIoUS OEIUIKDY {WVOV KOTG UNKOS THS EMIPOVEIAS EVOS 00PecTorB1koD
prynotog (kalpéptng priyuotog). H ovykexpiuévny texviky Oewpeital amoteleouotikn
oty avoyvapion tov oplduod kol tov ueyédovg twv oeioumv. Ipoopotes gpyaoics
&yovv emoinBsvoet v Drapn eVOS PYOVIGUOD EUTAOVTIONOD TWV 0ofeotoMBwy g
OTaVIES Yaies Otav gival o€ emoph ue 10 £0opos. To mparto amoteréouaro axo v
O1EPEDYNON  TOV  UIYOVIOUOD  gUTmAOVTIONOD TOv  agPectorifov  oe REE-Y
rapovaialovrar otnv vrofallouevy epyacio. Ta mewpduota mpooouoiwons Ppoyns
TEVTE €TV (o€ YAdoTpeg) E0e1Cav ToyD EUTAOVTIONO THG EMPAVELQS aofeatolifov oe
REE-Y. Ta weipduozo kivyikng édeiéov emions toyeio popnon REE-Y, eva o1 doxyuég
1000epunc popnong édeiCav ueyalvtepn emiiextikotnra oe eloppiés (LREE) omavies
yaies o€ oyéon ue tis Papies (HREE). O unyoviouos pognons twv omoviwy yoimy ue
™m popen ovlpaxikwv oouriokwy Oewpeitar mlovos unyoviouos popnons twv REE-
Y oty empavero. twv aofeotolifwv.
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1. Introduction

The Rare Earth Elements (REE) have been widely used as provenance indices either to describe
the water hydrology or sediments origin (Dia et al., 2000; Roy et al., 2012). Furthermore soil
processes, like argilluviation, carbonation etc., have been described through the REE fate and
transport in soil horizons (Laveuf and Cornu, 2009). Other geological processes like
biogeochemical conditions in paleo-seawater (Shields and Stille, 2001) and weathering processes
have also used the REE as primary indices (Patino et al., 2003). The REE-Y concentration
measured along the carbonate scarp of the Magnola Fault (Italy) revealed remarkable fluctuations
that match with the rupture zones identified independently by CI3¢ (Palumbo et al. 2004; Carcalliet
et al., 2008). Manighetti at el. (2010) verified on the very same fault scarp that the REE-Y
enrichment occurs due to the contact of the limestone with paleo-soils. Mouslopoulou et al. (2011)
identified at least four zones of REE-Y enrichment on a fault of unknown earthquake history in
Crete (the Spili Fault). The new proxies for the identification of paleo-earthquakes on carbonate
faults are promising and the sound validation of the mechanism of REE enrichment on the
limestone would enhance confidence that REE may be used prior to the costly method of CI*¢ to
constrain the slip history on carbonate faults.

Limestones have been proposed in various studies as adsorbents for heavy metals in the
environment (Sdiri, 2012; Komnitsas et al., 2004; Godelitsas et al., 2003). The presence of
carbonate minerals like calcite may have a direct or indirect effect in metal adsorption in
limestones (Papadopoulos and Rowell, 1988). The direct effect is through their surface reactivity
and the indirect is through their effect in the pH of reactive solutions. The metal incorporation in
calcite can be a) with adsorption in the calcite surface through ion exchange with Ca or with
complexation with carbonate groups bound in a disordered, hydrated surfaces (Zachara et al.,
1988) and b) with precipitation (metal precipitates MeCO3) in solutions with high ionic strength
metal solutions. The adsorption of metals in calcite showed to vary among different sorbates. For
example, Zn appears to be adsorbed and rapidly desorbed (reverse reaction) whereas, Mn and Cd
appear to be rapidly absorbed with very slow desorption rate (almost irreversible) (Papadopoulos
and Rowell, 1988). pH changes in the presence of limestone is accompanied by carbonate (CO3*)
release. REE shows high affinity of solution complexation with carbonates. The solubility of REE
in most limestone aquifers is influenced partly by the solution complexation with carbonates and
partly from the REE adsorption on charged surfaces like clays and oxides. It has been reported that
Heavy Rare Earth Elements (HREE) are being more sorbed in clay surfaces compared to Light
Rare Earth Elements (LREE). Moreover, the same has been observed in the Carrizo sand aquifer
of Texas (Tang and Johannesson, 2005a). Thus, the calcite behaviour with respect to the metal
adsorption is complex and the majority of the studies focus on the adsorption of the heavy metals
and no data exist with respect to the REE-Y sorption in calcite.

In the case of REE-Y, little has been done to characterize the sorption processes on the interface
between limestone and soil (Figure 1). To elucidate the mechanism responsible for the REE-Y
enrichment we conducted a series of pot, kinetic and batch experiments.

2. Materials and Methods

The present study includes two experimental parts: a) the pot experiments with the placement of
limestone bricks within pots which are filled with soil and b) the kinetic and isotherm sorption
experiments. In the second part of experiments, the limestone was grinded in less than 250 um.
The grinded limestone for the kinetic and isotherm sorption experiment was aged by storing 0.5
limestone in 14 L of 0.02 mol/L NaHCOs. The aging process enhances the dissolution of small
crystallites and crystallite with defects and the re-precipitation of uniform crystalline calcite, with
less free energy in the surface. All kinetic and isotherm tests were performed with this aged
limestone. Ce, Eu and Yb were selected to represent Light, Medium and Heavy Rare Earth
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Figure 1 - Diagram illustrating the mechanism of REE-Y enrichment along a carbonate fault
scarp. S1 and S2 represent paleo-ground levels which have been exhumed due to the
successive earthquakes EQ1, EQ2. Modified from Mouslopoulou et al. (2011).

presented by Mouslopoulou et al. (2011). The oxidation states of each element was not considered
in the present study and we calculate the bulk removal of Ce, Yb, La from each test (kinetic,
isotherm etc.) The tests were performed in atmospheric CO; (p CO»=3.2). The Ce, Eu and Yb
standards which were used for the solutions preparation (1000 ppm) were certi-pure in 2-3%
HNO; from Merck Company.

2.1. Pot Experiments

Pot experiments were operated to simulate the limestone fault plane while buried under the ground
surface (paleosoil-rock interaction). Thus, we removed orthogonal limestone segments from the
fault plane (see Figure 2a & b) and covered the entire surface of the brick with waterproof silicon
resin apart from the 2/3 of the front surface (see Figure 2c). The bricks were placed into pots
(Figure 2d) and covered with soil which was sampled from the very colluvium wedge at the foot of
the Spili Fault on Crete. The rain filtered through each pot was 4.2 litters per year of simulation
according to the average rainfall in the area (600 mm) and normalised to the pot diameter (6 cm).
A total of five years were simulated whereas in between simulations the pots were dried with
natural aeration (average 30° Celsius). Synthetic rain of specific ionic strength (5.6*10* mol/L)
and pH (5.39) was used in pot experiments following the chemical analysis of rain from Samara et
al. (1992). The salts that were used for synthetic rain comprised of CaS04.2H,O, KCI,
MgCl,.6H,0O, NaNOs, whereas HCI, H,SO4 and HNOs were used for pH adjustment. Tests were
conducted at 25°C and 15°C. All pot experiments were obtained in triplicates.

2.2. Kinetic and Isotherm Tests

Kinetic and isotherm tests were conducted in solid/solution ratio of 1/40. The pH for both tests
was 7.59. With the use of Mineql we calculate the composition of the solutions in equilibrium with
calcite at this pH. We applied the aqueous speciation reactions and equilibrium constants given by
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Zachara et al. (1988). The time intervals were 3h, 6h, 12h, 1d, 5d, 7d for the kinetic tests, hence
the REE concentrations was 10*# mol/L. The isotherm tests were conducted with the REE
concentration of 1073, 104, 10, 10°%, 10" mol/L at pH 7.59. After the addition of the REE standard
the pH dropped in 5.6 in both kinetic and isotherm tests. We adjusted the pH at the isotherm test
with the use of NaOH, whereas the kinetic test was left to equilibrate without pH adjustment. The
calcite equilibrium solution in both kinetic and isotherm experiments were prepared by mixing
HC104, CaClzog, NaHCO3, NaOH.

Figure 2 - (a) and (b) The bricks were detached from the carbonate fault plane by using
electric saw; (c) waterproof silicon coverage of the brick; (d) brick placement into pots filled
with soil; (e) brick removal after 5 years of rain simulation.

3. Results
3.1. Pot Experiments

The results of the pot experiments after simulating 5 years of rainfall at two different temperatures
(15° and 25° Celsius) are illustrated in Figure 3. The difference (% change) in REE-Y
concentration between the outer surfaces Al, B1 (which were in contact with the soil) on each
brick and the deeper parts A2, B2 was calculated as 100*(Concaii,pi- Concazpa,n2)/ Concazs2,pe.
The Concaisipi refers to the concentration in each of the Al, B1 or D1 segments whereas the
Concazg2,p2 refers to the concentration of the immediately deeper A2, B2 and D2 segments (as
shown in Figure 3). At temperatures of 25° Celsius, the average increase recorded in the Al and
B1 segments was 40% and 23%, respectively. At temperatures of 15° Celsius, the average increase
recorded in the Al and B1 segments was 36 and 5%, respectively. In contrast, D1 segment shows
lower REE-Y concentration compared to D2 segment (approximately -45% for both tests
temperatures; minus refers to decrease in concentration). The limestone at 15° Celsius experiment
showed generally lower enrichment in REE-Y compared to that recorded at 25° Celsius (Figure 3).

3.2. Kinetic and IsothermRresults

The results from the isotherm sorption tests and the kinetic sorption tests are shown in Figure 4.
The limestone selectivity was higher for Ce compared to Eu and Yb and that remained stable for
both tested temperatures. There was a slight increase in the limestone affinity for the REE in the
temperature of 15°C, especially for Ce and Yb as it is evident from the slope of the line. The
linearity of the sorption isotherm, as depicted in the log-log diagram of Figure 4a & b, resembles
the isotherm of Freundlich.
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Figure 3 - Schematic diagram illustrating a pot experiment that involves a limestone brick
buried within a soil. The results (in the two plots) derive by comparing the REE-Y
concentration in A1 and A2, B1 and B2 and D1 and D2 segments on each brick at two
different temperatures (15° and 25° Celsius).

Fig
ure 4 - (a) and (b) Sorption isotherm tests for Ce, Eu and Yb at two different temperatures;
(¢) and (d) kinetic sorption tests for Ce, Eu and Yb at two different temperatures.

The kinetic test shows immediate sorption for Ce and Eu and slower sorption for Yb (up to the 1
day of the experiment). The three REE reached identical the same sorption level after the 1% day.
The kinetic test at the 7" day shows a slight decrease in the sorption of all three REE. Thus, REE
with high atomic number (e.g. Yb) show slower sorption in the 1% day of the kinetic test compared
to REE with lower atomic number (Ce, Eu).

4. Discussion

4.1. Pot Experiments

Preliminary results show that there is indeed a mechanism which is responsible for the recorded
increase in the concentration of REE on the limestone, at localities where the latter is in direct
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contact with the soil. The REE enrichment on the buried surfaces Al and B1 was clear, as was the
non-enrichment of the DI surface. The enrichment was achieved in pot-experiments after
simulating five years of rainfall. Thus, two conceptual models may arise: a) the REE-Y escape
from the soil through a soil solution and subsequently they are sorbed by the limestone surface b)
the limestone surface is weathered due to its contact with acidic soil solution and the REE-Y,
which were already in the limestone, dissolute and become subsequently re-sorbed (precipitate) in
the limestone surface. The latter is thought to be impossible considered the level of % percentage
change in the REE-Y concentration and the short duration of the experiment. It would require
extreme dissolution of the limestone surface to change the REE-Y content at a depth of 1.5 cm

(Figure 3). Thus, the plausible scenario is the one that supports the origin of the REE-Y from the
soil.

The measurements of the chemical parameters in the infiltrates from the pot experiments revealed
lower pH values and higher calcium content for the pot experiment at 15° Celsius (Figure 5).
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Figure 5 - Chemical and physical parameters measured in the infiltrates from the pot
experiments. X axis represents five years of the simulated rainfall; hence the number in the
decimal digit is the number of rain event for each year.

Considering that chemical species such as Ca and Sr in the infiltrates were originated from
dissolution of calcite and dolomite, higher dissolution was observed in the pot experiments at
temperatures of 15° Celsius. Higher concentrations were observed also for Mg at temperatures of
15° Celsius compared to 25 ° Celsius. Potassium was approximately identical to both temperatures,
mainly because potassium originated from ion exchange reactions rather than dissolution reactions.
The higher degree of calcium leaching in the pot experiments at 15° Celsius (compared to that at
25° Celsius) is due to higher organic content in the infiltrates which lower the soil solution pH
(Figure 5). The high activity of H" was balanced by calcite dissolution either from the soil or the
uncovered limestone surface. The chemical conditions and reactions at 15° Celsius increase the
calcite dissolution which, in turn, increased the carbonates. Thus the lower REE-Y sorption at
limestone surface at 15° Celsius was probably related to the mineralization of organic matter from
soil microorganisms. The latter has a two-fold effect: a) lowering of the pH in the soil solution
which may facilitate the desorption of REE-Y from clays, oxides and organic host sites and b) the
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dissolution of calcite in the limestone with rapid increases in the pH and sorption of the REE-Y on
the limestone surface.

4.2. Kinetic and Isotherm Experiments

The % of the REE removal in the sorption isotherms was 98-99%, 96-99% 97-99% for Ce, Eu and
Yb, respectively. No plateau was reached in the sorption test and the calcite capacity for REE
sorption is considered high. Moreover, the preferable sorption of LREE has been observed mainly
in sorption onto metal oxides (Koeppankastrop et al., 1991) and it has been attributed to stronger
complexation of HREE, with carbonate anions which hold HREE in solution. There is a
controversy whether the REE are strongly bound with carbonates and dicarbonates, or whether
there is a strong effect of the ionic radii among the competitive cations in the case of sorption
reactions (Coppin et al., 2002). In our case, the competitive cation was Ca?'". Comparing the
calcium content in solution between the kinetic test and the isotherm test we record higher calcium
concentration (by up to 1 order of magnitude) in the kinetic experiment compared to the isotherm
experiment. This occurred because the kinetic test reached equilibrium without correcting the
solution pH, whereas in the isotherm test the pH was corrected (Figure 6). The lack of pH
adjustment in the kinetic test increased the calcite dissolution after the addition of the REE
standard solution (very acidic solution), whereas in the isotherm tests Ca precipitated due to the
addition of NaOH. The higher ionic strength in the kinetic test had no effect on the fast sorption of
Ce and Eu. The final sorption was 17% higher in the kinetic test, with higher ionic strength (ca.
I=1.2) than that recorded in the isotherm test of low ionic strength (ca. 1=0.2) Thus, ionic size
effect in high ionic strength solution has no significant effects in the REE sorption. Moreover, the
calcite dissolution in the kinetic test appears to have inevitably increased the CO3> as it probably
created complexes with REE.

Figure 6 - The calcite content in the (a) isotherm and (b) Kinetic experiments.
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The kinetic test shows that the maximum REE sorption for all ionic radii species is attained after
24 hours; this is considered to be a fast reaction. The inferred high concentration of CO3* in the
kinetic has not impeded the fast REE sorption in calcite. Fast REE sorption was also observed in
sand by Tang and Johannesson (2005a). The same authors observed a slight decrease in the REE
sorption after 12 h; that was attributed to limited dissolution of the sorbent solid phases. In our
experimental set up the slight decrease in the REE sorption is observed after the 5% day. The fast
sorption rate is mainly attained by a physisorption (adsorption) reaction compared to
chemisortpion (absorption). The remark effect in pH experiment was the lower sorption rate for
Yb compared to the remaining REE during the first day. The slower sorption rate for Yb may be
attributed to the high affinity of Yb to create carbonate complexes which hold it in solution at least
for the first 24 hours. Hence, we infer that due to the high dissolution of calcite in our batch
experiments, the REE forms complexes with carbonates. Thus, the sorption of the REE on the
calcite surface should occur in the form of REECO;", REEHCO;?".

5. Conclusions

The fast sorption of the REE-Y was evident both in pot experiments and kinetic tests. Due to the
high calcite dissolution in our tests, we inferred that the REE were bound in carbonates and bi-
carbonates, which were sorbed onto the calcite surface. The mechanism of REE-Y enrichment in
the limestone involved the three successive steps of: a) REE-Y release from the soil as a result of
the pH reduction due to bioturbation; b) sorption on the limestone surface due to calcite
dissolution which increased the pH and c) enhancement in the REE-Y sorption. Further studies
will focus on the nature of the sorption and the associated oxidation states of REE; however here
we propose a physisorption, which progressively changes to inner sphere complexes, as a plausible
mechanism for the inclusion of the REE-Y within the limestone surface.
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