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Abstract

Stable isotope C analysis is the most reliable otktised for the distinction and understanding of
soil carbonates origin. However, in soils withcanplex geological setting the carbon&t¥
signature could lead to incorrect interpretatidnssed alone. Thus coupling this technique to other
methods may be necessary. In this work we evalustedntages and disadvantages of several
methods, some of which are well known while ottaesstill unused, to distinguish among
carbonates of different origins in a soil developedValle Versa Chaotic Complex”, a marly
geological formation in North-western Italy. Fobetter evaluation of their potentialities the
methods were also applied to simpler situations asea reference for carbonate of pedogenic and
lithogenic origins. Thin sections analysis revedles presence of three kinds of carbonates in the
investigated complex soil: one was pedogenic, wiate showed clear lithogenic origin. The
lithogenic carbonate that showed a IBWC (about —9%o) was interpreted as freshwater while
isotopic signature increased up to —4%. with thes@nee of marls, thus no evidence of pedogenic
precipitations could be obtained with isotopic gsm. The mean crystallite domainy ) was

highly variable and related to the amounts of ceepitated impurities in the carbonates. Thus
these methods provided important information altle@tformation environment. These rarely used
techniques permitted to distinguish between pedogerd lithogenic material in simple systems,
but did not adequately support the presence ofgedo carbonates in the complex soil. Surface
areas and porosity evaluated byadsorption are particularly influenced by the sses occurring
during calcification such as the development ottioga and pore infillings. The comparison
between additive models and measured specificcigeea, indeed allowed us to observe the
effect of pedogenic carbonate on the physical ptase although it did not permit any
guantification. These results indicated that, altifoall the methods were able to distinguish
between pedogenic and lithogenic origins in singgtems, only micromorphology and N
adsorption techniques allowed for the identificatad pedogenic carbonate in a more complex soil

system.
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1. Introduction

Carbonates are important constituents of many #aitgighout the world (IUSS Working Group
WRB, 2006), and they are considered the third miajon of carbon (C) storage with a global
reservoir of approximately 950 Pg (Lal, 2008), stsged only by organic C and ocean reservoirs.
Moreover, soil and rock carbonate accumulationsb@ important in qualitative terms because
they are more stable than organic matter (Rentrdl., 2009)However, soil carbonates do not
only play an active role in the global C cycle, bte also extremely useful for paleoenvironmental
reconstructions (Sheldon and Tabor, 2009). Itdead well known that CaG@nay serve as a
proxy for the reconstruction of past systems imt&epf vegetation, climate and environment of
formation (e.g. Morgun et al., 2008).

Carbonates in the soil may have different origind & is therefore extremely important to
distinguish among the several kinds before usiegitas paleoenvironmental indicators or in the
evaluation of their role in the sequestration ofi@épheric carbon. Frequently both lithogenic and
pedogenic forms occur in the same soil profile. Woalcite precipitation is well expressed,
pedogenic carbonates are easily recognised indlieas white filaments, whitish coatings on
gravel and pebbles, soft or hard concretions amidiles, up to laminar hard horizons in the most
advanced stages (Gile et al., 1966). In the fieéde features may however be difficult to appreciat
and interpret when carbonate accumulations occswils with complex geologic settings that have
developed from limestone and carbonatic shaleg,asid alluvium (West et al., 1988). Many soils
in Italy that have evolved on the Late Miocene (Mesn) deposits show this kind of complexity.
In particular, in the Monferrato region (NW Italy)e formation called “Valle Versa Chaotic
Complex” (CTV) is made up of blocks of differentae, such as calcium sulphate and a wide
range of carbonate facies floating in a terrigerfmesgrained marly matrix (Clari et al., 2009).€r'h
setting of this area is related to the so-calledifigy crisis” during which the marine depositsrere
formed, and subsequently the region was subjeotégttonic events and transcurrent fault systems
(Dela Pierre et al., 2003). Here, pedogenic cartasnare not easily detected with conventional
methods such as field observations.

To distinguish between pedogenic and lithogenibaaates, the most reliable method currently
used is the isotopic approach (Salomons and Md@k§;INordt et al., 1998). This technique is
based on the fractionation of the C isotopes, esgae ag$**C with respect to the international PDB



standard (Craig, 1957) that occurs on every stateaf carbonaceous materials. The C that has
cycled through atmospheric G@nd organisms is markedly enriched in the lightestbpe. As a
result, pedogenic carbonates that are depletdttiheavy isotope typically show negatd?éC

values, while the stable isotopic composition afiant marine carbonates have a mean value of
0%o. The isotopic approach should therefore givanlsiguous results for the distinction of the
origin of carbonates. However, recent studies Is&osvn an existing natural variability in the
isotopic signature of lithogenic carbonates (Ho2@£9) with extreme end-members haviiiC
values as low as —40%o. for methane-derived carber{@tari et al., 2009). Consequently, the
isotopic method may not be straightforward for argteve distinction when different kinds of
carbonates coexist in the same soil and morphabgiddences are lacking. In particularly
complex systems, the differentiation between sarbonates could be however also achieved with
other methods that, when coupled with isotopic dagald help in the interpretation of the presence
and importance of pedogenic carbonates. Duringgtatton and accumulation processes
pedogenic carbonate characteristics change asadnrf the formation environment while, at the
same time, modifying the chemical and physical proes of the soil system. In fact, during the
pedogenic process cations in the soil solution beancorporated in pedogenic carbonates as co-
precipitates (Stumm and Morgan, 1996). This phemameauses both an enrichment in impurities
in the carbonate structure and a change in crggtaphic parameters (Klein, 2002). Moreover, the
model developed by Gile et al. (1966) for descglmalcification suggests that pedogenic
carbonates strongly affect soil structure and moligdical features by coatings development and
pore infillings. Consequently, the presence of gethic carbonate changes the physical parameters
of both soil surface area and cryptoporosity (¢hBQ Falsone et al., 2010).

In this work we present the adoption of innovativethods in this field that, together with classical
isotopic approach, may be utilized for describingplex soils systems, through comparing it with
some simpler situations. This synergy should be @bhelp distinguish between pedogenic and
lithogenic carbonates, and understand the forma&tmironment in cases where system complexity
does not allow for a definite interpretation oflsiolution.

2. Materials and methods

Three study areas were selected in the Piedmoiarr@yorth-western Italy; Figure 1). All sites
showed clear evidence of carbonate accumulatidimeiield. The first area characterized by the
presence of typical pedogenic carbonate featuoegesponds to an aeolian sand dune which
formed during the cataglacial phase of the penaliinglacial period (Upper Pleistocene, ~ 12 Ky
BP) close to the town of Grugliasco (45°03.53' B9.32’ E). The area is located in premises of



the Agricultural Faculty and is minimally disturbekhe second area was in Reano (45°03.22' N
7°26.15 E) on a moraine formed during the penudtienglaciation (Upper Pleistocene,
approximately 300-120 Ky BP) (Servizio Geologicdtalia, 2001). It is a forest area, minimally
managed and mainly used for recreational purpd$esReano soil also showed the presence of
dolomite, a common carbonate mineral that is fannuch greater abundance in ancient rocks
than in modern carbonate environments (Vasconetlabk, 2005). These two areas were
considered as references for pedogenic and lithoganbonate characteristics, respectively and
were used to assist in the interpretation of tivel threa. The latter was close to the village of
Murisengo (45°04.40’ N 8°08.15’E) and belongs talé Versa Chaotic Complex” formation
which included large volumes of chaotic sedimendsnity composed of carbonate blocks formed
during the salinity crisis of the Messinian stageger Miocene, 5.96-5.33 My BP) in a clayey
matrix (Dela Pierre et al., 2003; Lozar et al., @01n addition the area was affected by continlenta
brackish water deposited during the final stagadedésinian “salinity crisis” (Dela Pierre et al.,
2011). The actual setting of the surface is a fdlhdscape associated to an unconformity and
generated by the overthrusting of Po River Plaat #nose at the beginning of the Quaternary
period. The successive intense tectonic activiay #ffected this area was the principal causeef th
emplacement of deposits as chaotic (Dela Pieraé,e2011). Lithological discontinuities in soll
profiles are thus common. The area is mainly usediheyards cultivation, but the study site is
currently planted with olive trees, although inist the typical land use.

The present soil temperature regime is mesic aitah while soil moisture regimes range from udic
in Reano to ustic in Murisengo and Grugliasco. Maanual precipitation ranges from 750-850 mm
in Murisengo and Grugliasco to above 1000 mm innRg&€agnazzi and Marchisio, 1998). Mean
annual temperatures show little variation and rénga 11.5 (Reano) to 12.3°C in Murisengo and
Grugliasco.

After a preliminary soil survey a representative pofile was described and sampled at each site
(P1, P2 and P3; Table 1). P1 was located at thslégpe of the dune where carbonate accumulation
was favoured, P2 was at backslope where the movnaserisible and therefore lithogenic
carbonates could be easily separated. P3 is loaawammit position and showed disturbances by
ploughing till a depth of 55 cm. The top of thel 8D cm) was more recently disturbed by
accumulation of materials during yearly tillage.cAcding to the WRB (IUSS Working Group
WRB, 2006) P1 is a Haplic Calcisol (Arenic), ParsEndopetric Hypocalcic Calcisol (Skeletic)
and P3 is a Haplic Regosol (Orthoeutric, Clayic).

The main physico-chemical properties were deterchoreair-dried fine earth fraction (< 2 mm)

from all horizons and profiles. The pH was measyr@e@ntiometrically on 1:2.5 soil:water



suspension. The carbonate content was measurealuoyetric analysis of the carbon dioxide
liberated by a 6 M HCI solution (Loeppert and Saaf€96). Organic carbon (OC) was calculated
as the difference between total C content meadwyetty combustion (CE Instruments NA2100
elemental analyser, Rodano, Italy) and carbonafEh€ .particle size distribution (PSD) was
determined after removal of carbonates with 1M wdacetate solution buffered at pH 4.5
(Rabernhorst and Wilding, 1984) and dispersiorhefdamples with Na-hexametaphosphate (Gee
and Bauder, 1986). In the case of P3, PSD waddaetgrmined after dispersion with Na-
hexametaphosphate only and the clay fraction waarated, flocculated with Mgglwashed until
free of Cl and freeze dried.

Additional specific analyses were carried out difedent fractions depending on profile under
investigation. For P1 and P2, which were used faseeces, only the fine earth fraction (< 2 mm)
and the nodules of Ck and Ckm horizons were usg@avad® studied in more detail and the samples
used included fine earth, clay fraction and nodédas BCk horizons. In the text therefore the
samples are identified with the letter P when theyses were done on the fine earth fraction, while
the letter N was used for nodules. The numberyotig the letter indicates the profile from which
the sample was taken (i.e. 1, 2 or 3) and the #ymbol is a further identification in the case of
multiple nodule samples.

On all profiles, samples from soil horizons showiing presence of nodules were treated with 1M
Na-acetate solution buffered at pH 4.5 (RabernremdtWilding, 1984) until complete removal of
carbonates (T- samples). Nodules were separatadtfre bulk samples and finely ground by hand
in an agate mortar for analyses (N- samples).

Oriented and undisturbed bulk soil samples or rexlulere collected from the profiles and
impregnated with resin to prepare 95x55 mm thiniges. The thin sections were observed using a
polarising microscope (Leitz Wetzlar HM-POL) ané ttarbonate materials were described
following the guidelines of FitzPatrick (1984).

Concentrated HCl-extractable Mg, K, Mn, Bad Al in nodules (all profiles), and clay and fine
earth fractions (P3) were determined by flame atcabsorption spectroscopy (Perkin Elmer,
Analyst 400). Data were used to calculate the amoiuelements co-precipitated with carbonates in
nodules, P3 soil and P3 clay fraction after coroector the extracted element contents in the non-
carbonatic soil matrix (i.e Na-acetate pH 4.5 &dagoils).

Carbonaté*C ands'®0 values were determined on nodules and P3 seildimth fraction at the
“Istituto di Geoscienze e Georisorse”, CNR (Pisaly), using a Europa Scientific Geo 2020 mass
spectrometer and were reported¥ units versus PDB standard (Craig, 1957). Sampére
prepared using the classical method of attack &€ 2&th phosphoric acid (McCrea, 1950).



The nodules and P3 soil samples (clay and findpastre X-rayed (25-40°2scan step 0.020°

20, 2 sec/step) using a Philips PW1710 diffractom@@eko radiation, graphite monochromator).
Fluorite (Sigma-Aldrich) was added as an intertahdard to all samples and peak positions were
calibrated taking the Cak111) peak (0.315nm) into account. Theg, (mean size of the crystalline
domain) was calculated using Scherrer’s formulgiasn by Klug and Alexander (1974):

KA
Ly = m (1)

where K is the shape factor (K=0.98)is the x-ray wavelengtifi, is the full width at half maximum
(FWHM) and6 corresponds to the Bragg angle. The FWHM and peakions were calculated
using the second derivative option of the Powdefisare (Dong, 1999).

The specific surface area (SSA) of nodules andfis@learth samples from all the horizons that
showed carbonate accumulations, was determined lagldorption at 77 K in the relative pressure
(p/p°) range 0.05-0.30 (Gregg and Sing, 1982) wigorptomatic 1900 surface area analyser
(Carlo Erba, Rodano, Italy) by applying the Brurmmadenmett-Teller (BET) equation. Enough
sample was used for measurement to ensure a tiotats area of >10 All samples were

initially degassed for 16 hours at 50°C. From tteasption-desorption isotherms, the total volume
of <50 nm pores was determined and expressed arsa basis (mfg?) from the amount of N
adsorbed at the relative pressure close to unibg(& al., 1985), the micropores (<2 nm) volume
and their surface area were evaluated using that typethod (de Boer et al., 1966), while
mesopores (2-50 nm) were derived from the desarjtianch using the Pierce’s model (1953).

The same analysis was carried out also on Na-agelth?.5 treated soil samples.

3. Results

The soils showed sharp differences in texture @apl P1 was sandy with a mean sand content of
926 g kg', while all P3 soil horizons were very clayey (me#ay of 520 g k). The P2 soil profile
showed an intermediate texture (loam to sandy loaimg amount of Na-hexametaphosphate
dispersible clay (i.e. no removal of carbonatess l@aver, and the differences with the real clay
contents were deeply affected by soil charactesgtie. texture, carbonate). In P1 and P2 profiles
the carbonate content increased with depth anghheeflected the CaC{rend. In contrast, profile
P3 showed a rather homogeneous distribution obocetes with contents ranging from 342 to 490
g kg®. In this profile also the pH values were all quitéform with a mean of 7.7 £ 0.1. The
organic C concentration tended to decrease witthddthough with some exceptions particularly
in P3.



P1 showed carbonate accumulation in forms of nedi@& horizons) from 60 to 110 cm. In these
horizons, secondary carbonates were present asigegyularly shaped, hard nodules up to 5-6 cm
in size, composed of sand cemented with carboiigigsre 2A). The Ckm horizon of P2 profile
found between 100 to 150 cm depth was made updbraly distributed skeleton clasts (>2 mm)
weakly cemented by pedogenic carbonate in whichisth{N2-w) and grey (N2-g) soft masses of
dolomite up to 4-5 cm were visible (Figure 2B).9P®wed BCk horizons from 115 to 185 cm. In
the field, carbonate accumulations were identiégler as white-grey hard nodulesg cm) or as
white nodules< 2 cm). The hard nodules (N3-1c) were found onlthen2BCk1 horizon and
showed a grey well-lithified inside with cracks ambite-powder coating (Figure 2C). The soft
nodules showed a sub-spherical shape and had leafégtures (Figure 2D). In the 2BCk1 horizon
the nodules were weakly cemented, mainly formegurg white powder (N3-1a) or with higher
amount of soil material (N3-1b). On the other hahd,nodules found in 2BCk2 (N3-2), 2BCk3
(N3-3) and 3BCk4 (N3-4) horizons were very simtlaeach other, and were harder than those of
2BCk1, formed by mixed soil and carbonate, and stbavbrittle structure.

When examined in thin section the nodules of Pguile 3A) were composed of coatings and
bridges of pedogenic carbonate mainly between gggatins. The sparry pedogenic carbonate was
located in pores in the P2 Ckm horizon but was pisgent as infilling into pores spaces (Figure
3B) or coatings on grain surfaces. In Figure 3Catveipt boundary between pedogenic carbonate
and lithogenic dolomite is also visible. The caditom P3 profile was mainly micrite. Carbonate
was mainly present as randomly distributed materal dominant masses of micrite intimately
mixed with silicate matrix. These formations showedrp boundaries and had irregular to
subspherical shape (Figure 3D). Pedogenic carbemadee present as infillings into pores as well
as in fractures of a very pure lithogenic materath abrupt and wavy boundaries (Figure 3E).
Moreover uniform material with abrupt wavy bouneéarivas also present (Figure 3E), and
composed by dense micritic crystals of carbonait, mo additional other materials. The structure
showed breaks and fractures probably caused byher@ag. Lithogenic marly carbonates were
dominant along the whole profile and were intimateixed with the matrix (Figure 3D-F). Marine
microfossils were frequent in 2BCk1 and Cb horizFigure 3F), but not within the nodules of
pure carbonate.

The presence of dolomite as the dominant minerdlerP2 nodules was confirmed by X-ray
diffraction, while only calcite was detected in &id P3 (Figure 4). Quartz was abundant in P1 and
traces were also found in P2.

The 50 values of nodules ranged from —8.70 to —1.97%q347@ values were between —9.89 and
+3.07%o (Figure 5). Nodules from P1 hadC values around —4%o. ands&0 of —8%. clearly



indicating their pedogenic origin. Isotope signatuof lithogenic dolomite from P2 corrected for
the isotopic fractionation effect of the differéamd of mineral (Jimenez-Lopeat al., 2006;
Vasconcelogt al., 2010), showed the highegfC values with an average of +2.08%. coupled with
negatives'®0 values (about —3%o). Carbonates from both frorutesdand soil samples of the P3
profile had lowess**C values down to —9.89%. (N3-1c). THEC values of nodules were lower
and had a wider distribution with respect to thoktined for soil samples (averaiéC = —

5.52%0, ands*®0 = —5.70%0). The 2BCk1 and 2BCk2 samples were blightly enriched in the
heavier oxygen isotope with respect to the otheizbns $'°C= —5.37 and —4.35%3;-20= —4.61
and —4.48%o, respectively) and 2BCk1 was also baddn**C. Because of marly nature of P3 all
lithogenic carbonates were expected to occur ifitlest particle size fraction, and indeed a very
good correlation betwegit*C values and Na-hexametaphosphate dispersiblevaayound (r =
0.915, n = 8, p <0.01). The regression consequebtyined (= 0.838, Figure 6) allowed to
predict a*°C of +2.4%. for lithogenic carbonates (i.e. 100%y}land a value of —=9.4%o. when
marly carbonates were not present (i.e. 0% clayjs &stimate@'*C was very similar to the one
measured in the purest 2BCk1 nodules.

The impurities co-precipitated with carbonate dreveed in Table 3. The concentrations of Mn and
K were always relatively low, while Fe was abundar®1 and in some nodules of P3. As
expected, both soil fine earth fraction and clagveéd a higher amount of Fe than nodules.
Aluminium followed the same trend as Fe. Mg wasxgsected, highly variable and originated
from dolomite dissolution with HCI in P2. The suritieese elements formed about 5% in P1 and
was very low in P2, as in this profile Mg was notsidered as an impurity. P3 showed a high
variability: the impurities were up to 3% in N3-hhile in all other others nodules they were <1%.
In the P3 soil samples the sum of impurities hatean value of 7% while in the P3 clay fraction
the percentage reached 21%. When the total amoftimgurities were related to C isotopic
signature (Figure 7A) two opposite patterns cowddentified. Relatively lov3**C values coupled
with high amounts of impurities characterised Philevhigh8*3C values and few impurities were
typical of P2, as expected from their respectivenfition environment. The nodules from P3
coupled instead the lowse$t’C values with impurities up to 30 g kgand showed an increasing
trend ind*3C with increasing impurities. Impurities were atstated to thé 1o, values of
carbonates (Figure 7B). The relation was validadbsamples = 0.708, n = 18, p<0.01),, data
reflected the average crystal dimension perpenati¢althe reflecting plane€®4, and showed
small crystals in P1 while carbonates from P3 nesltlad rather highgs.

The calcite or dolomite contents in the nodulegeanfrom 47 to 100% (i.e. 4.7 to 10.1 as mol

COs* kg™, Figure 8) with the lowest values found in P1gneement with impurities, mineralogical



data and thin section observations. In the soildesthe carbonate fractions were always lower
than in the respective nodules. Carbonate condentralearly affected specific surface area
(Figure 8A) with an inverse relationship. As exgelGtthe absolute SSA differed among profiles in
agreement with the PSD of the soils, but the tread always similar. The nodules from P1 had
low and similar SSA with an average of 2.28g, those in P2 had a SSA below 1 git, while
those in P3 were highly variable among horizon§ &iSSA between 2.14 to 13.76 gi. The

SSA of soil samples was always higher than thét@hodules with highest values observed in all
P3 horizons, and values of 3—4 gt in P1 and P2 (Table 4). When the samples weagetieto
eliminate carbonates a further increase in SSAmeasured (Table 4).

The amounts of carbonates in soil and nodulesadfsoted both mesopore (2-50 nm) and
micropore (<2 nm) volumes (Figure 8B-C). In genemaksopore volumes were always greater than
micropores, but significant differences in the ttemvere observed among the profiles. Both micro
and mesopores from P3 samples showed a decreasleiine with increasing carbonate
accumulations. The same global trend (i.e. nodudesoil fine earth fraction) was found for P1. P2
nodules did not show mesoporosity and the micragptyravas negligible (Table 4).

The pore volumes of both soil samples from P1 waralar (UT, Table 4) with an average of 0.72
and 5.96 mmg* for micro and mesopores, respectively. Micro arsopore volumes showed a
mean variation of —0.16 and —0.70 thgt, respectively when the samples were treated tovem
carbonates (T, Table 4). P2 had a slightly highesapore volume than P1 and a positive variation
between untreated and treated samples. The safmpie$3 showed a very pronounced internal
variability with a 40% to more than 90% increaseatume upon carbonate removal. The only
exception was the 2BCk1 sample where the treatédriabashowed lower mesopore volumes than
the untreated one. The micro and mesopore surfalteswed the same trend as the volume for

most samples.

4. Discussion

The complexity of P3 and the difficulties in theatyation of carbonate precipitation were already
visible from the general soil characteristics.dntf in P1 and P2 the carbonate distribution with
depth was in agreement with field evidences otctdeification process, while in P3 the
homogeneity of all chemical and physical charasties did not allow identification of a
precipitation pattern.

Different kinds of carbonates could be recognizelath thin sections and field observations.
Pedogenic CaCfaccumulation in P1 was easily recognizable asediagf the Gile’s sequence

(1966) in non-gravelly material. The nodules irstprofile showed irregular boundaries and the



matrix fabric was maintained within pedogenic stuues as evidenced by diffraction data that
showed high amounts of quartz. These are commatilgdcorthic carbonate nodules and are
frequently observed in calcic horizons of loess sawady soils (Wieder and Yaalon, 1974). In P2
the morphology of the Ckm horizon suggested thetipitation was halfway between stage IIl and
IV of the Gile’s sequence (1966) in gravelly madési Here pedogenic CaG@recipitated in pores
and around the soil matrix as coatings while ligrtig dolomite, very pure with abrupt boundaries
and irregular shape, was easily recognizable aparable. The gray and white dolomite masses
showed similar features. Differences in colourramanally caused by the presences of impurities
(Fenton and Fenton, 2003), but our samples corttahmeost equal amounts of trace elements. The
only visible difference between gray and white neassas a slightly different abundance of quartz
(data not shown). The interpretation of carbonateonents from P3 was more complex. The
presence of pedogenic carbonates was evident fimnséctions where the typical formations, such
as coatings around soil matrix and infillings ipres, were identified. Lithogenic carbonates from
marls were spread along the profile, intimately edixvith silicate and other carbonatic materials,
thus hampering the separation of pedogenic framdiénic carbonates. The formation under
marine conditions was confirmed by the presenauiofofossils. Moreover, macro- and microscale
observations both revealed a third kind of carbempaincipally in the 2BCk1 horizon. From thin
sections it appeared as a very pure homogeneodosnzde material with sharp boundaries.
According to the criteria for the differentiatioh @arbonate forms reported by West et al. (1988),
this material should be of lithogenic origin. Indéttbn, its internal fabric and composition diffdre
from those of the soil in agreement with the obagons of Durand et al. (2010) for allochthonous
carbonates. At field scale this material formedhhed nodules (N3-1c) and white powder nodules
(N3-1a) found in the 2BCk1 horizon. In fact, thegre the only samples from P3 that had almost
100% carbonate contents and less than 1% of copieded impurities (Figure 7-8). This extreme
pureness further points to a lithogenic origin edqgenic carbonates are generally impure both
because of soil matrix included in nodules, andiporation of impurities within the carbonate
crystal fabric (Wieder and Yaalon, 1974). Indeed?1 and P2 both the percentage of carbonate
and the amount of impurities were in agreement Wieir pedogenic and lithogenic origin. The
others nodules from P3 showed a lower concentrati@arbonate and a higher amount of co-
precipitated elements than N3-1c and N3-1a. Howd¥@matrix was composed mainly of marl
which is an intimate mixture of clay and calciunmbzmnate. Abundant impurities could therefore
not be considered as a tracer of pedogenic orgin 81, because marls inherently contain highly
impure carbonates. The differences between the awel clearly showed in Figure 7A where, for

both P3 nodules and soil samples, the amount dfiiiitigs increased with increasid{’C values

10



attributed to the abundance of marly lithogenicenat. In simple situations like P1 and P2 we
found an opposite relation. These results indicatethclusion of the marly matrix in the
carbonate-poorer and more impure P3 nodules. Sigolaclusions were drawn from the relation
between the sum of impurities in the carbonate lesdand the diffracting-domain sikeu: the

higher the impurity content, the smaller thg, (Figure 7B). The presence of additional elememts i
solution upon crystal formation causes defecthéncrystal and inhibits crystal growth (Stumm and
Morgan, 1996). Thén is a regular repetition of crystal planes betwwem crystal defects or from

a defect to the crystal surface; a crystalliterefege, consists of a three-dimensional array of
diffraction domains (Jones and Malik, 1994). Thgstal thus occurs as a mosaic of crystallites that
resemble a single crystal when examined by micrpimaogy (Klein, 2002). This was clearly the
case of P1 nodules where crystals seemed relatevgg in thin sections, while they showed the
smallest dimension frorngs analysis. The P2 lithogenic dolomite showed lamystallite

dimension coupled with low impurities as it formadan environment poor in growth inhibitors.
The function coherently fitted also the data fro&1 Phe values suggested an important presence of
large crystallites in most nodules, and the largests were found in the N3-1c and N3-1a nodules.
Conversely, clays showed the smallest measure@valupled with the highest amount of
impurities. These results on one hand confirmithegenic origin of the material forming N3-1c
and N3-1a, while on the other suggest that thienatwas present in addition to marly carbonates
from soil matrix also in the other nodules and saiinples from P3.

The isotope values measured in P3 pointed insteagedogenic origin of all nodules according to
the widely accepted interpretation of Nordt e 2298). Pedogenic carbona&€C depends on the
isotopic composition of COn the soil gaseous phase that in turn is comtadlly plant species.
Therefore in a pure /plants system the newly-formed Cagi@as an approximate value of +2%o,
while in a pure §plants system th&C of pedogenic material is noticeably lower wittiues as

low as —12%. (Monger et al., 2009). The isotopicaigres of N3-1a and N3-1c had very negative
values close to —9%. (Figure 5), and I6%C values were measured in all nodules from P3.
Therefore, from this point of view, P3 nodules dddwave formed under the influence of an almost
pure G plants system. This is however in contrast withdlobal G grasses expansion that started
during late Miocene and early Pleistocene epochsvdgen 7-5 My BP) (Cerling et al., 1997). Since
P3 was affected by marine environments, as knoam fyjeological setting and confirmed by
micromorphological evidences, lithogenic carborieden P3 should show &>C around 0%o

(Hoefs, 2009). As it was not possible to sepatttiedenic marly carbonates from other carbonates
in P3 we estimated their isotopic signature fromnglation between Na-hexametaphosphate

dispersible clay an&*C. The value of about +2%o. obtained agrees well withfindings of Pierre
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and Rouchy (1990). The values obtained from tHatioe allowed us to estimate the contents of
lithogenic marly carbonates according to the refateported by Salomons and Mook (1976). They
were homogeneous in all P3 horizons ranging frornto15%, while in the nodules the percentages
were rather low or absent (Table 5). It is worthimgpthat this was the only kind of carbonate that
could be quantified with this relation as both pgeluc and micritic components contribute to low
83C and could not be separated. The difference bet#/é€ of soil samples and nodules indicated
the effective occurrence of lithogenic carbonatsveéd from marls in the soil matrix. In the
simpler situations, the results of isotopic anadysere straightforward: the P1 and P2 isotopic
results clearly pointed to pedogenic and lithogemigin of carbonates, respectively$XC around
—4%o (P1) is often reported for carbonates influenzg a mix of G and G vegetation during their
formation (e.g. Kraimer and Monger, 2009). Thisckof environment is consistent with the
Pleistocene (Huang et al., 2001). For lithogeniowhite, a5**C around +2%. was indicative of

rock material with no influence of lighter carb@otopes from organic matter at the time of
formation (Rao, 1993). However, C isotope composibf lithogenic carbonates formed with a
large contribution of freshwater (terrestrial aneteoric waters) may show negatd/éC values

due to the oxidation of organic material resultimg greater incorporation of the lighter carbon
isotope (Molenaar and De Feyter, 1985). Studiesvetidhat during the later stages of the
Messinian salinity crisis the environment was atddy a large contribution of meteoric waters
(Longinelli, 1979). When coupled with the low comi® of impurities, the large crystal size and
micromorphological evidences, these informationgested that the carbonate materials found in
P3 having lower carbon isotope signature were d@mic carbonates that originated in a non-
marine environment. Isotopic values thus gave authig results: in simple systems they agreed
with microscopic evidence, while in the most comgstem they did not help in the estimate of
the amount of pedogenic materials but allowed tdence two different kinds of lithogenic
carbonates. However, apart from micromorphologiteervations, none of the used methods
permitted identifying the presence and importarfggedogenic carbonates in P3.

From the combination of the results obtained spwarcan assume that nodules were formed from
silicate matrix, lithogenic carbonates, micritieshwater carbonates, and pedogenic carbonates.
The importance of the latter could not be evaluabed all these components should contribute to
SSA. In all profiles the SSA, meso- and micropdsosf soil samples and nodules depended on
percentages of carbonate and silicate fractiorggi(Ei8). The presence of carbonate decreased the
surface area and cryptoporosity, because of betmttreasing presence of low-SSA component,
and the calcification process that decreased tHiacguavailable for gas adsorption through the

infilling of voids and the aggregation of particl@he global decrease should therefore be the sum
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of addition and interaction effects. The interactsthould represent the progressive accumulation of
pedogenic carbonate that affected the pore systeording to the model proposed by Gile et al.
(1966). As the importance of pedogenic carbonatesknown, we estimated the interaction effect
from the difference between actual surface areal@&SA calculated from the simple addition of
SSA from the other components of the system.

With a simple additive model the specific surfaceaaof nodules (SS#sue) Should be:

SSAhodule = XbquSSAUT + XFNSSAF ) (2

wherexyyk is the weight fraction of matrix in the noduley is the fraction of théSC-poor

carbonate associated to the nodule (micritic fregbn+ pedogenic), SSAand SSA are the

specific surface areas of the untreated soil amdgpearbonate nodule (N3-1c), respectively.

Low **C components are however also present in thetbos, they are counted twice in this simple
system. The untreated soil (UT) was in turn forrhgdailicates and both lithogenic carbonates from
marls and lows**C component, as evident from Table 5. The threepcorents were intimately
mixed as indicated from the differences betweesafiace parameters of the UT and T samples
(Table 4). Thewyk consequently was:

Xou = Xs T X+ Xeg 3)
wherexs andx_ were the weight fractions of silicate matrix andrty carbonate in the nodule, and
Xeg Was the amount dfC-poor carbonates in the soil (Table 5). The foacti-y was then obtained
as the difference between total amount§’6fpoor carbonates in the noduie)( and the amounts
that are expected from the presence of soil inehsskgg) with the formula:

Xeny = Xg — Xeg (4)
The comparisons between Sg#fye calculated with the additive model and measuret thie BET
method are given in Figure 9. The calculated SSA syatematically overestimated indicating that
the system was not purely additive. According ®hdely cited model (Gile et al., 1966),
pedogenic carbonate accumulation decreases thev&88és because of infillings into pores and
coatings on aggregates. The results thus confithmegdresence of pedogenic carbonates in the
nodules in agreement with micromorphological obagons. The differences between calculated
and measured SSA ranged from 16 to 40%, highligtttie influence that pedogenic carbonates
have on the physical properties of the nodules.

5. Conclusions
All used methods provided useful information arrdightforward results in simple systems, and
were able to trace the origin of both pedogeniclahdgenic carbonates even when the results

were examined singularly. Only the synergic comtiamaof methods instead allowed to fully
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describe a complex system in which several kindsadbonates were present. Only
micromorphology and gas adsorption allowed us tnaevthe presence of pedogenic carbonates,
although they did not allow any quantification.ttgaic fractionation was useful to distinguish
between marly carbonates and IB%C components, but without a deep knowledge of yisees

this method could lead to incorrect interpretatidds the other hand, crystallographic parameters
and co-precipitated impurities could not help tstidguish pedogenic from marly lithogenic
carbonates, although these analyses gave impanfannation about the precipitation

environment.
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Table 1. — Morphology of selected profiles.

Sample  Horizon  Depth Munsel color Structure Roots Skeletof Boundary
cm Dry

P1 A 0-5 10YR 5/3 3sbk-m f-fi a d-l
AC1 5-45 10YR 5/4 3sbk-m f-vfi a d-l
AC2 45-60 10YR 5/6 3sbk-co f-vfi a g-l
Ckl 60-90 10YR 6/2 2sbk-m a (n)i,c,fi c-
Ck2 90-110+ 10YR 6/2 2sbk-m a (n) i, fr, fi/m nd

P2 Al 0-10 10YR 4/4 1gr-co ab-fi; (w)ab-m abk/shk, fi/m c-W
A2 10-20/30 10YR 5/6 1gr-co ab-fi abk/sbk, adafi/ d-i
AB 20/30-50 10YR 4/6 3sbk-co (w)co-fi abk/sbk, &ba c-w
Bw 50-80 10YR 5/6 3sbk-co f-fi abk, c, filla c-w
BC 80-100 2.5Y 5/4 3sbk-m f-fi abk/sbk, ab, fi/la a-w
Ckm 100-150 2.5Y 4/4 c a abk, vb, filla a-l
C 150-200+ 2.5Y 4/4 c a abk, vb, fi/la nd

P3 Ap 0-20 5Y 7/1 2gr-co; 3gr-fi ab-fi )i, c, ) r,f,fi a-l
Apb 20-50/55 5Y 6/1 3gr-vcoffi (W)ab-m/fi; ab-fi yXi, f, m; (n) r, f, fi c-W
ACb 50/55-55/100 5Y 7/2 2gr/abk-coffi (w)f-fi Wf, m; (n) r, f, fi g-l
Cb 55/100-115 5Y 8/2 3abk/sbk-coffi f-fi (y)i,te; (n)r, f, fi a-w
2BCk1 115-140 5Y 8/1 2sbk-vcoffi a (n) r, fr, la/f a-i
2BCk2 140-150 5Y 8/2 2sbk-vcoffi f-fi (n)r, f, fi a-l
2BCk3 150-160 5Y 8/1 2sbk-coffi a (n)r, c, fil/m -l a
3BCk4 160-185 5Y 7/1 3sbk-coffi a (y) i, f, m; X, fi/m a-l
4R 185+ nd nd ) nd nd




nd= not determined
8STRUCTURE 1= strong, 2= moderate, 3 =weak; c= ceated; sbk= subangular blocky, gr=granular; firefim= medium, co= coarse, vco= very coarse.

P ROOTS (W)= woody; a= absent, f= few, co= commalns; abundant, vab= very abundant; vfi= very fifre fihe, m= medium.
© SKELETON (n)= nodules; (y)= gypsum; i= irregulabk= angular blocky, sbk= subangular blocky, renaed; a= absent, f= few, c= common, fr= frequabt abundant,
vab= very abundant; fi= fine, m= medium, la= large.

9BOUNDARY d= diffuse, g= gradual, c= clear, a=at; |= linear, w= wave, i= irregular.



Table 2. — Particle size distribution and selectegimical characteristics of soil samples.

Sample Horizon pH Organic C CagO Sand* Silt* Clay* Clay
g kg' g kg g kg g kg g kg g kg
P1 A 7.9 14.8 46 882 101 17 15
AC1 8.5 7.6 147 896 93 12 11
AC2 8.6 5.4 108 904 85 11 10
Ck1 8.6 6.6 131 974 18 8
Ck2 8.6 5.5 216 974 18 8 5
P2 Al 5.5 50.2 nd 517 351 132 89
A2 5.0 11.6 nd 444 440 116 115
AB 5.5 10.9 nd 402 467 131 130
Bw 6.0 7.2 nd 430 456 114 110
BC 7.1 3.0 1 472 427 101 40
Ckm 8.5 1.7 74 497 409 94 37
C 8.7 0.7 24 577 339 84 35
P3 Ap 7.8 12.4 402 204 286 511 309
Apb 7.7 18.6 396 207 309 484 326
ACb 7.6 16.3 398 202 303 495 317
Cb 7.5 9.1 375 220 258 522 279
2BCk1 7.5 2.6 365 240 252 508 348
2BCk2 7.7 2.8 342 199 222 579 411
2BCk3 7.7 3.4 490 203 241 556 313
3BCk4 7.8 11.4 402 246 253 501 335

nd: not determined; * samples treated with 1M sodacetate



Table 3. — Impurities co-precipitated into carbenaddules and P3 fine earth (soil) and clay fractixpressed as meanzS.D.

Fraction

Profile Sample Mg Mn Fe K Al
g kg' g kg g kg g kg' g kg

P1 nodule N1-1 27.22+0.15 0.88+0.00 13.69+0.10 HMEWH  8.48+0.02
nodule N1-2 25.91+0.16  0.97+0.00 13.40+0.16 0.4@20 8.99+0.03

P2 nodule N2-g 141.54+1.06 <0.01 0.71+0.01 0.23#0. 0.54+0.01
nodule N2-w 145.85+1.03  0.10+0.00 1.64+0.02 0.1430 0.45+0.00

P3 nodule N3-la 3.18+0.06 <0.01 1.30+0.02 0.17%0.00.97+0.01
nodule N3-1b 9.98+0.04  0.35+0.00 12.59+0.07 0.8920 6.02+0.00
nodule N3-1c 3.26+0.09 <0.01 0.89+0.00 0.12+0.0@.02+0.00
nodule N3-2 3.20+0.12  0.16+0.00 2.69+0.08  0.35%0.02.26+0.03
nodule N3-3 4.25+0.02  0.33+0.00 5.12+0.06  0.41%0.03.25+0.01
nodule N3-4 4.67+0.06  0.31+0.00 5.94+0.06  0.5020.03.75+0.03
soil 2BCk1 16.89+0.02 2.03+0.00 37.42+0.05 2.7810. 18.90+0.04
soil 2BCk2 16.36£0.04 2.44+0.00 37.31+0.12 2.5010. 18.90+0.07
soil 2BCk3 9.75+0.03  1.19+0.00 20.60+0.11 1.62%0.0 9.82+0.07
soil 3BCk4 15.71+0.00 1.77+0.00 31.12+0.00 3.38f0. 16.63+0.04
clay 2BCk1 37.81+0.03 2.02+0.00 106.69+0.08 4.9030 54.51+0.03
clay 2BCk2 24.61+0.00 2.88+0.00 72.06+0.00 2.1080. 34.57+0.01
clay 2BCk3 29.89+0.01 1.88+0.00 75.41+0.01 2.1080. 36.28+0.01
clay 3BCk4 30.33+0.04 2.13+0.02 76.05+0.10 3.82%#0. 34.48+0.08




Table 4. — Surface properties of nodules and watdte(UT) and treated (T) fine earth fraction fr@k Ckm and BCk horizons, expressed as mean+S.D.

Surface area 2-50 nmSurface area <2 nm Pores total

Volume 2-50 nm

Volume < 2nm

Profile  Horizon  Sample SSA pores pores volume pores pores
nt g* m g* m’ g* mnt g* mnt g* mnt g*
P1 Ck1 N1-1 2.33+0.25 0.82+0.05 1.51+0.27 3.59+0.48 2.91+0.38 0.68+0.09
uT 4.10+0.03 2.19+0.54 1.91+0.72 6.64+0.68 5.7041 0.85+0.35
T 3.56+0.33 2.15+0.21 1.41+0.88 5.88+1.02 5.2820. 0.64+0.39
Ck2 N1-2 2.24+0.20 1.45+0.09 0.79%0.08 3.53+0.31 .1830.28 0.35%+0.03
uT 2.61+0.03 1.33+0.10 1.27+0.17 6.70+0.21 6.1290 0.59+0.07
T 3.72+0.12 2.63+0.02 1.09+0.33 5.75+0.34 5.2790. 0.48+0.15
P2 Ckm N2-g 0.75+0.07 0.64+0.00 0.11+0.08 0.01+0.00 <0.01 0.01+0.00
N2-w 0.95+0.01 0.83+£0.00 0.11+0.01 0.01+0.01 40.0 0.01+0.01
uT 3.92+0.03 2.70+£0.38 1.22+0.43 6.76+£0.53 6.1860 0.58+0.14
T 6.45+0.02 3.81+0.08 2.64+0.68 11.44+2.87 102254 1.17+0.32
P3 2BCk1 N3-la  2.24+0.04 0.92+0.01 1.32+0.03 3.1880 2.61+0.88 0.56+£0.01
N3-1b  13.76%+0.34 3.47+0.74 10.29+2.34 18.59+0.73 13.50+2.29 5.09+0.44
N3-1c 2.14+0.10 1.15+0.48 0.99+0.45 3.22+1.25 121742 0.44+0.18
uT 29.2740.16 13.34+0.25 15.93+2.42 39.85+2.09 .7323.07 7.15+0.98
T 49.41+0.79 17.10+2.18 32.31+1.63 43.78+5.42 7285.69 15.05+0.27
2BCk2 N3-2 9.24+0.67 3.48%£0.18 5.76x0.37 8.98+£1.36 6.26+1.03 2.72+0.33
uT 29.02+0.08 9.54+4 91 19.48+2.12 40.07+5.03 1913.57 8.88+1.46
T 47.14+1.66 19.66+1.47 27.48+1.74 55.92+3.86 6444.62 11.28+0.76
2BCk3 N3-3 10.99+0.22 3.81+0.03 7.18+0.45 12.16%1. 8.67+1.41 3.48+0.34
uT 23.81+0.37 10.46+0.62 13.35+£1.18 23.14+1.42 .7361.45 6.41+0.04
T 46.91+0.14 21.91+2.12 25.00£1.55 56.67+5.25 0855.38 11.61+0.12
3BCk4 N3-4 9.74+0.83 1.59+0.76 8.14+0.28 9.78+1.45 6.03+1.13 3.75+0.32
uT 24.21+1.31 7.64+£2.75 16.57+£2.36 20.30£2.21 7223.17 7.58+0.96
T 34.31+0.62 15.07+3.68 19.24+0.89 43.42+1.22 83%42.38 8.53+1.16




Table 5 — Estimated weight fractions of lithogemiarly carbonates, low13C carbonates and silicate matrix from P3 nodaihekfine earth.

Sample Lithogenic marly CaC® Low-8"°C CaCQ Silicate matrix
% % %
N3-la 0 100 0
N3-1b 4 61 35
N3-1c 0 100 0
N3-2 14 74 12
N3-3 16 62 22
N3-4 18 61 21
Ap 13 27 60
Apb 13 27 60
ACb 12 28 60
Cb 12 26 63
2BCk1 12 24 64
2BCk2 15 20 66
2BCk3 15 34 51

3BCk4 13 28 60
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Figure 1. — Location of the study sites.
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Figure 2. — Sketch of the soil profiles and macopsc appearance of nodules. (A) Grey, irregular
shaped hard nodules collected from Ck2 horizon ZN1B) Ckm horizon from P2 with white (N2-
w) and grey (N2-g) dolomite soft masses. (C) Hamdceetions sampled in 2BCk1 horizon from P3
(N3-1c). (D) Nodules collected in 2BCk1 (N3-1a axigt1b), 2BCk2 (N3-2), 2BCk3 (N3-3) and
3BCk4 (N3-4) from P3.



Figure 3. — Photomicrographs of soil and nodule@aswusing thin sections with cross-polarized
light. (A) Nodule from P1 Ck2 horizon, with pedogenarbonate aggregates (cl) and quartz
particles (gz). (B) An infilling of sparry pedogertarbonate (cl) into pore space in P2 Ckm
horizon. (C) Abrupt boundary between pedogenicaaake (cl) and lithogenic dolomite (dl) in P2
Ckm horizon. (D) Carbonate accumulation (cl) in tharly and silicate matrix in P3 2BCk3
horizon. (E) Very pure carbonate material (Fw) andnfilling of pedogenic carbonate (arrow) in
P3 2BCk1 horizon. (F) Marly and silicate matrixe trrow indicates a marine fossil in P3 2BCk1

horizon.
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Figure 4. —X-ray diffractograms of carbonate nodufeP1, P2 and P3 soil samples. The reference
lines of calcite (C) - dolomite (D) — quartz (Q)da@ak standard (F) are provided.
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Figure 5. — Relationship between stable carbonoayden isotopes relative to PDB standard in P1,

P2 and P3 nodules and in soil samples from P3.
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Figure 6. — Relationship between sHflC values and Na-hexametaphosphate dispersiblérolay

all P3 horizons.
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Figure 7. — (A) Relationship betwe8HC values and the sum of impurities co-precipitateihe
carbonate P1, P2 and P3 nodules and P3 soil sani@)dRelation betweeh;y, values and the sum
of impurities co-precipitated in the carbonate P2,and P3 nodules and P3 soil samples and clay

fraction.
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Figure 8. — Relationship between amounts of carteofgs CG@ mol kg?) in P1, P2 and P3
nodules and P1, P2 and P3 Ck, Ckm or BCk horizadgA) SSA values, (B) mesopores and (C)
micropores volume.
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Figure 9. — Relationship between calculated andsored SSA in P3 nodules.



