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Abstract—Quantitative mineralogical analysis of clay-bearing rocks is often a non-trivial problem
because clay minerals are characterized by complex structures and are often affected by structural disorder,
layer-stacking disorder, and interstratification. In the present study, internal-standard Rietveld X-ray
powder diffraction (XRPD) analyses were combined with X-ray fluorescence (XRF) chemical analyses for
the mineralogical characterization and quantitative analysis of heterogeneous clay-rich sedimentary rocks
that are involved in a slow-moving landslide in the Termini-Nerano area, Sorrento Peninsula (Italy), in
order to investigate the relationship between the mineralogy of these rocks and landslides. Slow-moving
landslides are usually considered to be associated with the more weathered and surficial parts of
structurally complex slopes, and mineralogical analysis can help to clarify the degree of weathering of
siliciclastic rocks. XRPD quantitative analyses were conducted by combining the Rietveld and internal
standard methods in order to calculate the amounts of poorly ordered phyllosilicate clays (considered
amorphous phases in Rietveld refinements) by difference from 100%. The vbAffina program was used to
refine the amounts of mineral phases determined with XRPD using the element compositions determined
by XRF analysis. XRPD analyses indicated that the samples mainly contain several different clay minerals,
quartz, mica, and feldspars. Analysis of the clay fraction identified kaolinite, chlorite, and interstratified
illite-smectite (I-S) and chlorite-smectite (C-S). The mineralogy of the materials involved in the landslide
in comparison with the mineralogy of the ‘‘undisturbed’’ rocks showed that the landslide is located in the
weathered realm that overlies an arkosic bedrock. The interstratified I-S and C-S occurred at landslide
activity locations and confirmed that areas more susceptible to sliding contained the most weathered parts
of the rocks and perhaps represent areas of past and currently active fluid flow.

Key Words—Combined XRF-XRPD Analysis, Internal Standard Rietveld Method, Interstratified I-S
and C-S, Landslide, XRPD Quantitative Analysis.

INTRODUCTION

The mineralogical composition of sedimentary rocks

depends on the nature of the sediment sources and on

processes such as weathering, transport, sedimentation,

and diagenesis that have modified the original miner-

alogy (Środoń, 2002). X-ray powder diffraction (XRPD)

is the most popular method used to determine the

mineralogy of rocks because it can provide information

on the minerals that occur in the rock and can quantify

mineral abundances for simple or very complex materi-

als, which includes different phyllosilicates (Brindley,

1980; Snyder and Bish, 1989; Środoń et al., 2001; De

Ruan and Ward, 2002; Omosoto et al., 2006; Shen et al.,

2012; Dumon et al., 2014). To evaluate the relative

amounts of mineral phases, methods based on peak

intensity ratios that use an internal standard, a reference

intensity ratio (RIR), or the Rietveld method are

frequently used. Quantitative phase analysis (QPA)

based on the Rietveld method, which fits a simulated

pattern based on structural models to measured XRPD

data, is an effective method for well-ordered phases

(Bish and Howard, 1988; Snyder and Bish, 1989;

Chipera and Bish, 2002). Quantifying disordered clay

minerals, such as smectite and interstratified phyllo-

silicates, however, remains more challenging (e.g., Ufer

et al., 2008, 2012). Clays occur as discrete minerals

(e.g., kaolinite, chlorite) and as interstratifications of

different layers along the c* direction (Środoń, 2002).

Expandable layers and stacking defects have important

effects on XRPD patterns and typically make the

Rietveld approach not applicable for rigorous quantita-

tive analysis or structure refinement. To circumvent this

difficulty, XRPD quantitative analyses can be combined

with chemical data, e.g., whole-rock chemical data

directly related to the amounts and chemical composi-

tions of the rock constituents (Ufer et al., 2008). As

reported by Snyder and Bish (1989), the use of chemical

analyses to calculate the chemical composition of a rock

combined with XRPD quantification was first used in the

1950s and became popular in the 1980s. Pearson (1978)

and Slaughter (1989) used linear programming and

const ra ined the solut ion using chemical and
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mineralogical XRPD data. Calvert et al. (1989) used

chemistry as an additional constraint in the least-squares

whole-pattern fitting program of Smith et al. (1987) and

improved the results for artificial mixtures. Most

recently, Ufer et al. (2008) used XRF data as an

independent assessment of the quantitative results that

were obtained using Rietveld refinement (for bentonite

samples). These studies confirmed that the combination

of XRF and XRPD data allows a less biased quantifica-

tion of poorly ordered mineral phases.

Slow-moving landslides are generally considered to

be related to the most weathered and surficial parts of

structurally complex formation slopes (Taylor and

Cripps, 1987; Calcaterra et al., 2006), which in the

engineering geology literature are known as broken

formations, scaly clays, chaotic complexes, and varie-

gated clays (Bianconi, 1840; Di Bucci, 1996). Taylor

and Cripps (1987) showed that weathering acts on these

soils through the formation of ‘‘weathering zones’’ that
are characterized by an increase in material degradation

from the bottom to the top. The most weathered rocks

were assumed to contain the largest amounts of

expandable clays (e.g., smectite). One of the phenomena

associated with these clays is the ability to adsorb water

with concomitant swelling. For this reason, the transition

from the dry season (summer) to the cold and rainy

season (winter) and back can be marked by shrinkage

and swelling phenomena. Based on these assumptions,

several authors attempted to determine whether a

correlation existed between landslide occurrence and

the mineralogical features of the material. Cruden and

Varnes (1996) suggested that an increase in water pore

pressure may be responsible for decreased shear strength

and, thus, represents a crucial factor to determine the

onset of slope instability as was verified for the Bisaccia

and Agnone landslides (Maggi and Pellegrino, 2002;

Maggi, 2003; Calcaterra et al., 2007).

The aims of the present study were to characterize the

mineralogy and to quantitatively analyze the hetero-

geneous clay-rich sedimentary rocks that are involved in

a slow-moving landslide in the southern Apennines, near

Massalubrense on the Sorrento Peninsula in Southern

Italy, in order to evaluate the relationship between rock

mineralogy and landslides. For the present study, an

internal-standard Rietveld XRPD method combined with

chemical XRF analyses was used with a set of samples

selected from boreholes drilled in the landslide area. The

study area was affected in 1963 by sudden activation of

the Termini Nerano landslide, which is a slow moving

landslide about 2 km in length. Three villages were

involved and damaged by the Termini Nerano landslide,

which were the Termini, Nerano, and Marina del

Cantone villages that respectively correspond to the

landslide crown, slide zone, and accumulation zones

(Cotecchia and Melidoro, 1966). The landslide area

remains active and the slope is currently affected by a

slow retrogressive movement, which corresponds to the

crown zone, and paroxysmal events are likely to occur

again in the area (Picarelli and Russo, 2004; Cascini et

al., 2005; Mansour et al., 2011).

GEOLOGICAL SETTING AND LITHOLOGIC

CHARACTERISTICS OF THE STUDY AREA

The 1963 Termini Nerano landslide (Figure 1, blue

area labeled A) is the result of complex movements

(Cotecchia and Melidoro, 1966; Cruden and Varnes,

1996) that began as a slow roto-translational landslide

that corresponds to the present-day crown zone and

evolved into more rapid flow after triggering events,

such as long duration rainfall, which overlapped the

1940 landslide deposits. The 1963 landslide is distinct

from the larger slides (the 1940 slide in yellow labeled B

and 2011 slide in green labeled D), which are defined as

roto-translational slides. The total length of the 1963

Termini Nerano landslide is ~1900 m from the crown

zone to the shore at the Marina del Cantone village. As

reported by Cotecchia and Melidoro (1966), the 1963

phenomenon involved about 16106 m3 of materials that

were characterized by the alternation of shales and

sandstones of the Arenarie di Termini Formation.

Seismic analyses carried out in the area after the event

showed that the deepest slip surface occurred at a depth

of about 25 m (Cotecchia and Melidoro, 1966).

In detail, the geology of the Termini and Nerano

areas is dominated by the presence of terrains that

belong to the Mesozoic-Cenozoic Monti Lattari

Picentini tectonic unit. Three main sedimentary lithol-

ogies occur in the landslide area that belong to the

Calcari a Radiolitidi, Calcareniti di Recommone, and

Arenarie di Termini Formations (Figure 2). The Calcari

a Radiolitidi Formation is a succession of dolostones,

limestones, and rare calcareous conglomerate interbeds.

The Calcareniti di Recommone Formation is mainly

constituted by bioclastic and glauconitic calcarenites,

which through increases in the siliciclastic fraction and

decreases in the calcareous component, gradually merge

with the overlying Arenarie di Termini Formation

sandstones (Termini Sandstones) (Iannace et al., 2015).

The materials that are mainly involved in the landslide

belong to the Arenarie di Termini Formation, which is a

siliciclastic succession of Miocene age that is stratigra-

phically continuous over the carbonate lithologies of the

Calcareniti di Recommone Formation (Iannace et al.,

2015). The Arenarie di Termini Formation is constituted

by red, green, and grey-greenish arkosic sandstones and

shales intercalated with calcarenite and marls. Iannace et

al. (2015) reported that the sandstones that belong to the

Arenarie di Termini Formation are generally character-

ized by a low diagenetic grade with abundant detrital

quartz and feldspars and minor lithic components. The

Arenarie di Termini Formation rocks are consequently

classified as quartz-feldspar sandstones. The lithic

fragments show high diagenetic grades that were
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inherited from the original parent rocks and eroded at the

time as sandstone deposition. In detail, Iannace et al.

(2015) reported the occurrence of lithic fragments of

clear igneous origin, as well as gneiss, slate, phyllite,

and rare serpentinite, siltstone, and shale fragments that

were derived from the erosion of an orogenic area. At

the time of sandstone deposition, the orogenic area was

characterized by rapid uplift with a metamorphic base-

ment that was intruded by plutons.

MATERIALS AND METHODS

Twenty-six samples (Table 1) were selected from

three cores drilled into the Termini sandstones that

corresponded to the crown zone, the sliding zone, and

the accumulation zone of the 1963 Termini Nerano

landslide (Figure 1). Both qualitative and quantitative

mineralogical analyses were performed on the selected

samples. Qualitative analyses were carried out on bulk

samples and on clay fractions separated from the bulk

samples. Specific analyses of interstratified phyllo-

Figure 1. Geomorphological map of the Termini-Nerano area (P.A.I., 2011, modified), with locations of the studied drill cores. The

1963 landslide location is shown in blue (gray in grayscale) marked with the letter A.
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silicates were performed to evaluate the component

layers as well as the Reichweite (R value) layer stacking

order (Moore and Reynolds, 1997). Quantitative mineral

analyses were carried out on bulk samples by combining

XRPD quantitative analysis and whole rock chemical

data determined using XRF analysis (Table 2).

Both major and trace element XRF analyses were

obtained using PANalytical Axios instruments

(PANalytical, Amelo, The Netherlands) at the

Dipartimento di Scienze della Terra, dell’Ambiente e

delle Risorse (DiSTAR), at the University of Naples

Federico II, Napoli, and at the Department of Earth and

Geo-environmental Sciences at Aldo Moro University,

Bari, controlled using Super Q 4.0J.L software. Four-

gram samples were crushed in an agate mortar, mixed

with polyvinyl alcohol (at 10 wt.%.), and oven dried at

50ºC for 48 h. This material was placed in a metal

sample holder, which was about � full of granular boric

acid and was pressed into a pellet at ~18 atm for ~20 sec.

The loss on ignition (LOI) represented the mass loss due

to H2O and CO2 lost during firing the sample at 1100ºC

for 2 h. The XRPD analyses were carried out using

several different instruments: (1) a Rigaku DMax 2200

(Rigaku Corporation, Tokyo, Japan) (CNR-IMAA, Tito

Scalo, Potenza) with measurement conditions of CuKa
radiation, 40 kV, 30 mA, scintillation detector, measured

from 2�70º2y, 0.02º2y steps, and a 2 s/step count time;

(2) a Bruker D8 Advance (Bruker, Billerica,

Massachusetts, USA) at Dept. of Geological Sciences,

Indiana University with measurement conditions of

Figure 2. Geological map of the Termini-Nerano area (Iannace et al., 2015, modified). TM11 = Termini sandstone, CDR =

Calcareniti di Recommone, RDT = Calcari a Radiolitidi, a1 = landslide deposits, BOD = Breccia di Punta del Capo, VEF1 = Vesuvian

Flegrean Synthem.
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CuKa radiation, 45 kV, 35mA, SolX solid-state Si(Li)

energy-dispersive detector, measured from 2�70º2y,
0.02 2y steps, and 2 s/step count time; (3) a

PANalytical X’Pert Pro (PANalytical, Amelo, The

Netherlands) at DiSTAR, University of Naples

Federico II with measurement conditions of CuKa
radiation, 40 kV, 40 mA, RTMS X’Celerator detector,

measured from 4�50º2y, 0.017º2y equivalent steps, and

60 s/step equivalent time; and (4) a Philips PW1730/

3710 (Philips, Eindhoven, The Netherlands) at DiSTAR,

University of Naples Federico II with measurement

conditions of CuKa radiation, 40 kV, 30 mA, MiniProp

detector, measured from 3�35º2y, 0.02º2y steps, and

2 s/step count time. PANalytical HighScore Plus 3.0e

and Bruker AXS EVA software were used for mineral

identification.

Whole rock XRPD analyses were conducted on

samples prepared using the procedures described by

Moore and Reynolds (1997). Specifically for the analysis

of bulk samples, the material was disaggregated in an

agate mortar to obtain a homogeneous powder (particle

size <200 mm). Twenty wt.% corundum (a-Al2O3,

Buehler micropolish, 1 mm grain size) was added for

quantitative analyses and this mixture was subsequently

micronized (grain size <10 mm) using a McCrone

Micronizing Mill (McCrone, Westmont, Illinois, USA)

at DiSTAR, University of Naples Federico II with agate

cylinders and 10 mL of deionized water for a 15 min

grinding time. This technique was used to minimize

primary extinction, orientation related problems, and

particle statistics problems (Klug and Alexander, 1974;

Bish and Chipera, 1987; Srodon et al., 2001).

In order to a) identify clay minerals, b) evaluate the

presence of interstratified I-S and C-S, and c) obtain

information about the composition and order of inter-

stratified clays, the clay fraction analyses were carried

out on oriented mounts of all the samples, except for the

calcarenitic materials. The clay fraction was obtained by

placing the crushed material in glass blenders and

blending with deionized water using a multi-position

magnetic stirrer. All suspensions were allowed to settle,

then after 24 h the clay fraction in the supernatants was

recovered and dried. About 200 mg of the clay fraction

was selected and mixed with 1 M MgCl2 solution using a

GFL 3005 shaker (GFL Gesellschaft für Labortecknik

mbH, Burgwedel, Germany) at DiSTAR, University of

Naples Federico II. After Mg saturation (MacEwan and

Wilson, 1984), the supernatants were centrifuged for

15 min at 22136RCF to sediment the clay. Oriented

mounts were prepared using the Moore and Reynolds

(1997) smear glass slide method. Ethylene glycol

solvation at 60ºC for 8 h was also carried out on the

air-dried samples in order to expand clay mineral

structures.

The characteristic basal reflections of the clay

minerals were analyzed by profile fitting using a

Pearson VII function and the WINFIT computer program

(Krumm, 1996). The number of individual profiles used

in this fitting was dictated by the major phases

recognized in the qualitative bulk-sample XRPD analy-

sis and in the various treatments of the oriented mounts

(Leoni et al., 2010). Chlorite and kaolinite were

differentiated by heating the clay fraction as described

by Moore and Reynolds (1997).

Quantitative mineral analyses were carried out using

the internal standard Rietveld method and Bruker AXS

TOPAS software. Rietveld refinement alone generally

yielded acceptable results when used to evaluate

materials that primarily contained three dimensionally

ordered materials. For samples that contained poorly

ordered phases, such as clay minerals or interstratified

phyllosilicates, however, conventional Rietveld refine-

ments without the use of an internal standard did not

adequately model the entire diffraction patterns. This led

to inaccuracies in mineral quantities and poor informa-

tion on the quantities of disordered materials, such as the

clay minerals. For this reason, the internal standard

method was adopted to calculate the total amount of

poorly ordered phyllosilicates by difference from 100%.

Because the internal standard method allows the

absolute (as opposed to the relative) amounts of well-

ordered phases to be determined without the constraint

that all phases sum to 100%, this approach should

provide more accurate results for the well ordered

Table 1. List of samples analysed in this study.

ID sample Depth (m) Lithology

PN1 3.3 Sand
PN2 4.7 Silty clay
PN3 7 Marly clay
PN4 8.9 Calcarenitic sandstone
PN5 14 Marly shale
PN6 16.5 Marly shale
PN7 18.5 Marly shale
PN8 23 Marly shale
PN9 24.9 Marly shale
PR1 3 Silty shale
PR2 4.5 Silty shale
PR3 6 Clayey silt
PR5 9.7 Sandstone
PR6 11 Sandstone
PR7 14.45 Calcarenitic sandstone
MC1 3 Clayey silt
MC2 4.5 Silty shale
MC3 5.2 Silty shale
MC4 7 Clayey silt
MC5 9.35 Silty sand
MC6 11.4 Silty sand
MC7 14 Silty shale
MC8 15.2 Clayey silt
MC9 16.9 Sandstone
MC10 18.5 Calcarenitic sandstone
MC13 25.6 Siltstone

PN samples were collected from borehole Sc1; PR samples
from borehole Sc2; and MC samples from borehole Sc3.

Vol. 66, No. 4, 2018 Quantitative mineralogy of clay-rich siliciclastic landslide 357

https://doi.org/10.1346/CCMN.2018.064108 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2018.064108


components. Preferred orientation of crystallites was

modeled using the March function (Dollase, 1986) and

the fundamental parameters approach was used for

profiles. The instrumental contribution was modeled

along with a Lorentzian crystallite size, a strain

component, and a 3rd or 4th order Chebyshev back-

ground. Contributions from clay minerals to diffraction

patterns were modeled using Pearson VII profiles for the

00l reflections and split Pearson VII profiles to fit the

hkl bands.

Phyllosilicates with more ordered structures (e.g.,

muscovite) were directly modeled using the crystal

structures. All other clay minerals with partially

disordered or disordered structures that do not have

three dimensionally ordered structures (interstratified I-

S and C-S) were not explicitly included in the refinement

(modeled with Pearson VII profiles) and were evaluated

by difference from 100%. These XRPD mineralogical

results were then used as starting values to determine the

amounts of phases using the vbAffina software program,

which (explained later) recalculates the mineralogy of

samples based on the major element chemical composi-

tion (whole rock XRF analysis). The following crystal

structures were used in the Bruker TOPAS software: Na-

plagioclase (Harlow and Brown, 1980), maximum

microcline (Philips and Ribbie, 1973), 1M biotite

(Takeda and Ross, 1975), quartz (Le Page and Donnay,

1976), IIb chlorite (Rule and Bailey, 1987), muscovite

(Liang and Hawthorne, 1996), kaolinite (Bish, 1993),

and calcite and dolomite (Graf, 1961).

The vbAffina program is a Microsoft Visual Basic 6.0

program to quantitatively evaluate the mineralogy of

clay rich sediments. It is available free of charge at the

website of the Department of Earth Science, University

of Pisa. The software, however, is currently unavailable

because the authors are improving it as well as

translating it into English to facilitate international

distribution. The vbAffina program estimates the relative

amounts of different mineral phases by combining

chemical analyses (e.g., XRF data) and XRPD quanti-

tative mineralogical data (Leoni et al., 1989, 2008). It

requires as input data: a) qualitative identification and a

quantitative estimate of the mineral phases in the sample

obtained by XRPD methods; b) the major element

Table 2. Whole-rock chemical analysis (%) of the major elements as oxides.

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5

PN1 55.70 0.80 16.99 6.92 0.14 5.00 2.40 0.96 0.00 0.11
PN2 50.64 0.74 15.37 6.99 0.10 5.58 5.39 0.91 3.07 0.10
PN3 51.16 0.68 14.71 5.82 0.13 5.06 8.32 1.13 2.91 0.10
PN4 53.57 0.92 16.79 7.52 0.15 3.54 3.94 0.72 3.26 0.11
PN6 53.01 0.87 17.52 6.80 0.09 3.14 4.28 0.91 2.12 0.21
PN6 50.60 0.82 17.94 6.02 0.16 3.85 6.07 1.42 2.66 0.08
PN7 41.67 0.57 13.08 5.81 0.25 3.31 14.77 1.20 2.21 0.10
PN8 50.85 0.77 16.98 6.30 0.13 3.90 6.38 1.29 2.45 0.08
PN9 50.31 0.97 19.45 6.93 0.07 2.83 4.17 0.89 2.51 0.08
PR1 52.23 0.84 16.36 7.00 0.16 3.43 5.28 0.53 3.07 0.16
PR2 50.47 0.77 15.33 6.85 0.16 3.07 7.13 0.62 3.21 0.48
PR3 54.57 0.88 17.57 7.32 0.13 3.75 3.55 0.46 3.51 0.12
PR4 76.74 0.43 4.08 2.69 0.15 1.15 7.17 0.52 0.91 0.01
PR5 58.25 0.43 12.21 3.54 0.06 2.45 10.77 1.24 2.72 0.12
PR6 55.17 0.63 14.43 4.22 0.05 3.17 8.11 0.80 3.53 0.14
PR7 66.76 0.31 13.00 2.53 0.03 1.76 4.84 2.47 2.49 0.08
PR8 49.29 0.79 10.69 6.86 0.18 2.76 6.83 0.74 3.04 0.43
PR9 45.26 0.09 6.61 1.73 0.11 0.91 25.82 1.40 2.17 �
PR10 63.96 0.16 10.49 2.24 0.05 1.37 9.61 1.93 2.83 0.03
PR11 58.51 0.19 9.59 2.18 0.07 1.34 14.54 1.76 2.89 0.03
MC1 52.16 0.96 18.45 7.84 0.23 3.52 4.02 0.46 3.25 0.12
MC2 54.02 0.92 19.51 8.30 0.33 3.42 1.61 0.42 3.55 0.09
MC3 49.93 0.93 18.15 7.59 0.20 3.40 4.43 0.47 3.23 0.12
MC4 54.21 0.92 18.72 7.99 0.21 3.44 1.64 0.40 3.37 0.09
MC5 53.39 0.97 18.98 8.44 0.11 2.95 1.86 0.21 2.01 0.19
MC6 39.84 0.57 12.48 5.10 0.42 2.27 19.94 0.61 2.23 0.04
MC7 43.52 0.51 10.84 4.84 0.34 2.15 18.61 0.44 2.16 0.08
MC8 54.03 0.48 13.10 4.03 0.11 2.03 10.38 1.29 2.78 0.12
MC9 55.41 0.65 14.81 4.95 0.06 2.69 8.83 0.97 3.39 0.13
MC10 60.39 0.54 13.55 4.23 0.07 2.64 6.79 1.08 3.47 0.13
MC11 35.89 0.27 2.53 9.27 1.86 3.37 26.07 0.21 0.06 �
MC12 61.93 0.21 10.59 2.28 0.06 1.18 10.40 2.11 2.86 0.04
MC13 63.21 0.38 14.15 2.80 0.03 1.89 5.92 2.23 3.38 0.10
MC14 60.44 0.28 12.26 2.81 0.05 1.79 9.97 1.89 3.30 0.07
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composition of the bulk sample (in this case, SiO2,

Al2O3, Fe2O3, MgO, CaO, Na2O, and K2O); c) the

amounts of CO2 and H2O
+, or CO2 + H2O

+ as LOI; and

d) estimates of the chemical compositions of individual

minerals in the samples. The data were processed using a

least squares procedure that minimizes the differences

between chemical compositions calculated from the

XRD-determined phase percentages that were intro-

duced into vbAffina (i.e., XRPD results) and those

determined using XRF (Leoni et al., 2008). The system

also allows the amount of some phases, such as calcite

and/or dolomite, to be constrained based on independent

estimates (e.g., from CO2 analyses). Other constraints

include the allowed range for each different phase

analyzed. During the calculation, the software can

incrementally vary the percentages of all the phases by

0.5% or 1% (and so on in 0.5% steps). The software then

automatically calibrates the most statistically represen-

tative values of the mineral phases and, thereby,

determines a Gaussian distribution with the most likely

percent value for a given phase.

Stoichiometric compositions of quartz, calcite, dolo-

mite, Na-plagioclase (albite), microcline (orthoclase in

vbAffina), and kaolinite were used with vbAffina

(Table 3). The initial chlorite, muscovite/illite, and

smectite compositions were selected from a vbAffina

database that contained the compositions of these

minerals. The software automatically calculates both

the amount of each phase and the chemical composition

of individual components for each sample. For the

analyses in the present study, dioctahedral smectite was

assumed to be the smectitic portion of interstratified I-S

based on XRPD analysis, and trioctahedral smectite was

used to represent the smectitic portion of interstratified

C-S. These assumptions were justified by the fact that

the normal transition from smectite to illite involves

dioctahedral smectite, whereas trioctahedral smectite

usually transforms to chlorite (Meunier et al., 1991; Son

et al., 2001). After calculating chlorite, illite, and

smectite quantitites as discrete phases, interstratified

I-S and C-S were estimated based on the ratio of end

members according to Moore and Reynolds (1997) and

by assuming the percent smectite that was calculated

based on the chemical composition.

RESULTS

Qualitative XRPD Analyses

Results revealed that the use of different methods for

sample preparation and different instruments did not

influence the final results, and comparisons of the data

from DiSTAR, CNR, and Indiana University closely

agreed. Qualitative XRPD analyses showed that the

samples contained phyllosilicate minerals (chlorite,

kaolinite, illite-muscovite, and interstratified I-S and

C-S), quartz, feldspars (Na-plagioclase and microcline),

and carbonate minerals (calcite and dolomite) (Figure 3).

Interstratified C-S was not obvious in the bulk sample

XRPD patterns because of the peak overlap between

chlorite and mixed-layer I-S, which was only revealed

by XRD patterns of glycolated oriented mounts

(Figure 5).

In detail, all samples from the Sc1 core (Figure 1,

Table 1) were characterized by the presence of quartz,

feldspars, and calcite, but dolomite content was gen-

erally low (Figure 3a). Chlorite and illite-muscovite

were also present, but discrete kaolinite was detected

only in samples PN4, PN5, PN6, PN8, and PN9.

Interstratified I-S was present in all samples (Figure 3a

and Table 4). Both R0 and R1 Reichweite values for I-S

were characteristic of samples PN2, PN4, and PN6 to

PN9. Sample PN1 contained I-S with R1 and R3

Reichweite values (Table 4) and the I-S in samples

PN3 and RN5 had R1 and R0 values, respectively

(Table 4). Interstratified C-S with an R0 value was

present in all samples, except PN5 and PN8 (Table 4).

Samples from core Sc2 (Figure 1, Table 1) were

characterized mainly by quartz, feldspars, and calcite

Table 3. Chemical composition of minerals used in the vbAffina (wt.%).

CO2 Na2O MgO Al2O3 SiO2 K2O CaO FeO

Quartz 0 0 0 0 100 0 0 0
Calcite 44 0 0 0 0 0 56 0
Dolomite 48 0 22 0 0 0 30 0
Albite 0 12 0 19 69 0 0 0
Anortite 0 0 0 37 43 0 20 0
Ortose 0 0 0 18 65 17 0 0
Kaolinite 0 0 0 46.5 c 0 0 0
Illite 0 0 3.2 30.2 56.4 10.2 0 0
Chlorite 0 0 17.9 18.2 32 0 0 31.9
Smectite D 0 0 2.9 24.9 70.3 0 0 1.9
Smectite T 0 0 23.8 4.4 57.7 0 0 14.1

Smectite D = dioctahedral smectite; Smectite T = trioctahedral smectite.
Further information about the chemical composition of minerals are reported by Leoni et al. (1989).
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(Figure 3b). Illite and/or mica with 10 Å peaks and 14 Å

chlorite peaks were pronounced in the XRPD patterns as

well as the characteristic broad low-angle diffraction

features of interstratified I-S (Figure 3b). Both R0 and

R1-ordered I-S were present in PR1, PR2, PR3, and PR5

(Table 4), whereas samples PR6 and PR7 were char-

acterized by the presence of only R1-ordered I-S

(Table 4). R0 interstratified C-S was detected in samples

PR1, PR2, and PR3 (Table 4). Kaolinite was detected in

only the four PR1, PR2, PR3, and PR6 samples.

Samples from the Sc3 core (Figure 1, Table 1) were

characterized by quartz, Na-feldspar, K-feldspar, and

calcite (Figure 3c). In addition, heating tests on the

oriented mounts confirmed kaolinite in all samples,

except for samples MC8, MC9, and MC10. Chlorite, a

10 Å phase (illite-muscovite), and interstratified I-S

were identified in all Sc3 samples. In detail, MC1 and

samples from MC6 to MC10 had both R0 and R1-

ordered interstratified I-S (Table 4). R1-ordered inter-

stratified I-S was detected in samples MC2, MC3, MC4,

MC6, MC7, MC8, MC9, MC10, and MC13 (Table 4).

R0 interstratified C-S was present in all samples except

MC2, MC3, MC4, and MC13 (Table 4).

Quantitative analyses

Internal-standard Rietveld analyses. Quantitative miner-

alogical data obtained using Bruker TOPAS software

(Table 5) did not provide the amount of any interstra-

tified C-S independently from interstratified I-S because

interstratified C-S was not obvious in the bulk sample

XRPD patterns (Figure 4). The total amounts of

interstratified clay minerals (I-S + C-S) were always

calculated by difference from 100% using the internal

standard method. As shown in Table 5, all samples were

dominated by I-S and C-S with lesser amounts of

kaolinite, chlorite, muscovite, quartz, Na and

K-feldspars, calcite, and traces of dolomite.

vbAffina analysis. Mixed-layer I-S was modeled with the

vbAffina program using the amounts of illitic and

Figure 3. Representative XRPD patterns of samples from borehole (a) Sc1-PN1 sample; (b) Sc2-PR1 sample; (c) Sc3-MC2 sample.

Chl = chlorite; I-S = interstratified illite-smectite; C-S = interstratified chlorite-smectite; Kln = kaolinite; Ms = muscovite; Qtz =

quartz; Mcl = microcline; Na-pl = Na-plagioclase; Cal = calcite; Dol = dolomite.
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Table 4. Percentage of illitic and chloritic layers in interstratified I-S and C-S, respectively, and associated Reichweite values.

ID sample ——————— I-S ——————— ——————— C-S ———————
Reichweite value % Illitic layers Reichweite value % Chloritic layers

PN1 R1; R3 63; 82 R0 50
PN2 R0; R1 37; 76 R0 50
PN3 R1 71 R0 40
PN4 R0; R1 28; 77 R0 50
PN5 R0 56 � �
PN6 R0; R1 28; 74 R0 55
PN7 R0; R1 45; 76 R0 57
PN8 R0; R1 38; 80 � �
PN9 R0; R1 34; 77 R0 42
PR1 R0; R1 59; 67 R0 53
PR2 R0; R1 35; 67 R0 38
PR3 R0; R1 45; 82 R0 43
PR5 R0; R1 45; 74 � �
PR6 R1 76 � �
PR7 R1 74 � �
MC1 R0; R1 60; 74 R0 55
MC2 R1 76 R0 55
MC3 R1 74 � �
MC4 R1 75 R0 52
MC5 R0 49 � �
MC6 R0; R1 45; 67 � �
MC7 R0; R1 30; 76 � �
MC8 R0; R1 24; 75 R0 55
MC9 R0; R1 36; 76 R0 65
MC10 R0; R1 35; 73 R0 60
MC13 R1 76 R0 40

Table 5. XRPD quantitative results (wt.%) from internal-standard Rietveld refinement.

ID sample I-S+C-S Ms Kln Chl Qz Mcl Na-pl Cal Dol

PN1 31 16 � 3 26 4 15 5 <1
PN2 31 17 � 2 22 4 12 10 1
PN3 24 16 � 2 28 4 16 9 2
PN4 59 5 � 3 18 4 6 4 1
PN5 50 3 3 3 22 6 4 8 <1
PN6 49 7 1 7 17 4 7 6 5
PN7 39 3 � 7 16 3 7 21 3
PN8 39 5 � 5 23 3 9 10 5
PN9 61 3 5 2 16 3 3 5 1
PR1 52 6 � 3 19 6 8 6 <1
PR2 54 6 5 6 15 6 6 7 1
PR3 46 10 � 3 21 7 7 6 <1
PR5 18 8 � 2 34 8 15 14 1
PR6 46 1 � 4 23 8 11 6 �
PR7 14 5 � 3 45 8 21 5 <1
MC1 63 5 � 1 17 5 5 3 <1
MC2 65 6 1 3 16 3 4 3 1
MC3 55 5 4 6 16 7 4 4 1
MC4 55 7 1 3 21 4 4 4 <1
MC5 61 3 5 6 19 2 1 3 <1
MC6 18 4 1 2 22 6 7 39 1
MC7 36 2 <1 5 27 7 12 9 1
MC8 13 6 � <1 28 5 12 33 2
MC9 38 2 4 4 25 7 10 8 1
MC10 37 2 4 3 29 8 12 6 <1
MC13 45 6 � 2 30 6 5 4 2

I-S+C-S = mixed-layers; Ms = muscovite; Na-pl = Na-plagiocase; Qz = quartz; Cal = calcite; Chl = chlorite;
Kln = kaolinite; Mcl = microcline; Dol = dolomite; � = not detected.
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smectitic layers from the XRPD-determined amount of

the illitic component in interstratified I-S. Figure 5

contains representative XRPD patterns of sample clay

fractions that are characterized by: illite, chlorite, and

R0 interstratified I-S (Figure 5a); illite, chlorite, R0 and

R1-ordered I-S, and R0 C-S (Figure 5b); illite, chlorite,

and R0 I-S (Figure 5c); and illite, chlorite, R1- and R3-

ordered I-S, and R0 C-S (Figure 5d). The degree of order

in interstratified I-S was determined using the peak

position between 5 and 8.5º2y (CuKa radiation) (Moore

and Reynolds, 1997). In detail, the R0 I-S was

characterized by a peak at ~5.3º2y (Figures 5a and 5b).

The R1-ordered I-S has a peak from 6.5 to 7.5º2y
(Figures 5b and 5c) and the R3-ordered I-S has a peak

between 8.0 and 8.5º2y (Figure 5d). Interstratified I-S

was the primary clay mineral and the content ranged

from 15 to 52 wt.% in all the samples (Table 6). Because

interstratified C-S was only identified in XRPD patterns

Figure 4. Results of Rietveld refinement using TOPAS for sample PN4 Gray line at a y-axis value of zero represents the difference

between observed and calculated profiles, and the small vertical tic marks at the bottom of the plot represent the positions of all

possible reflections for each phase. (a) 2�36º2y, (b) 36�70º2y.

Figure 5 (facing page). Representative XRPD patterns of oriented ethylene glycol-solvated aggregates characterized by the

presence of: (a) R0 interstratified I-S, MC5 sample; (b) R0 and R1 interstratified I-S, PR2 sample; (c) R1 interstratified I-S, PR7

sample; (d) R1 and R3 interstratified I-S and R0 interstratified C-S, PN1 sample. I-S = interstratified illite-smectite; C-S =

interstratified chlorite-smectite; Chl = chlorite; Ill = illite; Kln = kaolinite; Qtz = quartz; Na-pl = Na-plagioclase. Higher-angle

portions of the XRPD patterns have been scaled up in intensity in comparison with the low-angle portions.
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Figure 6. Differences between quantitative analyses obtained using Bruker TOPAS and vbAffina software: (a) Ms vb-Ms T, Kln vb-

Cln T, and Chl vb-Chl T mineral phases; (b) Cal vb-Cal T and Dol vb-Dol T mineral phases.

364 Cesarano et al. Clays and Clay Minerals

https://doi.org/10.1346/CCMN.2018.064108 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2018.064108


of oriented aggregates, an initial content of 4�5 wt.%

interstratified C-S, which contained various amounts of

trioctahedral smectite and chlorite, was estimated based

on visual observations of the patterns. The vbAffina

refined C-S content did not change significantly from the

input values and typically remained within the estimated

error of �1 wt.%. The refined C-S content was only

significantly greater than the average C-S values for

sample PN1 (Table 5), which yielded 15 wt.% inter-

stratified C-S. The diagnostic corrensite reflection at

about 11.4º2y in the XRPD pattern of the glycolated

material was used to determine the degree of ordering of

the interstratified C-S (Moore and Reynolds, 1997).

A comparison between Table 5 and Table 6 revealed

the differences between the results obtained by the two

different methods. The internal standard Rietveld

method provided information on individual crystalline

phases and on the sum of the unmodeled phases (i.e.,

clay mineral phases, interstratified I-S and C-S). The

single value for the total clay mineral phases obtained by

difference by this method (Table 5) was commonly

lower than the sum of the interstratified I-S and C-S

contents calculated using vbAffina. Because this dis-

crepancy is associated with decreased amounts of quartz

and feldspars determined using vbAffina in comparison

with the amounts determined using the internal standard

Rietveld method, the vbAffina likely recalculated the

phyllosilicate content and subtracted the Si that was

originally assigned to quartz and feldspar. Figures 6b

and 6c show that the Na-plagioclase, quartz, microcline,

calcite, muscovite, and kaolinite contents that were

evaluated by TOPAS in sample MC13 are lower than the

values determined using vbAffina (Figure 6a). The

amount of interstratified I-S calculated using vbAffina

was significantly lower (17 wt.%) than the amount

obtained by difference using Rietveld refinement

(45 wt.%) (Table 6). The amount of interstratified I-S

determined by vbAffina provided better agreement

between measured and calculated bulk chemistry.

DISCUSSION

Quantitative evaluation of clay-rich sediments

Quantitative mineralogical analyses of the clay-rich

sediments employed a combination of methods to

accommodate the presence of disordered phyllosilicates,

such as interstratified minerals. Such minerals are

characterized by a variable chemical composition and

degree of order and both strongly influence the

diffracted intensities and the ability to model XRPD

data. In the present study, two interstratified phases (I-S

and C-S) were identified and evaluated independently

using ethylene glycol solvated samples. The I-S was

clearly recognized in bulk-sample XRPD patterns and

with oriented aggregates, whereas the C-S was apparent

only in the oriented mount patterns of most materials.

Because the conventional Rietveld method is not capable

of accurately modeling disordered (e.g., interstratified I-

Figure 6 (contd.). (c) Qtz vb-Qtz T, K-f vb-K-f T, and Na-f vb-Na-f T mineral phases.
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S and C-S) and poorly ordered materials, the amounts of

these components can be evaluated by difference from

100% using the internal standard Rietveld method. In the

studied samples, no diffraction evidence appeared for

poorly ordered materials other than clay minerals and the

internal standard Rietveld method was only used to

evaluate the amounts of interstratified I-S and C-S. In

order to refine the mineralogical results, the vbAffina

software was used to calculate the amounts of mineral

phases and calibrated the XRPD determined values using

the bulk chemical data for whole samples and the

chemical compositions of individual minerals. The

vbAffina program was used to determine the amounts

of individual interstratified minerals, which were not

determined after Rietveld refinement. Although the

chemical compositions of several minerals (e.g., quartz,

microcline, kaolinite, calcite) are approximately con-

stant, other phases (e.g., interstratified clays, chlorite,

Na-plagioclase, illite) are generally characterized by a

variable composition that is more difficult to constrain

and, thereby, influences the quality of the results. In this

case, the differences in the results were likely affected

by inaccuracies in the chemical compositions of

individual phases (e.g., chlorite, plagioclase, illite) and

by the effects of disordered phases on the diffraction

patterns (Tables 5 and 6 and Figure 6). Because the

amounts of clay minerals were determined by difference

from 100% using the internal standard method with

TOPAS, any errors in modeling the non-clay portion of a

sample will affect the quantification of all components.

Thus, chemical data were used together with TOPAS

results to increase the accuracy of the mineralogical

quantifications of all phases. Although no amorphous

material was detected in the XRPD patterns, small

amounts of such materials could be present and would

contribute to small inaccuracies in the final mineral

quantifications (e.g., Bish and Chipera, 1987).

Evaluation of mineralogy effects on landslide

development

The mineralogy of the materials involved in the

landslide (obtained in the present study) in comparison

with the petrography of the ‘‘undisturbed’’ rocks that

constitute the Arenarie di Termini Formation (reported

in Iannace et al., 2015) illustrate that the landslide

materials are clay-rich rocks characterized by abundant

interstratified I-S. The I-S is associated in several

samples with interstratified C-S, which can be consid-

ered as products of in situ weathering. Relatively minor

amounts of quartz, feldspar, and calcite with traces of

Table 6. Results (wt.%) of combined XRD/XRF analysis using vbAffina.

ID sample I-S C-S Ms Kln Chl Qtz Mcl Na-pl Cal Dol

PN1 33 15 16 � 6 15 1 9 4 1
PN2 36 � 9 � 17 16 3 7 9 3
PN3 26 4 10 � 14 18 5 6 15 2
PN4 38 4 9 5 10 14 4 7 7 2
PN5 47 � 5 6 8 20 3 3 8 1
PN6 39 4 7 5 9 13 1 9 8 5
PN7 34 4 5 � 6 13 1 9 24 4
PN8 43 � 7 4 9 15 2 6 8 6
PN9 52 4 4 4 10 13 1 4 6 2
PR1 34 4 9 7 8 19 2 5 9 3
PR2 44 4 2 6 9 15 3 2 13 2
PR3 39 4 3 7 9 20 3 6 4 5
PR5 19 � 10 � 7 27 5 10 20 2
PR6 34 � 5 5 6 19 5 9 15 2
PR7 14 � 5 � 7 40 5 19 9 1
MC1 43 4 9 6 8 16 1 4 6 3
MC2 46 4 4 7 12 16 3 4 2 2
MC3 54 � 3 8 12 13 2 3 4 1
MC4 43 4 8 9 13 15 3 2 2 1
MC5 52 � 7 12 8 13 1 3 3 1
MC6 15 � 5 4 8 20 3 5 39 1
MC7 28 � 5 2 4 24 6 8 21 2
MC8 12 4 7 � 4 19 6 6 39 3
MC9 38 4 4 � 5 21 3 8 14 3
MC10 32 4 2 � 6 29 6 8 11 2
MC13 17 2 5 1 5 31 9 19 9 2

I-S = mixed-layer illite-smectite; C-S = mixed-layer chlorite-smectite; Ms = muscovite; Na-pl = Na-plagiocase;
Qz = quartz; Cal = calcite; Chl = chlorite; Kln = kaolinite; Mcl = microcline; Dol = dolomite; - = not detected.
*sum of the squares of the differences between the XRF chemical analyses and the chemistry implied by the mineral wt.%
data obtained through vbAffina.
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dolomite were also present. The rocks of the Arenarie di

Termini Formation that were not involved in the

landslide resemble quartz-feldspar sandstones and are

characterized by abundant detrital quartz, feldspar, and

minor amounts of lithic components (plutonic, gneiss,

slate, phyllite, etc.) with few clay minerals (Iannace et

al., 2015). The differences between the mineral suites of

the studied Arenarie di Termini Formation sandstones

are noteworthy because the materials involved in the

landslide contain greater amounts of clay minerals than

the ‘‘undisturbed’’ original rocks. Results suggest that

the abundant clays that occur in the landslide material

were produced by in situ weathering of the Arenarie di

Termini Formation. Although interstratified I-S clays in

other areas of the southern Apennines have not been

considered to be products of in situ weathering but as

products of diagenetic processes that occurred during

consolidation and burial (as described for example by

Cavalcante et al., 2007), the widespread presence of R0

interstratified I-S noted in the present study suggests that

at least a portion of the studied materials are genetically

related to surficial weathering processes. The R1- and

R3-ordered interstratified I-S clays, which are generally

associated with a greater degree of diagenesis, are likely

the residual products of ancient parent rocks that occur

here in the lithic component of the arkose. The C-S

interstratified clays are commonly associated with

volcanoclastic sediments or various types of altered

igneous rocks, as well as ancient marine evaporites,

carbonates, or lacustrine facies, but can also be produced

by weathering of chlorite sensu strictu (Hillier, 1993).

Iannace et al. (2015) reported the occurrence of lithic

fragments of clear igneous origin, as well as gneiss,

slate, and phyllite with rare serpentinite, siltstone, and

shale fragments in the unweathered Arenarie di Termini

Formation. Thus, the lithic component of the analyzed

material may contain C-S, where it is related to an

ancient diagenetic or low-temperature metamorphic

event(s) as in the R1- and R3-ordered interstratified I-

S or it is a product of chlorite weathering. Irrespective of

these details, the landslide is located in the weathered

realm that overlies the quartz-feldspar-bearing silici-

clastic rocks of the Arenarie di Termini Formation.

Physical chemical weathering processes are generally

assumed to promote the formation of alteration zones in

soil horizons, which are characterized by different types

of clay minerals (Taylor and Spears, 1970; Taylor and

Cripps, 1987; Velde, 1995). In the studied Termini

Nerano area, however, the amount of smectitic layers in

interstratified I-S was not regularly distributed along

vertical sections of soil horizons. The absence of soil

alteration zones or of a regular distribution of smectite

with depth can be explained by invoking intense

reworking of the soil that is related to the landslide or,

alternatively, by preferential soil alteration along joints

and discontinuities of the rock which led to the

formation of ‘‘imperfect’’ weathering zones.

CONCLUSIONS

This study reports the results of a detailed study of

the mineralogy of heterogeneous clay-bearing rocks

involved in a landslide in the Arenarie di Termini

Formation. These rocks contain several phyllosilicates

(chlorite, kaolinite, interstratified I-S and C-S, and

muscovite) and carbonates, quartz, and feldspars. The

internal standard Rietveld method was used to determine

the mineralogy of the ‘‘crystalline’’ (i.e., non-clay

portion) components, but this method provided informa-

tion only on the sum of all the disordered components by

difference (e.g., interstratified I-S and C-S). The

combination of these mineralogical data with chemical

data allowed quantification of all the phases that

comprise the selected material.

The mineralogy of the material involved in the

landslide (Table 6) in comparison with the rocks that

were not involved in the landslide (Iannace et al., 2015)

showed that the landslide was perfectly located in the

weathered realm that overlies the quartz-feldspar-bear-

ing siliciclastic rocks of the Arenarie di Termini

Formation. The material involved in the landslide is

characterized by minerals related to more surficial

weathering-related processes (e.g., R0 interstratified I-

S and possibly also C-S) and also by minerals

genetically related to diagenetic or metamorphic pro-

cesses that were inherited from the Arenarie di Termini

Formation (e.g., chlorite, kaolinite, R1- and R3-ordered

interstratified I-S and C-S, muscovite, quartz, and

feldspars).
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