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Abstract

In this contribution we present ICP-MS analyses carried out on agricultural soils
from the eastern-most part of the Padanian plain (Ferrara Province) and on the
related crop products. The aim is to provide, for the first time in this area,
backgrounds for some trace elements such as rare earth elements (REE), thorium
(Th), uranium (U) and to understand the related phytoavailability. In particular,
detailed analyses have been done on Sorghum Vulgare plants, analyzing distinct
plant parts in different vegetative periods. Results indicate that a) REE
concentration in plant tissues is always lower than in the related soils, precluding
the occurrence of bioaccumulation and b) no preferential elemental uptake and
REE fractionation. In this light, the observed soil/plant relationships could be used
in the definition of markers of territoriality (provenance fingerprint) for agricultural
products.
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Introduction

The alluvial soils of the easternmost part of the Padanian Plain in Northern Italy
have been extensively studied (Amorosi 2012; Di Giuseppe et al. 2014a). These
studies (mainly based on X-ray fluorescence analyses) focused on the major
element composition, and among trace elements emphasis was dedicated only to
heavy metals. In this contribution, the investigation of agricultural soils from the
same area have been implemented by ICP-MS taking into consideration further
elements such as thorium (Th), uranium (U) and rare earth elements (REE), in
order to define their backgrounds and their geochemical behavior in the soil-plant
interactions. The aim is to discriminate between the natural (geogenic)
geochemical fingerprint and potential anthropogenic contributions that could be
related to the widespread agricultural practices. Relationships between soils and
plants were also explored, analyzing plants (sorghum) grown on the same area; the
analysis was performed on different underground (roots) and sub-aerial (stem and
leaves) plant organs as well as on soil portions strictly associated with the plant
roots, hereafter called rhizosphere. The approach has been repeated in distinct
vegetative phases of plant development, allowing to define soil-plant partition
coefficients and to evaluate possible bioaccumulation processes. Thanks to the
coupled analysis of soils and plants it is also possible to evaluate if Th, U and REE
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can be used as proxies (i. e. markers) of the provenance of agricultural products,
thus representing a very useful tool to trace food origin.

Materials and methods

Geological and geomorphological outlines of the study area

The studied area is located in the delta of Po river (northern Italy; Fig. 1a) that is
the terminal part of the Padanian plain, which is bordered to the north by the Alps
and to the south by the Apennine chain, with structures reflecting a complex
depositional and tectonic evolution (Bonini et al. 2014). The formation of this plain
was due to the combination of geological (development of the surrounding
mountain ranges) and climatic factors (Bondesan et al. 1995; Stefani and Vincenzi
2005). Coherently, during the late Holocene, the stratigraphy and geomorphology
of the area recorded the evolution pattern of lowstand and highstand sea periods,
due to eustatic changes. (Marchetti 2002; Amorosi et al. 2008; Ravazzi et al. 2013;
Bitelli et al. 2014). In particular, the easternmost part of the Padanian Plain is the
result of coastlines migration and the progradation of the Po River Delta (Simeoni
and Corbau 2009).
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Figure 1. a) Geographical and geological framework of the studied area; b) geologic
sketch map of the area surrounding the town of Argenta; c) geologic sketch map of the area
surrounding the town of Codigoro, also reporting the stratigraphy recorded in three
distinct boreholes (C1, C2, C5).
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In particular, the investigated area is located in the Province of Ferrara; this
specific sector of the plain resulted from the changes in the path of the Po River
and the Reno, an Apennine river (Bianchini et al. 2012; 2014). The Reno River has
been flowing from SW to NE, whereas the Po River flows from W to E (Fig. 1a).
The geomorphology of the area has been also influenced by anthropogenic
activities aimed at providing land for settlement and agriculture. These activities,
mainly consisting in the reclaiming of swamps and lagoons in the delta zone of Po
River, were developed at different times since Renaissance (Bianchini et al. 2004;
Di Giuseppe et al. 2013; Di Giuseppe et al. 2014b). The most recent reclamation
actions took place in the second half of XIX and in the first half of the XX
centuries. Lands have been dried mechanically through the excavation of artificial
channels as well as by the use of hydraulic pumps, which are still used to keep the
area dry.

Soils

The studied soil samples are related to unconsolidated alluvial deposits
characterized by a limited pedogenesis, in which the lack of soil maturity is related
to the young depositional age (Holocene) and fluvial reworking.

In particular, the samples considered in this study have been collected in two
distinct zones close to the towns of Argenta and Codigoro, respectively. They
represent soils developed in different depositional facies. In the locality of Argenta
(Fig. 1b), 29 soil samples (collected at depth between 100 and 120 cm) have been
selected, starting from a more representative sample population previously
investigated by Di Giuseppe et al. (2014c). According to previous XRF analyses
(major elements and heavy metals content) 20 samples have been ascribed to Po
river sediments, whereas 8 samples have been related to the Reno river deposits.

In the locality of Codigoro (Fig. 1c) soil samples developed from sediments
deposited in wetlands fed by Po river deltaic branches, reclaimed at the end of the
XIX century. In this area, 28 samples have been selected from a wider sample
population previously studied by Di Giuseppe et al. (2013) in the framework of
ZEOLIFE project (LIFE+10/ENV/IT/00321). It has to be noted that in this locality,
samples have been taken at increasing depths along three distinct (0-300 cm) soil
profiles (C1, C2, C5; Fig. 1c).

Plants

As delineated in Fig. 2, plants (Sorghum vulgare) have been sampled in the
ZEOLIFE experimental field (locality of Codigoro), in two distinct vegetative
phases of plant development (13/06/2013; 16/07/2013).

During the sampling, complete pants were uprooted, and then sectioned dividing
underground (roots) and sub-aerial (stem and leaves) plant organs; soil rhizosphere
has been also collected shaking the roots and recovering the soil particles that were
intimately associated. Roots have been washed with distilled water to remove any
trace of soil, before the analysis. All samples have been dried at 30 °C for 2 days.
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Soil and plant analysis

Bulk soil Th, U, REE analyses were investigated by inductively coupled plasma
mass spectrometry (ICP-MS); for these analyses powders (0.15 g) were totally
digested with suprapure grade HF and HNO; (Merck, Darmstadt, Germany) on a
hot plate. Plant samples were dissolved starting from 1 g of sample with H,O, and
HNO; (proportion 2:1). Dissolved samples were dried out and then re-dissolved in
ultrapure water obtained from a Milli-Q purifier system (Millipore Corp., Bedford,
MA, USA). Details of sample dissolution are reported by Bianchini et al. (2012).
The analyses were carried out using an X Series Thermo-Scientific spectrometer at
the Department of Physics and Earth Sciences of the University of Ferrara. Specific
amounts of Rh, In and Re were added to the analysed solutions as an internal
standard, in order to correct for instrument drift. Accuracy and precision, based on
replicated analyses of samples and standards are better than 10% for all elements,
well above the detection limit. As reference standards, the NIST SRM1567a
(wheat flour powder), NIST SRM1547 (peach leaves powder), NIST SRM1573a
(Tomato leaves powder), E.P.A. Reference Standard SS-1 (a type B naturally
contaminated soil) and the E.P.A. Reference Standard SS-2 (a type C naturally
contaminated soil) were also analysed to cross-check and validate the results. One
of the investigated elements, i.e. thorium has been analysed also by XRF, showing
a remarkable coherence between the two distinct analytical techniques.

Results

Soils
The result of soil analyses have reported in Tables 1 and 2. As commonly observed
in the literature (Rollinson 1993), to visualize all REE elements together the data
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Table 2. ICP-MS analyses carried out on soils from the ZeoLife experimental field located
close to the Codigoro town.

C5 Th U La C¢e Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Ocmbgr 751 255 282 556 642 258 509 107 549 073 355 069 197 030 187 0,26
30 6,23 238 21,7 393 527 21,7 439 093 470 064 306 059 170 025 155 022

60 701 231 259 503 614 250 499 105 541 072 344 066 187 028 1,73 0724
80 744 248 276 550 649 265 528 112 584 0,77 368 072 204 031 188 026
100 738 233 250 488 583 237 467 101 510 067 320 062 180 027 168 023
115 786 181 258 505 606 240 487 104 530 068 318 061 1,77 026 163 022
160 371 115 129 248 318 130 257 058 299 037 1,74 034 100 015 093 013
180 717 508 266 546 6,18 243 467 098 530 066 307 060 175 026 164 023
250 758 268 321 644 7,14 277 505 101 568 067 29 057 173 026 164 023
300 6,04 428 229 481 586 249 539 112 579 081 401 077 215 032 19 027
350 655 540 243 498 596 246 513 105 550 075 362 070 197 029 185 026
Average 6,77 3,89 248 492 587 237 474 100 519 068 323 062 180 027 167 023
SD** 117 281 483 102 101 387 0,77 015 080 011 059 011 030 0,05 0,28 0,04

C1

Ocmbg* 7,30 250 234 425 561 229 45 09 493 065 315 061 1,74 026 160 0,22
25 719 2,68 264 526 6,07 244 477 101 525 068 321 063 181 027 168 024

50 745 306 274 543 6,22 248 477 100 532 068 323 063 18 028 1,76 025
75 771 325 282 554 637 252 481 099 518 067 321 063 182 028 174 024
100 797 494 269 401 660 274 559 118 6,08 084 410 081 231 035 215 0,30
150 59 167 225 421 553 226 459 092 483 065 308 059 167 025 155 022
170 542 152 211 434 49 203 410 083 429 059 282 054 153 023 141 020
200 492 127 207 418 493 202 413 08 435 060 28 055 153 023 141 020
240 4,42 125 20,7 41,7 49 202 414 08 438 062 302 058 163 025 152 021
Average 6,48 246 241 460 569 231 461 09 49 066 319 062 1,77 027 165 023
SD** 132 120 308 618 066 259 047 011 058 007 037 008 024 004 023 0,03

C2

Ocmbgrx 7,28 227 271 542 634 258 513 105 557 072 347 067 192 029 178 025
50 771 2,73 283 562 654 263 518 1,09 565 073 348 067 19 029 183 026

80 753 358 275 540 640 260 514 108 586 074 349 068 19 029 188 0,26
110 7,72 517 287 549 658 262 518 110 600 075 357 069 198 030 184 025
150 703 198 274 557 649 262 519 107 59 074 340 066 191 028 1,77 025
170 512 157 230 471 538 21,7 418 086 464 058 265 051 148 022 134 0,19
230 688 146 284 568 654 264 506 103 563 071 327 062 180 026 163 023
300 669 148 264 530 624 253 505 103 551 072 336 065 186 028 172 024
Average 7,00 253 271 540 632 255 501 104 560 0,71 334 064 186 028 172 024
SD** 08 129 181 304 040 157 034 008 043 005 029 006 017 003 0,17 0,02

*cm below the ground level; ** Standard Deviation

are presented as ‘“normalized” patterns taking into consideration a proper reference
composition. For sediment and related soils the notional NASC (North American
Shale Composition) values, which represents an average of several shales (Gromet
et al. 1984), is generally employed. Normalized multi-element patterns are useful
to highlight positive or negative anomalies of one element respect to the other.
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Accordingly, in figure 3, the new data presented in this contribution are reported as
NASC-normalized multi-elementary patterns. Soil samples from Argenta are
divided in two groups according to the distinct alluvial origin, namely to their
sediment derivation from the Po and Reno rivers.

10 Figure 3

] NASC-normalized
trace element
patterns of the
outcropping soils.
Normalization
values from
Gromet et al.
(1984).
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The NASC normalized patterns of all soils from Argenta are sub-parallel. Those
related to the Reno river sediments have normalized values of Th varying between
0.13 and 0.24, of U between 1.28 and 2.51, of Light REE (LREE, i.e. La, Ce, Pr,
Nd) between 0.36 and 0.77, of Middle REE (MREE, i.e. Sm, Eu, Gd, Th) between
0.44 and 0.77 and of Heavy REE (HREE, i.e. Dy, Ho, Er, Tm, Yb, Lu) between
0.26 and 0.57. Those related to Po River sediments have Th spanning between 0.18
and 0.28, U between 1.17 and 3.21, LREE between 0.52 and 0.90, MREE between
0.58 and 0.91, HREE between 0.35 and 0.69. To evaluate possible differences
between soil samples related to the Reno and Po rivers, normalized (N) elemental
ratios have been also taken into account. The samples related to the Reno River
have Uy/Thy 8.67-11.5, Thy/Yby 0.46-0.70, Un/Yby 4.35-7.85, Lan/Yby 1.44-2.11,
Gdn/Yby 1.62-2.00. The samples related to the Po River have Uy/Thy 7.26-13.1,
Thy/Yby 0.47-0.65, Un/Yby 3.87-6.90, Lay/Yby 1.57-2.14, Gdn/Yby 1.59-1.90.
The trace element ratios confirm that in terms of U, Th, REE no significant
differences are observed between soil samples related to the Reno and Po rivers,
irrespective to their different origin. In both groups, the decoupling between U and
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Th is remarkable. In this case, the U positive anomaly is plausibly related to its
association with the organic fraction, which usually traps the reduced form (U**) of
uranium (Kabata-Pendias 2011, Frazier et al. 2005). A comparison of the new trace
element data with the major elements presented in the previous studies reveals that
there is a remarkable positive correlation of Th with Al,Os (Fig. 4a) suggesting its
association to the fine-grained clay-rich fraction, whereas quartz and carbonate
(which are prevalent in the coarser fraction) tend to dilute it. A similar relation,
although less pronounced, is observed for LREE (e.g. Ce; Fig. 4b). This implies
that REE are significantly included in the clay fraction but also in feldspars and
accessory phases such heavy minerals which trap MREE (pyroxenes, amphiboles,
epidotes, sphene, apatite/monazite) and sometimes also HREE (garnet, zircon).
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Samples from Codigoro give indications on the nature of soils developed from a
distinctive depositional facies, as they evolved from sediment deposited in saline
wetlands (recently reclaimed), where the Po river contribute was partially mixed
with marine fluxes. Their REE normalized patterns (Fig. 3) tend to be slightly
higher than those described above for the soil of Argenta, with Th varying between
0.23 and 0.11, U between 1.37 and 16.8, LREE, between 1.54 and 3.63, MREE
between 1.95 and 4.12, HREE between 1.81 and 4.21. It has to be noted that the
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Codigoro soils are typically characterized by a peculiar Gd positive anomaly,
highlighted by the parameter Gdy*= Gdy/[(Eunt+Tby)/2],which is always higher
than 1.17. The Gd relative enrichment is a feature that could be related to
anthropogenic contributions, as typically observed in rare earth element patterns of
natural waters which drain densely populated and industrialised areas in Central
Europe and North America (Bau and Dulski 1996; Ogata and Terakado 2006;

Kulaksiz and Bau 2007).
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This anomaly is not confined in the more superficial horizons, but is maintained
also at greater depths, as can be observed in figure 5, where the normalized
elemental values down to depth of 3 m is shown.

Plants

The result plant analyses have reported in Table 3 and in Fig. 6, where the analyses
have been normalized to the average soil composition of the considered locality.
Coherently, the rhizosphere composition approaches that of the average soils
having the following normalized values: Th 1.40, U 1.52, LREE 4.12, MREE 4.10,
HREE 6.33.

Table 3. Trace elements determined in the rhizosphere and plant (Sorghum Vulgare)
organs cultivated in the ZeoLife experimental field.

Th U La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Rhizosphere 10,5 3,94 295 470 649 263 519 110 490 076 365 072 19 029 183 0,26

13/06/2013

Roots_1 166 069 25 539 066 29 072 016 076 013 064 012 031 005 0,27 0,04

Roots_2 128 050 211 449 05 246 060 013 061 011 051 010 025 004 0,22 0,03

Roots_3 250 088 361 710 089 38 093 021 09 017 080 016 040 007 035 0,05

S:g)::srlall 012 004 016 035 004 019 005 00l 005 001 004 00l 002 000 002 0,00
E;ng;:snazl 012 007 020 041 005 022 005 00l 006 001 005 00l 002 000 002 0,00
i:’gb::s”as' 011 006 020 039 005 022 005 00l 005 001 004 001 002 000 002 0,00

16/07/2013

Roots_1 0,07 003 144 306 037 15 037 007 034 006 027 005 013 002 0111 0,02

Roots_2 003 001 1,79 372 045 191 046 0,09 043 007 034 007 016 003 0113 0,02

i:’gb::s”al' 074 024 022 043 005 021 005 00l 005 001 004 001 002 000 001 0,00
S;‘é’;ﬁ;'az' 094 032 003 006 00l 003 001 000 001 000 00l 000 000 000 000 0,00

Plants do not bioaccumulate, as the observed normalized composition are always
lower that that the relative rhizosphere. Underground organs, i.e. roots, have
normalized composition of Th between 0.004 and 0.333, U between 0.002 and
0.340, LREE between 0.236 and 0.569, MREE between 0.293 and 0.807, HREE
between 0.421 and 1.335. Subaerial organs (stem + leaves) have normalized
composition of Th between 0.014 and 0.125, U between 0.016 and 0.124, LREE
between 0.005 and 0.034, MREE between 0.006 and 0.048, HREE between 0.008
and 0.075. This means that the plant parts that are in contact with the soil contain a
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higher REE concentration, whereas the behavior of Th, U is more complex. The
analyses have been repeated in two distinct vegetative periods. The REE in the
more mature stage of development appear less concentrated, suggesting that the
REE are uptaken preferentially in the first vegetative period; subsequently they
tend to be diluted within a higher plant volume/mass.

10 Figure 6

Trace elements
patterns of rhizosphere
(i.e. soil powder
included between
roots) and sorghum
plant organs.
Concentration are
normalized to the
average composition
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The above mentioned Gd positive anomaly typical of the soils of Codigoro is not
replicated in the plants, which show a slight negative Gd peak in the REE profile,
emphasized by Gdy* lower than 0.21. In any case, the data show in both the
vegetative periods higher values in the roots where the element are adsorbed, and
limited re-distribution within the entire plant body. Th and U show higher
concentration in the roots only in the first period of plant development, whereas in
a more mature stage they are preferentially transferred and concentrated in the sub
aerial parts.

Discussion and conclusions

REE (and Th-U) distribution appears to be unrelated to the provenance of the
clastic particles of the studied soils, as soil related to Po River alluvial sediments
are comparable to those related to Reno River sediments. A significant difference
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is observed only for reclaimed soils developed from wetlands where a peculiar
enrichment in gadolinium has been observed. This anomaly is probably
anthropogenic, but further studies are necessary to constrain it and to identify its
sources.

These elements, although not bioaccumulating in studied plants, can be detected by
ICP-MS. The obtained results highlight that the uptake doesn’t fractionate among
different REE and that plants show normalized patterns miming (at lower
concentration) those of the related soils.

Therefore, although absolute REE concentrations vary in the distinct plant organs
(and also during the vegetative periods) the possible utilization of these elements as
marker of territoriality (i.e provenance) for agricultural products is highly
promising.
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TENORI DI FONDO E FITODISPONIBILITA DI Th, U, REE NEI SUOLI DELLA
PIANURA PADANA (NORD ITALIA)

Riassunto

In questo contributo presentiamo analisi ICP-MS effettuate su suoli agricoli e piante coltivate nella
parte orientale della pianura Padana (provincia di Ferrara). Lo scopo & determinare, per la prima volta,
i tenori di fondo di alcuni elementi in tracce, quali le terre rare (REE) il torio (Th) e I’uranio (U),
nonché comprendere la relativa fito-disponibilita. In particolare, dettagliate analisi sono state
effettuate su distinte parti di piante di sorgo (Sorghum Vulgare) campionate in differenti stadi
vegetativi. | risultati indicano che a) le concentrazioni di REE nei tessuti vegetali sono sempre
inferiori a quelle dei suoli; b) non si riscontrano assorbimenti preferenziali e e frazionamenti delle
REE. Per questo motivo le osservate relazioni suolo/pianta possono fornire utili informazioni relative
alla territorialita (firma di provenienza) dei prodotti agricoli.

Parole chiave: REE, Th, U, tenori di fondo, interazione elementare suolo-pianta.
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