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Abstract This study is a part of the European LIFE

?2010 Project ‘‘ZeoLIFE—Water pollution reduction and

water saving using a natural zeolitite cycle’’. It character-

izes the application of Italian zeolite-rich pyroclastic rocks

(zeolitites) as soil conditioner. Laboratory experiments will

be tested on an experimental field in the Codigoro area,

Ferrara district (North-East Italy). The samples investi-

gated are chabazite- and phillipsite-rich and are all col-

lected in quarries from Central Italy: (1) Grosseto area

(Sorano and Sovana); (2) Viterbo area (Farnese, Grotte

Santo Stefano, Corchiano, Nepi), and (3) Rome area (Ri-

ano). All samples are characterized by more than 30 % of

zeolite content, together with volcanic glass, feldspars,

pyroxenes, and micas. The quantitative mineralogical

characterization of soil samples from Codigoro shows

variable proportions of quartz, illite, plagioclase, K-feld-

spar, calcite, dolomite, chlorite, serpentine, kaolinite,

gypsum together with an amorphous residual. Collected

data confirm that conditioning of soils with selected ze-

olitite can be extremely promising for a well evident

improvement of the soil quality, and contribute to define a

standard approach which can surely find a general

application well above the boundaries of the selected area

for the field test.

Keywords Chabazite � Soil amendment � Soil

mineralogical analysis � Zeolitite � Water saving

1 Introduction

This study reports the preliminary results of the European

LIFE ?2010 Project ‘‘ZeoLIFE—Water pollution reduc-

tion and water saving using a natural zeolitite cycle’’.

ZeoLIFE project is conceived to test an innovative and

integrated use of zeolitic tuffs (zeolitite), aimed to: (1)

reduce pollutants content in livestock effluents, (2) correct

agricultural soils, and (3) economize both irrigation water

and fertilizers. The final expected result is a contribution to

sustainable development achieved improving the economic

efficiency of the livestock and agronomic activities without

negatively impacting on the environment.

In developed countries, the soil use for agriculture and

farming requires significant consumption of water, thus

introducing concerns over its long time sustainability.

Similarly, the intensive and indiscriminate use of chemical,

nitrogen based, fertilizers is a primary source of pollution

in surface and groundwater, also leading to eutrophication

of soils. Zeolitites are rocks containing more than 50 %

zeolites and are, thus, capable to exchange their extra

framework cations (mainly Na, K, Ca) with NH4 from

solutions and to release it gradually under appropriate

conditions. In particular, zeolitites can uptake NH4 from

municipal and/or zootechnical wastewaters and, thanks to

their high cation exchange capacity, releases it gradually

when, for example, they are spread in soil. Release rate of

NH4 from zeolitites is optimal when compared to synthetic
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fertilizers, since NH4 absorbed in zeolite is only marginally

leached after intensive raining. A controlled NH4 release

contributes to avoid soils eutrophication, and to mitigate

the negative effects associated to traditional intensive

agriculture (Bish and Ming 2001; Eberl et al. 1995; Lewis

et al. 1984; Ming and Allen 2001; Passaglia 2008). Zeo-

LIFE project foresees that results from laboratory experi-

ments will be large-scale tested in an experimental field

located in the Codigoro area (Ferrara district, North-East

Italy), over a time scale of 2 years. This target area was

selected because of its vocation for intensive agriculture

and farming, and for the presence of different environ-

mental landscapes, being thus representative of a much

larger field of application, encompassing numerous areas in

the world.

1.1 Environmental issue of the target area

Codigoro area is located in North-Eastern Italy, close to the

Po River delta. The area comprises various landscapes and

natural fragile environments: from alluvial plains (both

over and below sea level) to swampy areas, coastal

lagoons, and wetlands. Soils are mainly constituted by

alluvial/lacustrine sediments showing grain sizes from sand

to clay (Bianchini et al. 2002; Bianchini et al. 2012). The

area is exposed to significant nitrate contamination arising

from in site and upstream (along the Po River) intensive

farming. According to the EC directive 91/676/CEE,

known as ‘‘Nitrates Directive’’, adopted in 1991 to protect

groundwater threatened by overexploitation of agricultural

soils and accumulation of nitrates, this area is classified as

‘‘very highly vulnerable’’. Demands from this standard

could not, however, be matched in target area so far, thus

requiring an application to EU for temporary derogation

from the limits stated in the above-mentioned directives.

1.2 The integrated zeolitite cycle

The mineralogical composition, the different genetic

environments, the worldwide occurrence, and the peculiar

physical–chemical features of natural zeolitites are well

known and thoroughly described in many scientific reports,

recently reviewed by Bish and Ming (2001). Zeolitite

addition to clayey and sandy soils was observed to improve

their productiveness by increasing permeability, ventila-

tion, and water retention capacity. Moreover, several

studies demonstrated the high potential of zeolitites in

selectively removing NH4 from wastewaters as effect of

cation exchange (Kalló 2001; Passaglia 2008). Many

investigations also documented small scale, laboratory

experiments where both natural and NH4-exchanged ze-

olitites were used to reduce the amount of synthetic fer-

tilizers and to correct substrates and agricultural soils

(Passaglia 2008; Ming and Allen 2001). Furthermore, after

complete release to the soils of NH4, treated zeolites can

gain back their role sorbing NH4 in excess provided by

fertilizers, thus retaining their positive NH4 control effect

over long time and assuring a persistent reduction in

chemical fertilization and irrigation, with an obvious eco-

nomic and environmental return (Ming et al. 1995).

1.3 Aim of the work

This first paper provides a detailed chemical and mineral-

ogical characterization of zeolitite from selected Italian

quarries, together with quantitative mineralogical charac-

terization of soil samples from the area where field test is

planned. Mineralogical characterization of soils sample

was carried out on the finest fraction (\ 2 lm), where

phases reactive to ions exchange are mostly concentrated.

Over the next 2 years of project development, ions present

in percolating solutions will be constantly monitored via an

integrated system of piezometers and ion-selective elec-

trodes, and related to soil mineralogical composition before

and after zeolitite addition.

2 Analytical techniques and analyzed samples

An X’Pert PRO—PANAlytical diffractometer was

employed to perform mineralogical quantitative phase

analyses (QPA) on both zeolitites and soil samples.

Quantitative mineralogical analyses were performed by the

Rietveld-RIR (Reference Intensity Ratio) method using the

General Structure Analysis System (GSAS) software

package (Larson and Von Dreele 1994). The application of

the Rietveld-RIR method represents a major step forward

in QPA with respect to conventional methods, especially as

far as accuracy and detection limits are concerned (e.g.,

Bish and Howard 1988; Bish and Post 1993; Von Dreele

and Cline 1995; Hill 1991; Hill et al. 1993; Louër 1998;

Riello et al. 1998; Snyder and Bish 1989; Young 1993).

However, its use for soil QPA is not so common, as con-

firmed by the limited number of papers dealing with this

subject (Alves and Omotoso 2009; Brinatti et al. 2010;

Kaufhold et al. 2010).

Chemical analysis of zeolitite samples was carried out

on pressed pellets of powdered rock via a wavelength-

dispersive Philips PW 1480 X-ray fluorescence (XRF)

spectrometer, using the methods of Franzini et al. (1975)

and Leoni and Saitta (1976) for the determination of ele-

ment concentration. Fe was assumed to be in its trivalent

oxide form. Loss on ignition (LOI) was determined by

heating sample under investigation in an oven at 1,100 �C.

Cation exchange capacity (CEC) of Ca2?, Mg2?, Na?,

and K? on zeolitite was determined via elution of suitably
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powdered samples in a Gooch filter with porosity 2 by a

1 N NH4 solution, obtained by dissolving analytical NH4Cl

in Millipore water. The elution was carried out until the

concentration of each single cation in the last 1 L flask was

\0.5 mg/L. Measurements of Ca2?, Mg2?, Na?, and K?

concentrations were carried out on each 1 L flask of eluted

solution by a Perkin-Elmer 303 atomic absorption spec-

trometer (AAS). The final CEC value was given by the sum

of the total measured concentrations of Ca2?, Mg2?, Na?,

and K? in the overall eluted solution, each total cation

concentration being divided by the corresponding equiva-

lent cation weight. Estimated detection limit for this ana-

lytical procedure is 0.01 meq/g.

Apparent density (AD) of zeolitite samples was deter-

mined as ratio between the mass of ground sample which

fills a measuring cup in loose conditions and the volume of

the cup (i.e., 250 mL for this experiment). The ground

sample was previously sieved to obtain two different grain

sizes, i.e., \3 and 3–6 mm, and AD measurements were

performed on both grain sizes.

Water retention (WR) of zeolitite samples was deter-

mined placing 250 g of ground sample in a 30-mm diam-

eter column with the drain hose clamped, and afterward

poured with 250 mL of deionized water. After 1 h, the

drain hose was unclamped, and the drained water was

collected in a measuring cup. WR was calculated by sub-

tracting the volume of drained water from the original

amount of water. As for AD, WR measurements were

performed on both \3 and 3–6 mm grain sizes fractions.

Chemical analysis on zeolite crystalline aggregates was

performed via an ARL-SEMQ electron microprobe in

wavelength-dispersive mode, using the software package

by Donovan (1995). Natural minerals were used as

standards. Results are considered accurate within a 2–6 %

confidence level. Calculated chemical formulae were based

on 24 oxygen atoms. Zeolite water content was measured

via thermogravimetric analyses using a TG–DTA Seiko

SSC 5200 thermal analyzer on about 25 mg of ground

sample.

2.1 Zeolite-bearing rocks

The selection of zeolite-bearing samples to be field tested

included benchmarking among samples from seven local-

ities, all located in Central Italy: (1) Grosseto area (Sorano

and Sovana); (2) Viterbo area (Farnese, Grotte Santo

Stefano, Corchiano, Nepi), and (3) Rome area (Riano). All

these deposits are chabazite- and phillipsite-rich and are the

closest to the Codigoro target area (from 380 to 450 km),

thus, minimizing the transport cost and carbon footprint.

Quarrying activity is commonly associated to the produc-

tion of wastes (i.e., non-marketable materials, such as

blocks with irregular shape or small dimensions), com-

monly disposed in dumps directly on site. The development

of the project and its possible future applications require

ground material, so the waste material disposed in dumps

can then be recovered and exploited without any further

impact on mining. Additional data on the geological setting

and features of the selected quarries are given in Online

Resource 1 (ESM_1).

2.2 Soil samples

The soil samples from the agricultural experimental field

were taken at different depths from the surface down to

about 4 m. Additional data on the sampling points are

Table 1 QPA results (wt%) of zeolitite samples coming from Sorano, Sovana, Farnese, Grotte Santo Stefano (reported in Table as Grotte S.S.),

Corchiano, Nepi, and Riano quarries

Sorano Sovana Farnese Grotte S.S. Corchiano Nepi Riano

Chabazite 68.5 (0.9) 44.1 (0.7) 41.0 (1.0) 46.6 (0.8) 40.0 (1.2) 52.3 (0.8) 24.8 (0.4)

Phillipsite 1.8 (0.4) 13.8 (0.7) 17.5 (0.9) 5.1 (0.6) 15.1 (0.9) 8.4 (0.6) 4.7 (0.4)

Analcime* 0.6 (0.3) 1.4 (0.3) 0.7 (0.3) 0.9 (0.4) 0.8 (0.2) 1.2 (0.4) 3.2 (0.3)

TZC 70.9 59.3 57.2 52.6 55.9 61.9 32.7

Mica 5.3 (0.6) 5.6 (0.5) 4.4 (0.4) 4.4 (0.5) 6.6 (0.6) 2.7 (0.4) 5.1 (0.6)

K-feldspar 9.7 (0.7) 14.5 (0.8) 9.5 (0.8) 9.2 (0.5) 8.2 (0.7) 4.4 (0.3) 15.4 (0.4)

Plagioclase – 6.6 (0.8) 2.5 (0.5) 1.8 (0.3) 1.0 (0.3) 10.2 (0.5) 5.3 (0.5)

Pyroxene 2.9 (0.4) 1.9 (0.5) 1.3 (0.4) 2.7 (0.4) 2.3 (0.3) 2.5 (0.4) 1.1 (0.2)

Calcite – – – – – – 12.4 (0.2)

Volcanic glass 11.2 (1.0) 12.1 (1.0) 23.1 (1.5) 29.0 (1.5) 26.0 (1.2) 18.3 (1.9) 28.0 (1.0)

wRp 0.0563 0.0782 0.0661 0.0639 0.0584 0.0457 0.0543

Standard deviations are reported in parenthesis. TZC total zeolitic content.wRp ¼
P

i
yobs

i �ycalc
ið Þ

P
i
wi yobs

ið Þ
2

� �1=2

, where wi is a weighting factor given by

1=yobs
i , yobs

i is the observed intensity at the ith 2h reflection, and ycalc
i is the calculated intensity at that same reflection

* Complete analcimization of leucite was assumed in the Rietveld refinement (Gupta and Fyfe 1975)
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Table 2 Whole rock chemical analyses of major (wt%) and trace (ppm) elements of zeolitite samples from Sorano, Sovana, Farnese, Grotte

Santo Stefano (reported in Table as Grotte S.S.), Corchiano, Nepi, and Riano quarries

Sorano Sovana Farnese Grotte S.S. Corchiano Nepi Riano

SiO2 52.61 51.88 51.3 50.22 49.8 50.18 45.74

Al2O3 17.12 16.4 18.2 18.3 19.35 17.95 14.91

Fe2O3* 3.32 3.8 5.6 6.1 5.35 4.68 4.1

TiO2 0.49 0.55 0.52 0.6 0.55 0.59 0.53

P2O5 0.14 0.16 0.16 0.15 0.14 0.11 0.16

MnO 0.1 0.13 0.1 0.11 0.12 0.14 0.12

MgO 1.56 1.7 1.83 1.83 1.91 1.47 1.97

CaO 5.32 5.58 3.95 3.66 3.82 4.82 9.77

Na2O 0.68 0.84 1.52 2.13 1.64 0.89 0.76

K2O 6.14 7.36 6.12 6.5 6.22 6.37 7.04

H2O 15.52 11.6 10.7 10.4 11.1 12.8 9.74

CO2 – – – – – – 5.16

Total 100 100 100 100 100 100 100

Ni \8 7 7 3 5 8 10

Co 11 5 4 6 5 9 8

Cr 8 8 5 5 6 10 10

V 42 75 63 72 65 102 102

Pb 32 81 88 102 85 92 78

Zn 31 63 41 40 45 66 44

As \8 22 25 25 20 55 35

Cu \20 \10 \7 \9 \10 18 \5

Cd \2 \7 \5 \7 \5 5 \5

S 110 142 130 120 125 135 110

Cl 50 48 40 40 42 48 33

* Iron content possibly due to the presence of poorly crystalline iron compounds not identifiable by the Rietveld-RIR method

Table 3 Cation Exchange Capacity (CEC), apparent density (AD) and water retention (WR) of zeolitite samples from Sorano, Sovana, Farnese,

Grotte Santo Stefano, Corchiano, Nepi, and Riano quarries

Sorano Sovana Farnese Grotte S.S. Corchiano Nepi Riano

CEC (meq/g)

Ca 1.46 1.16 1.18 1.10 1.13 1.07 0.72

Mg 0.04 0.03 0.03 0.04 0.04 0.02 0.03

Na 0.07 0.12 0.15 0.13 0.14 0.10 0.10

K 0.60 0.55 0.62 0.53 0.58 0.87 0.30

Total 2.17 1.86 1.98 1.80 1.89 2.06 1.15

AD (g/cm3)

\3 mm 0.87 0.90 0.96 0.98 0.95 0.92 0.91

3–6 mm 0.56 0.59 0.65 0.68 0.64 0.61 0.60

WR (wt%)

\3 mm 48.4 48.6 48.7 48.5 48.7 48.4 48.5

3–6 mm 34.2 33.8 33.5 33.6 33.8 33.5 33.3

[3 mm and 3–6 mm refer to the two analyzed granulometries
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given in Online Resource 2 (ESM_2). Further character-

izations on other chemical and physical properties (e.g.,

chemical composition, total organic content, particle size

analysis, textures, water retention, etc.) of sampled soils

will be carried out during the project implementation.

3 Results

3.1 Detailed characterization of zeolite-bearing

samples from selected quarries

Quantitative phase analyses (with determination of the total

zeolite content) and whole rock chemical analyses are

reported in Tables 1 and 2, respectively; CEC, AD, and

WR are reported in Table 3. Analcime, chabazite, phillip-

site were found in the seven zeolitite samples in different

amounts. Zeolites CEC values and species distribution in

the rocks from the selected quarries are reported in Online

Resource 3 (ESM_3).

QPA results (Table 1, ESM_3.1) indicate that the sam-

ple from Sorano shows the highest value of total zeolite

content ([70 wt%), followed by the sample from Nepi,

showing about 62 wt% zeolite content. Sample from Sor-

ano also shows the highest chabazite content (68.5 wt%),

representing 97 % of the whole zeolite fraction. In the

sample from Nepi, chabazite represents the 85 % of the

total zeolite fraction with subordinated phillipsite content

([8 wt%). Sample from Sorano shows also the highest Ca

CEC value (1.46 meq/g, Table 3, ESM_3.2), while sample

from Nepi shows the highest K CEC value (0.87 meq/g).
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Fig. 1 Histogram of QPA results (wt%) relative to soil samples from Codigoro Drill 1

Table 4 EMP analysis and crystal chemical formula of a chabazite

crystal from the Sorano quarry

Sorano chabazite

(wt% oxides) Crystal chemical formula (apfu)

SiO2 52.33 Si 8.53

Al2O3 17.99 Al 3.46

Fe2O3 – Fe –

MgO 0.71 Mg 0.17

CaO 5.73 Ca 1

SrO 0.06 Sr 0.01

BaO tr. Ba –

Na2O 0.43 Na 0.14

K2O 4.95 K 1.03

H2O 17.8 H2O 9.68

Total 100
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K CEC values are comparable in samples from Sorano,

Sovana, Grotte S. Stefano, Corchiano (varying between

0.62 meq/g for Farnese and 0.53 meq/g for Grotte Santo

Stefano), with the exception of the sample from Riano,

showing remarkably lower values (0.30 meq/g). Na CEC

values range from 0.13 to 0.15 meq/g in samples from

Farnese, Grotte Santo Stefano, and Corchiano. Lower

values are observed in samples from other locations

(0.12 meq/g for Sovana, 0.10 meq/g for Nepi and Riano,

and 0.07 meq/g for Sorano). Among the studied zeolitites,

sample from Sorano presents the most remarkable total

CEC value, mainly due to its high zeolitic content.

Zeolitite from Sorano, thus, appears to be the best

candidate for the target study, due to its high CEC and total

zeolite content, thus suggesting to carry out a chemical

analysis of the main zeolite species (i.e., chabazite, see

Table 4). Obtained data confirm that exchangeable cations

are almost entirely represented by Ca2? and K?, being

Na?, Mg2?, and Sr2? quite negligible in chabazite com-

position. The theoretical CEC value for this chabazite is

3.59 meq/g, of which 2.04 due to Ca2?, 1.05 to K?, 0.35 to

Mg2?, 0.14 to Na? and 0.01 to Sr2?. Considering the total

zeolite content in the zeolitite from Sorano (Table 1), it can

be concluded that Ca2? and K? (and Na? in minor amount)

are almost entirely controlled by chabazite, thus, excluding

almost completely the presence of these cations in the

volcanic glass.

3.2 QPA of soil samples from Codigoro

Codigoro soil samples come from five drills made at the

four corners and in the center of the experimental field,

respectively (Online Resource 2). The drills were cut

lengthwise in segments, and the mineralogical composition

of each part was obtained via the Rietveld-RIR method.

Particular attention was devoted to the fine fraction of

these sediments which, due to the high surface area and the

particular nature of the related minerals (mainly clay

minerals), may trap and concentrate ions present in aque-

ous solutions. Hence, for a better characterization of the

constituent clay minerals, X-ray powder diffraction

(XRPD) measurements were carried out on the \2 lm

fraction of each selected sample where the clay minerals

are concentrated. XRPD was carried out on randomly ori-

ented samples and, for some selected samples, on ethylene

glycol exposed (001) oriented mounts.

0 10 20 30 40 50 60 70 80 90 100

380-430

330-380

280-330

230-280

180-230

140-180

110-140

80-110

50-80

20-50

0-20

phases (wt%)

d
ep

th
 (

cm
)

quartz plagioclase illite calcite dolomite chlorite 

k-feldspar serpentine gypsum kaolinite amorph. res.

Fig. 2 Histogram of QPA results (wt%) relative to soil samples from Codigoro Drill 2
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The results indicate that the\2 lm fraction is character-

ized by various proportions of quartz, illite, plagioclase,

K-feldspar, calcite, dolomite, chlorite, serpentine, kaolinite,

gypsum and by an amorphous residual. Irregular interstratified

phyllosilicates are also present, as evidenced by the broad low

angle peak [d(hkl) % 14 Å, not fitted by chlorite reflection

(001) alone]. Since, treatments with ethylene glycol do not

enhance any appreciable changes in the low angle peaks of the

pattern, it is conceivable that no expandable interstratified

phyllosilicates are present (Brigatti et al. 2011).

Histograms representing mineralogical composition and

distribution of soil samples from each drill are shown in

Figs. 1, 2, 3, 4 and 5 and reported as online resource as

well (Online Resource 4—ESM_4). Obtained data suggest

that the mineralogical composition in different samples is

homogeneous from qualitative point of view, but highly

variable in the quantity of identified phases.

4 Discussion and conclusion

4.1 Selection of the most suitable zeolitite quarry

Identification and quantification of zeolite different species

and exchangeable cations in zeolitites are directly

connected to the project aims since, for example, K is

recognized as one of the primary plant macronutrient,

whereas excessive Na contents can lead to nutritional

imbalance and poor plant growth; thus, the knowledge of

the base mechanisms controlling cation mobility is of

paramount importance.

The performed experiments identify the zeolitite from

Sorano as the most suitable raw material for ZeoLIFE

Project implementation, as also supported by the stability

in mineralogical composition of the Sorano samples over

time. Table 5 reports QPA literature data for zeolitites

from Sorano, Sovana, and Riano. Some deviations from

data reported in this study can be observed in samples

from Sovana and Riano, whereas a good agreement is

observed in samples from Sorano. Mineralogical devia-

tions over time can be explained as an effect of the

progress of quarry front, which during exploitation meets

areas where the varying ambient conditions (i.e., tem-

perature, pressure and interacting solution) produced

variations in the relative amount of phases crystallized

during diagenesis.

Several other more practical aspects account for the

choice of zeolitite from Sorano, such as its proximity to the

area of field test, thus, limiting transportation cost and CO2

emission, the on-site availability of a grinding plant, and
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the presence of a large amount of raw materials in the

dump that avoids the expansion of the existing quarries to

support the project (Meggiolaro 2003).

4.2 Mineralogical characterization of soils

Mineralogical characterization of samples from the area

hosting the experimental field identified soils that are

mainly characterized by clay minerals. However, phases

with appreciable CEC capacity (e.g., smectites) are almost

completely lacking, thus, providing a scientific evidence

for the need of intensive irrigation and fertilization which

will likely have a negative impact on the quality of water

resources. The sampling performed in the different points

of the experimental field indicates that the composition of

the soil is not constant, as far as distribution of the different

mineral species is concerned (Figs. 1, 2, 3, 4, 5). Condi-

tioning the top layer of the soil with zeolitite means

inserting an element able to control the migration of cat-

ions both close to the surface and in depth, since preventing

the percolation of leachable cations. In fact, current

fertilization plans define a need for ammonium nitrogen

varying between 120 and 170 kg/ha/year: the addition to

soil of a relatively small amount of zeolitite is expected to

drastically modify the permeability and release rate kinet-

ics of the soil with respect to percolating solutions, thus,

finally marking a net reduction in nitrates migration into

groundwater.

These data also confirm that conditioning of soils with

zeolitite can be extremely promising for a well evident

improvement of the quality of soils in terms of farming

productivity. The suggested investigation can thus con-

tribute in defining a standard approach, which can surely

find a general application well above the boundaries of the

selected area for the field test. Furthermore, by integrating

results from scientific investigations with similar scope

(see, for example, Bianchini et al. 2002; Bianchini et al.

2012; EU.WATER Project), a mapping of soil features,

including chemical–mineralogical data, can be derived,

thus enabling the definition of optimal soil treatment and

the identification of possible geochemical anomalies

induced by human activity.
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Table 5 QPA literature data relative to zeolitite samples from Riano, Sorano, and Sovana

Chabazite Philipsite Analcime Micaa K-feldsp.b Plagiocl.c Pyroxened Calcite v. glass

Riano

Carnevali et al. 1994 49.8 (2) 11.5 (3) 5.3 (2) n.d. 17.6 (4) 3.1 (3) n.d. 9.7 (2) 3.0 (avg)

Gualtieri and Brignoli 2004e 9.2 (3) 26.3 (2) 6.3 (2) 3.9 (3) 23.4 (3) 9.9 (3) n.d. n.d. 21 (2)

Gualtieri and Brignoli 2004f 8.7 (3) 26.5 (2) 6.6 (3) 3.2 (4) 23.3 (3) 9.7 (3) n.d. n.d. 22 (2)

Sorano

Gualtieri et al. 1999 70.4 (9) 2.4 (2) 1.1 (2) 7.7 (3) 10.4 (2) n.d. 1.6 (3) 1.5 (1) 4.9 (9)

Gualtieri et al. 1999 67.5 (2) 9.1 (4) 0.8 (2) 4.1 (3) 14.9 (2) 1.4 (3) 1.3 (2) 0.8 (1) 0.4 (1)

de’ Gennaro et al. 2004 61 n.d. 7 1 25 n.d. 3 n.d. n.d.

Passaglia 2008 66.8 (2.0) 2.1 (0.5) 1.2 (0.2) 6.6 (1.2) 9.5 (1.0) n.d. 1.4 (0.4) n.d. 12.4 (5.0)

Sovana

Gualtieri et al. 1999 27.2 (7) 28.3 (7) n.d. 3.7 (3) 27.9 (8) 3.9 (3) 2.1 (2) 2.3 (2) 4.6 (8)

n.d. not detected, v.glass volcanic glass, avg supposed as fixed average value
a Reported as biotite in Carnevali et al. (1994) and in Gualtieri and Brignoli (2004)
b Reported as sanidine in Carnevali et al. (1994), Gualtieri et al. (1999), Gualtieri and Brignoli (2004), and Passaglia (2008)
c Reported as albite in Carnevali et al. (1994)
d Reported as augite in Carnevali et al. (1994), Gualtieri et al. (1999), and Passaglia (2008)
e Measurement achieved using an X’Celerator detector
f Measurement achieved using a gas proportional detector
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